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1. Introduction 

Since decades, the broad area of nanoscience and colloids attracts the attention of many 

researchers in the world.[1,2] In particular, the field of nanomedicines promises a variety of 

potential systems to treat some of the most challenging diseases of our time like cancer or 

autoimmune disorders.[3] Among others, this includes polymeric nanoparticles or self-

assembled structures for drug delivery, viral and non-viral vectors for gene delivery as well 

as biotherapeutics or liposomal formulations.[4] There is an entitled hope that essential 

limitations of certain small molar mass drugs like low solubility, poor bioavailability and 

biodistribution or unspecific side effects can be overcome with these kinds of drug carriers.[5] 

Nanomaterials are also investigated for their usage as diagnostics and imaging tools.[6] 

Moreover, polymers with stimuli-responsive properties, so called “smart” materials, are in 

the center of research, e.g. for sensing applications. Nevertheless, development and 

routinely control of colloidal materials require detailed physicochemical characterization 

approaches. However, it has been mentioned by several regulatory organizations that 

despite of many attempts there is still a lack of robust methods for quality assessment of 

nanomaterial production and monitoring the properties of nanoparticles.[7] A controlled 

design needs a trustworthy analytical setup to examine and characterize the obtained 

materials and their structures in detail. Furthermore, it is mandatory to know the drugs 

mode of action, as multiple interactions in the human body lead to a highly complex system. 

From administration until clearance, manifold desirable and undesirable effects can occur, 

e.g. interactions with serum proteins in the blood, interactions with cellular membranes, 

initiating immune response, degradation in liver or clearance by kidney. To understand these 

processes, it is necessary to investigate the sample after contact with the different biological 

matrices. For this purpose, techniques are required, which enable a separation and 

characterization of individual compounds even in complex samples. 

One of the first techniques available for this purpose was analytical ultracentrifugation 

(AUC).[8] Already developed in 1923, it represents a well-established technique in biophysics, 

mainly used in the field of protein science, nowadays.[9] Surprisingly, hydrodynamic studies 

of synthetic macromolecules are rarely found in literature.[10] By sedimentation velocity 

experiments, the most common type of experiment, the sedimentation coefficient (s0) can 

be determined by observation of the displacement of the sedimentation boundary over 



Introduction 

 

14 

time.[11] Subsequently, sedimentation coefficients can be related to molar masses (M) or 

hydrodynamic radii (Rh). Another tool for separation of complex samples is provided by 

preparative ultracentrifugation (PUC). In particular, density gradient centrifugation is one of 

the most efficient methods and widely applied to manifold samples like mixtures of proteins, 

nanoparticles or liposomes.[12,13] 

A second pool of methods, routinely applied to colloids and macromolecules in solution, is 

based on light scattering. In principle, three techniques can be distinguished, namely 

dynamic light scattering (DLS), static light scattering (SLS), and electrophoretic light 

scattering (ELS), also known as laser Doppler velocimetry (LDV). While DLS gives information 

on the diffusion coefficient (D) and, subsequently, Rh, SLS provides the weight average molar 

mass (Mw), the radius of gyration (Rg, also termed root-mean-square radius, RMS), and the 

second virial coefficient (A2) of a macromolecule or colloid in solution. Both techniques are 

non-invasive and can be performed with very low amounts of sample, which renders them 

excellent for investigation of high performance materials. This is also the case for LDV, which 

enables the determination of the electrokinetic potential (zeta potential).[14] Nevertheless in 

some cases, the applied electrical field can influence delicate structures. A description of the 

principles and the theoretical background of DLS and SLS is given in Chapter 2.2. 

However, light scattering techniques are limited to a certain extent, if applied to suspensions 

with multimodal size distributions. This is due to the fact that for Rayleigh scattering (particle 

radius small compared to the wavelength of light, r < λ0/20) the intensity of scattered light 

scales with r6. If large species (e.g. aggregates) are present in solution, even at very low 

concentration, discrimination of smaller size fractions can be the result.[15] Subsequently, the 

obtained size distributions or averages might be misleading and have to be interpreted with 

great care. These limitations were one of the key factors for the broad success of field-flow 

fractionation (FFF) in the last 20 years.[16] 

Already presented in 1966 by J. C. Giddings, FFF comprises a class of fractionation techniques 

developed for the universal separation and characterization of (bio)macromolecules and 

colloids.[17,18] Until the 80’s, many different sub-techniques were invented, e.g. flow FFF,[19] 

thermal FFF,[20] electrical FFF,[21] acoustic FFF, magnetic FFF, dielectrophoretic FFF, 

sedimentation FFF[22] or split flow thin cell fractionation[23] (SPLITT FFF). All sub-techniques 

are based on the same principle, but differ in the applied separation field. While flow FFF 
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relies on a liquid cross-flow, thermal FFF uses a temperature gradient between a hot and a 

cold wall of the channel. In electrical or magnetic FFF an electrical or magnetic field is 

applied, whereas in sedimentation FFF or SPLITT FFF the separation is achieved by 

application of a centrifugational or gravitational field, respectively. In 1984 with the first 

report of coupling a light scattering detector to FFF by M. Martin, FFF left its former niche 

existence.[24] The possibility to obtain information on size or molar mass, independent of 

calibration with standards or the application of the retention theory, leads to a tremendous 

increase of attention to these techniques.[25,26] Nowadays, asymmetric flow FFF (AF4), 

coupled to DLS or multi angle laser light scattering (MALLS) is the most frequently used 

version in the FFF family. Having a broad separation range from 1 nm to several μm, it is 

versatilely applicable for separation and analysis of all kind of (bio)macromolecules and 

particles.[27,28] 

Therefore, the application and evaluation of AF4-MALLS-DLS for nano-sized therapeutics like 

drug or gene delivery systems and the corresponding polymers are in the focus of this thesis. 

In Chapter 2, the underlying principles and a theoretical consideration as well as a basic 

background of light scattering are provided. This is followed by a critical discussion of the 

benefits and limitations of AF4. The analysis of different polyelectrolytes, the basis of many 

efficient drug or gene delivery agents and stimuli-responsive polymers, is the topic of 

Chapter 3. As many traditional techniques show certain limitations for the characterization 

of cationic polymers like poly(ethylene imine) (PEI) or poly(2-(dimethylamino)ethyl 

methacrylate) (PDMAEMA), the potential of AF4 to support a detailed analysis is discussed 

(Scheme 1-1). 

 

Scheme 1-1. Schematic representation of the structures of different cationic polyelectrolytes. 

The obtained results are compared with AUC, proton nuclear magnetic resonance (1H NMR), 

and size exclusion chromatography (SEC) investigations. The subsequent application of 

cationic polymers for complexation/delivery of DNA or small interfering RNA (siRNA), 
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including a detailed characterization, is reported in Chapter 4. A fundamental 

physicochemical knowledge of the complex properties, e.g. composition, size or charge, is 

mandatory for a better understanding of the gene delivery process and to increase the 

efficiency by design and not to depend only on intensive screening processes. In a second 

step, the encapsulation of siRNA/PEI based complexes into nanoparticles with a specific 

targeting moiety, their body distribution, and their efficiency to induce protein knockdown 

was studied. Moreover, a triblock terpolymer, polybutadiene-block-poly(methacrylic acid)-

block-poly(2-(dimethylamino)ethyl methacrylate) (PB-b-PMAA-b-PDMAEMA), was found to 

enable highly efficient delivery of pDNA to suspension cells. Besides gene delivery, different 

co- and terpolymers based on poly(ethylene oxide)-block-poly(allyl glycidyl ether)-block-

poly(tert-butyl glycidyl ether) (PEO-b-PAGE-b-PtBGE), poly(ethylene oxide)-block-

poly(furfuryl glycidyl ether)-block-poly(allyl glycidyl ether) (PEO-b-PFGE-b-PAGE) or amine 

containing poly(2-oxazoline) (Scheme 1-1) were investigated concerning their self-assembly 

in aqueous solution and their potential for drug delivery applications (Chapter 5). To 

manipulate the morphologies of the triblock terpolymers, various functional groups were 

introduced onto the PAGE side chain via post-polymerization functionalization. This included 

the incorporation of charges by carboxy or amino groups, the adjustment of the amphiphilic 

character (hydrophilicity/hydrophobicity) by alkyl or fluorinated alkyl chains or the 

attachment of sugar moieties. Additionally, mixed micelles, formed by co-assembly of the 

differently functionalized polymers, were studied as well as the influence of solution 

conditions (e.g. pH value and ionic strength) on the self-assembly. Another class of drug 

delivery agents is based on stimuli-responsive polymers, which are able to react on 

environmental changes.[29,30] In particular, block copolymers, where at least one block shows 

a lower critical solution temperature (LCST), are attractive candidates for sensor systems and 

the controlled release of drugs or dyes.[31,32] The physicochemical characterization of the 

thermo-induced self-assembly behavior of such “smart” systems, based on poly(2-

(dimethylamino)ethyl methacrylate)-block-poly(di(ethylene glycol) methyl ether 

methacrylate) (PDMAEMA-b-PDEGMA), is discussed in depth in Chapter 6 (Scheme 1-1). 
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2. Principles of field-flow fractionation and light scattering 

Parts of this chapter have been published: P1) M. Wagner, S. Holzschuh, A. Träger, A. Fahr, 

U. S. Schubert, Anal. Chem. 2014, 86, 5201-5210. 

 

DLS and SLS/MALLS, used as stand-alone techniques or coupled to flow systems are 

common, well-established methods for the analysis of polymers and colloids.[33] In particular, 

AF4 coupled to UV/RI as well as DLS and MALLS, in a multi-detector approach, represents a 

powerful tool to obtain manifold physicochemical information and was used throughout this 

thesis for various polymers, nanoparticles, and self-assembly systems. Therefore, the 

principles and basic theories of AF4 and light scattering are described shortly in this section. 

Subsequently, the benefits and limitations are highlighted as well as critically evaluated to 

provide a basis for the discussion of the results in Chapters 3 to 6. 

2.1 Theoretical background of asymmetric flow FFF 

In AF4, the separation takes place in an empty, narrow, ribbon-like channel of trapezoidal 

geometry, where a liquid cross-flow is applied perpendicular to the laminar sample flow. The 

channel is built up by a spacer (thickness 50 to 500 μm) between a porous and a nonporous 

plate (Figure 2-1). The porous plate is formed by a frit, covered with a membrane, which acts 

as accumulation wall and allows the eluent to pass, while the sample is retained. The 

membrane is a semipermeable ultrafiltration membrane with a defined molar mass cut-off 

(MWCO), typically in the range of 1 to 10 kg·mol-1. 

 

Figure 2-1. Schematic representation of an AF4 channel. The eluent is pumped from the inlet to the outlet. The 
membrane acts as accumulation wall and represents the porous wall. The geometry of the channel is definded by the 
spacer. 

The eluent is pumped from the inlet, where also the sample is injected, to the outlet of the 

channel, where at least one detector is connected. Due to the laminar flow, a parabolic flow 
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profile is formed along the longitudinal axis of the channel, which leads to different flow 

velocities in dependence of the distance to the channel wall. The highest flow velocity is 

reached in the center of the channel, while it decreases to zero near the membrane. During 

the transport of the sample by the eluent, the cross-flow is applied perpendicular to the 

longitudinal axis of the channel. This results in a force, dragging the analyte to the 

accumulation wall (Figure 2-2). According to Fick’s law, as a result of the formed 

concentration gradient, the diffusivity acts as a counteracting force, until an exponential 

steady-state-distribution of the sample is achieved.[34] Thereby, independent of the 

nanoparticle’s size/diffusivity, the highest concentration is reached near the accumulation 

wall. The concentration profile of small particles with a high diffusion coefficient is extended 

more into the channel, than for larger ones with low diffusivity (Figure 2-2B, schematic 

concentration profile, left). Subsequently, smaller particles obtain a higher average distance 

from the wall (visualized by the particles in Figure 2-2B), occupy faster streamlines of the 

parabolic velocity flow profile and elute earlier. 

 

Figure 2-2. Schematic representation of the AF4 principle. The eluent is pumped from the inlet to the outlet and the 
cross-flow is applied perpendicular to the flow direction. The different steps are (A) the focusing process, (B) the elution 
process under normal mode, and (C) the elution under steric conditions. 

To avoid a spreading of the sample over the entire channel length during injection, an 

additional focusing/relaxation process is applied to concentrate the analyte in a narrow zone 
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near the inlet (Figure 2-2A). This stopped-flow procedure increases the resolution, reduces 

band broadening, and washes out low molar mass impurities (e.g. salts) through the 

membrane.[35] For large analytes, exceeding a certain size (> 1 μm), the order of retention 

can change from the normal (Brownian mode) to the steric mode (steric FFF), where larger 

particles elute first (Figure 2-2C).[36] This is based on the finite size of the colloid, its 

negligible low diffusion, and the strong force of the cross-flow on large particles, which are 

located in a thin layer very close to the accumulation wall.[37] Here, the average distance 

from the wall is just determined by the physical radius of the particles. As all relevant 

samples, discussed in this thesis, are below the size limit of around 1 μm, the interested 

reader is referred to the cited literature for further details.[38,39] 

The theoretical basis of FFF was developed in detail by Giddings, Wahlund and co-workers 

and only a brief description will be given here.[34,40] For this purpose, some simplifications 

and assumptions have to be made, which might not be valid under all conditions. For an 

extensive mathematical description, the reader is referred to the cited literature or the 

comprehensive “Field-Flow Fractionation Handbook”.[41] In the first part of the 

measurement, the focusing of the sample takes place and the distance from the inlet to the 

focus point, zfoc, as well as the focus arear, Afoc, depend on the applied flow rates and the 

dimensions of the channel (eq 1, 2).[34] A is the accumulation wall area,  the inlet flow 

rate,  the cross-flow rate and α the angle of the inlet triangle. 

 (1) 

 (2) 

For elution in chromatography, retention is usually expressed in terms of the retention ratio 

Rr, defined by the ratio of the void and the retention volume (V0, Vr) or time (t0, tr), 

respectively (eq 3). In FFF, the retention ratio Rr can be obtained through eq 4.[34] 

 (3) 

 (4) 
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Here, x is the distance of the sample from the accumulation wall and w the channel height. 

For flow FFF, the parameter l, which describes the average layer thickness of the sample 

cloud, is given by eq 5 with the diffusion coefficient D. The term B(x) is given by eq 6.[42] 

 (5) 

 (6) 

Assuming a constant cross-flow velocity near the accumulation wall and sample migration 

close to the wall (x/w < 0.1), eq 4 can be approximated by eq 7 with the retention parameter 

λ as defined by eq 8.[34] 

 (7) 

 (8) 

For Rr < 0.06, meaning high levels of retention, eq 7 can be further simplified within an error 

of 2% to Rr = 6λ.[34] Combination with eq 3 and 8 leads to an expression for the retention 

time in dependence of the diffusion coefficient and the cross-flow rate (eq 9). 

 (9) 

This equation is valid for point masses, constant cross-flow rates, and the absence of self-

interactions or interactions with the membrane. Using the Stokes-Einstein relationship (eq 

10), tr can be related to Rh (eq 11), where kB is Boltzmann’s constant, T the temperature and 

η the viscosity of the eluent. 

 (10) 

 (11) 

To calculate Rh, the void time/volume and the channel thickness have to be known or can be 

calculated according to literature.[42,43] The described theoretical approach is valid for cross-

flows that are constant over time. For decaying cross-flows or a combination of different 

steps, numerical techniques are necessary and some solutions, addressing this problem, are 

presented in the work of Giddings and others.[44-46] The calculation of diffusion coefficients 

out of retention times requires a behavior predicted by the retention theory and the 
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absence of non-ideal effects. Alternatively, calibration standards can be used to relate tr to 

M or Rh, like for SEC. Nowadays, AF4 is mostly coupled to MALLS or DLS to obtain 

independent information on both, molar mass and size. 

2.2 Light scattering based characterization 

DLS as well as SLS/MALLS are widely applied as stand-alone as well as online detection 

techniques. MALLS is based on the angular dependent measurement of the average intensity 

of scattered light. Thereby, the intensity of the scattered light is related to the molar mass by 

the common scattering equation (eq 12),[47] 

 (12) 

 (13) 

 (14) 

where R(θ) is the excess Rayleigh ratio at the scattering angle θ (eq 13), Mw the weight 

average molar mass, c the concentration, P(θ) the form factor, describing the angular 

dependence of the scattered light, A2 the second virial coefficient and K the contrast factor 

calculated according to eq 14. I(θ) is the intensity measured at an angle θ, Is the intensity of 

the solvent, I0 the incident intensity, V the scattering volume and d the distance from the 

scattering center. n0 is the refractive index of the solvent,  the refractive index increment, 

λ0 the laser wavelength in vacuum, and NA Avogadro’s number. In contrast to classical SLS, 

the second virial coefficient A2 is neglected in the majority of flow measurements with 

MALLS, due to the high dilution during the fractionation process. The concentration can be 

directly measured, if a UV or RI detector is used in series with MALLS. Furthermore, if each 

fraction is assumed to be monodisperse, Mw becomes similar to M and the entire molar 

mass distribution can be obtained from the molar mass of each slice/fraction, weighted by 

its concentration. For small particles (r < λ/20), a simplified expression of the form factor 

(series expansion of P(θ)) can be used, which results in the well-known Zimm-equation (eq 

15) with the scattering vector q (eq 16).[48] 

 (15) 
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 (16) 

For larger structures, a Debye or Berry plot[49] or if the shape/conformation of the sample is 

known, the individual form factors, widely described in literature, should be used.[47,48,50] 

For DLS, the fluctuation of the intensity of scattered light is recorded and the intensity-time-

autocorrelation function g2(τ) is calculated according to eq 17. 

 (17) 

I(t) represents the intensity at the time t or t+τ, respectively. After transformation of g2(τ) 

into the field-time-autocorrelation function g1(τ) by the Siegert-relation, a fit by a mono-

exponential decay function, according to eq 18 (cumulant method), gives the translational 

diffusion coefficient D of a monodisperse sample.[51] 

 (18) 

The diffusion coefficient can be related to the hydrodynamic radius by usage of the Stokes-

Einstein equation (eq 10). In the case of polydisperse samples, the autocorrelation function 

is expressed as a sum of exponential decay functions according to eq 19. 

 (19) 

Therefore, different algorithms based on the inverse Laplace transform, like the well-known 

CONTIN algorithm, are available.[52] For DLS coupled to FFF, the cumulant method is often 

sufficient, as each single fraction is supposed to be monodisperse. 

2.3 Advantages and critical aspects of field-flow fractionation 

In contrast to classic chromatographic methods like SEC, AF4 has no stationary phase, which 

reduces shear induced degradation and sample adsorption, resulting in an ideal tool for 

delicate samples (e.g. preserving the biological activity of proteins).[53] Also nearly each 

formulation or solvent, either aqueous or organic, can be used to minimize effects on 

stability or structure, e.g. the investigation of nanoparticles in solutions under physiological 

conditions.[54] This is often not possible by other methods like density gradient 

ultracentrifugation. Additionally, a high flexibility is given as all experimental parameters can 

be adjusted easily. Anyhow, the most common problem of AF4 is based on interactions with 

the membrane. As a result of the high sample concentration near the accumulation wall, an 
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appropriate type of membrane and eluent has to be selected to reduce adsorption effects. A 

time consuming screening of different materials (e.g. regenerated cellulose, poly(ether 

sulfone) or poly(vinylidene difluoride)) with different properties (e.g. surface charge, 

smoothness or chemical stability) and various eluent compositions might be necessary to 

obtain a proper elution behavior. For nanoparticles, the addition of surfactants like sodium 

dodecyl sulfate (SDS), cetyl trimethylammonium bromide (CTAB) or different polysorbates 

(Tween®), which bind to the membrane surface, is often beneficial to reduce sample loss 

and membrane interactions.[55] Control over pH value and ionic strength of the eluent plays 

an important role, among others, for investigations on charged samples. Both parameters 

control the net-charge (accessible by zeta potential) and the resulting electrostatic 

interactions between the analyte itself and between the analyte and the membrane.[56,57] A 

more detailed discussion of these effects can be found in Chapters 3 and 5. For separation of 

disperse heterogeneous mixtures, one has to be aware of these interactions and adsorption 

on the membrane, as both can disturb an accurate quantification of the individual fractions. 

All mentioned non-ideal effects as well as the possibility to vary the channel height or 

geometry and the necessary optimization of flow rates results in an often time consuming 

method development. This presents a major drawback of AF4, which diminishes the 

advantage of a short measurement time and limits the application for routinely performed 

analyses.[58] 

As already mentioned, AF4 provides a broad separation range from 1 nm to 100 μm. 

However, this range can hardly be achieved in a single experiment. Furthermore, coupling to 

light scattering limits the range, where independent information on molar mass and size can 

be obtained to around 104 to 109 g·mol-1 or 10 to 1000 nm radius for MALLS and around 3 to 

1000 nm for DLS. Nevertheless, in contrast to stand-alone light scattering techniques, a 

previous separation by AF4 provides a superior characterization of highly disperse samples, 

as discrimination effects, caused by the presence of larger fractions, are excluded. Another 

advantage of AF4 is that small molar mass impurities in the sample do not disturb the 

measurement, as they are washed out through the membrane during the focusing period. 

Furthermore, many detectors used for traditional liquid chromatography can also easily be 

coupled to AF4. Among others, this comprises inductively coupled plasma mass 

spectrometry (ICP-MS),[59] viscosimetry, infrared detection,[60] fluorescence spectroscopy or 

small angle x-ray scattering (SAXS).[61] 
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3. Characterization of cationic polyelectrolytes 

Parts of this chapter have been published: P2) M. Wagner, C. Pietsch, L. Tauhardt, A. 

Schallon, U. S. Schubert, J. Chromatogr. A 2014, 1325, 195-203; P3) M. Wagner, C. Pietsch, A. 

Kerth, A. Träger, U. S. Schubert, submitted; P4) M. Hartlieb, D. Pretzel, M. Wagner, S. 

Höppener, P. Bellstedt, M. Görlach, C. Englert, K. Kempe, U. S. Schubert, submitted. 

 

Polyelectrolytes represent attractive systems for drug and gene delivery applications as well 

as for the introduction of stimuli-responsive properties.[62] Cationic polymers like PEI or 

PDMAEMA are able to bind the natural anionic macromolecules DNA or RNA and form so 

called polyplexes, which are widely investigated as non-viral vectors for gene delivery.[63] To 

understand the complexation process, the resulting structures and their efficiency in 

biological experiments, a detailed knowledge of the physiochemical properties is mandatory. 

This comprises, among others, the molar mass or size distribution, the architecture as well as 

the conformation of the macromolecules. Different techniques are known to study these 

properties. Anyhow, many methods show certain limitations for cationic polyelectrolytes in 

the range of 104 g·mol-1 (Mn).[64,65] For example, SEC results have to be interpreted with care, 

due to the occurrence of strong interactions with the stationary phase and mass 

spectrometry is often difficult for higher molar masses due to problematic ionization.[66-68] 

Techniques based on colligative phenomena suffer from several difficulties, too. NMR 

spectroscopy or SLS are applicable, but provide just average values with limited information 

on the dispersity. Therefore, AF4 was studied as a potential alternative. 

The major challenge concerning AF4 and cationic polymers is the presence of electrostatic 

sample-membrane interactions.[64] Due to a negative surface net-charge of the most 

common types of membranes and the cationic charge of the samples, strong electrostatic 

attraction occurs, which leads to massive adsorption and sample loss during fractionation. 

To address this problem, several possibilities were found. The simplest way is an increase of 

the ionic strength of the eluent to reduce the range of electrostatic interactions (Debye 

length) according to the Debye-Hückel theory. This is often successful for larger colloids, 

which exhibit just a low charge density and where low cross-flows can be applied, but fails 

for many polymer systems.[69] Here, hydrophobic interactions can become significant, due to 

the presence of hydrophobic spots on the membrane surface.[70] Another possibility relies on 
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the preconditioning of the membrane. Thereby, a cationic surfactant (e.g. CTAB) or polymer 

is injected and adsorbed on the membrane surface in a first experiment.[57] For subsequent 

measurements, a positively charged layer of surfactant or polymer on the surface provides 

repulsive electrostatic interactions between the samples and the accumulation wall.[71,72] 

In the study of cationic polymers for gene delivery, a presaturation with PDMAEMA500 

(N = 500; degree of polymerization) enables a reliable characterization of PEI, poly(L-lysine) 

(PLL), poly(2-(amino)ethyl methacrylate) (PAEMA), poly(2-(tert-butylamino)ethyl 

methacrylate) (PtBAEMA) and PDMAEMA of different molar masses. The success of the 

conditioning is indicated by recovery rates below 70% for experiments on fresh membranes, 

followed by a recovery above 80% for the subsequent measurements. Representative results 

of commercial branched PEI and PDMAEMA are shown in Figure 3-1. 
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Figure 3-1. AF4 fractograms with cross-flow rates and molar masses of (A) branched PEI and (B) PDMAEMA500. 

For PEI (and PLL) the molar masses obtained by AF4 are in good agreement with the values 

stated by the manufacturer (Mw = 25 kg·mol-1). For PDMAEMA, PAEMA and PtBAEMA, the 

results were compared with data from 1H NMR spectroscopy and AUC experiments (Table 

3-1). These methods were chosen as they provide different averages, namely the number 

average molar mass (Mn) by NMR as well as the sedimentation diffusion average molar mass 

(MsD, comparable to Mw)[73] by sedimentation velocity experiments and the Svedberg 

equation (eq 20). Here, R is the universal gas constant, T the temperature, s0 the 

sedimentation coefficient, D the translational diffusion coefficient,  the partial specific 

volume and ρ the solvent’s density.[74] 

 (20) 
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A comparison shows that the values obtained by AUC (MsD) and AF4-MALLS (Mw) are in 

excellent agreement, while there is a significant difference to the NMR results (Mn) for 

higher molar mass polymers (PDMAEMA320, PDMAEMA500). This is most probably due to 

limitations of NMR in this molar mass region, as the determination is based on the 

comparison of the integral of an end group signal and a signal of a repeating unit of the 

polymer backbone. With increasing degree of polymerization, the integral of the end group 

signal decreases, leading to a lower signal to noise ratio. Furthermore, AF4 is not affected by 

side reactions during the polymer synthesis, which influence the presence of the endgroup 

on each chain (endgroup fidelity). In comparison to AUC, less material and time is required. 

Table 3-1. Molar masses and Đ values of methacrylate based polymers obtained by 1H NMR, AUC, and AF4. 

Sample 
Mn (NMR) 

[kg·mol-1][a] 

MsD (AUC) 

[kg·mol-1] 

Mn (AF4) 

[kg·mol-1] 

Mw (AF4) 

[kg·mol-1] 

Đ (AF4) 

 

PDMAEMA90 14.5 ± 0.2 16.3 ± 0.3 14.7 ± 0.7 16.8 ± 0.4 1.14 

PDMAEMA230 36.3 ± 3.3 42.5 ± 0.2 36.1 ± 0.61 41.1 ± 0.72 1.14 

PDMAEMA320 42.6 ± 1.9 65.8 ± 1.7 51.2 ± 1.9 67.3 ± 1.2 1.31 

PDMAEMA500 72.3 ± 1.6 112.0 ± 2.6 80.2 ± 2.1 113.1 ± 1.0 1.41 

PAEMA150 25.0 ± 0.2 27.2 ± 1.4 24.9 ± 1.2 29.1 ± 1.2 1.17 

PtBAEMA170 31.2 ± 2.8 36.0 ± 0.6 29.9 ± 2.3 37.3 ± 1.3 1.25 
[a] measured in CD2Cl2 or D2O. 
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Figure 3-2. AF4 fractograms of PDMAEMA500 at different concentrations of NaCl. 

A retention behavior based on a presaturation by PDMAEMA is also supported by 

measurements at varying ionic strength. With increasing ionic strength, more precisely 

increasing concentration of NaCl (5 to 150 mM), an increase in retention time is observed 

(no increase in molar mass) (Figure 3-2). This can be explained by a reduction of the range of 

electrostatic interactions, associated with a reduced repulsion between the positive 
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(presaturated) surface and the cationic polymer. Subsequently, this shortens the 

characteristic distance to the accumulation wall and increases the retention time. In the 

same study, it could also be shown that AF4-MALLS enables conformational studies on 

macromolecules. Therefore, so called power-law-relationships (eq 21) can be applied, where 

the exponent v yields information on the conformation of a macromolecule.[11] 

 (21) 

In contrast to hydrodynamic methods like AUC or viscosimetry, there is no obligatory 

necessity to synthesize and analyze a variety of polymers with different molar masses. With 

AF4-MALLS, v can be obtained from a linear regression of a logarithmic plot of Rg versus M of 

each fraction of a single experiment, as shown in Figure 3-3A. For PDMAEMA, the 

Mark-Houwink exponent v decreases with increasing ionic strength from around 0.9 at 5 mM 

NaCl to 0.56 at 150 mM NaCl (Figure 3-3B). The value of 0.9, obtained at low ionic strength, 

corresponds to an elongated structure, based on the intramolecular charge repulsion and 

the subsequent stretching of the polymer chain. Screening of charges by addition of salt 

results in a decrease of v, associated with a more compact conformation in the range of a 

Gaussian chain (0.5 to 0.7).[48,75,76] In summary, AF4 coupled to light scattering provides a 

characterization in a short time with low amounts of material. If the polymers dispersity is 

not too low, detailed information like molar mass, Đ, size, and conformation can be obtained 

in a single experiment. 
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Figure 3-3. (A) Conformation plot of PDMAEMA500 in 150 mM NaCl obtained by AF4-MALLS. (B) Mark-Houwink exponents 
of PDMAEMA500 at different concentrations of NaCl obtained by AF4. 

In another study, a different approach for characterizing cationic polymers with the AF4 was 

applied, which is based on the isoelectric point (IP) of the membrane material. For 

regenerated cellulose, the IP is in the range of pH 4.[77] Therefore, the membrane exhibits a 
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negative net-charge above the IP and a positive one below. Performing AF4 with an eluent of 

low pH value, e.g. acetate solution at pH 3.5, ensures the absence of electrostatic attraction 

between a cationic sample and the membrane. As a result, high recovery rates and a 

reduction of adsorption phenomena are observed, also on fresh membranes. This strategy 

could be successfully applied to copolymers of PDMAEMA-b-PDEGMA (Figure 3-4A) as well 

as cationic derivatives of poly(2-oxazoline) (Scheme 1-1). 
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Figure 3-4. AF4 fractograms of (A) PDMAEMA-b-PDEGMA (different block ratios P1-P5) and (B) of P4 with indicated molar 
masses and LS90° trace as obtained by MALLS. The eluent is composed of 25 mM acetate and 20 mM NaCl at pH 3.5. 

Table 3-2. Molar masses of cationic poly(2-oxazoline)s obtained by AF4 and 1H NMR. 

Composition 
Mn (1H NMR) 

[kg·mol-1] 

Mn (AF4) 

[g·mol-1] 

Mn (AF4) 

[g·mol-1] 

Đ (AF4) 

 

PEtOx113-b-PAmOx5 12.0 11.7 12.9 1.10 

PEtOx92-b-PAmOx10 10.6 9.2 10.5 1.14 

PEtOx72-b-PAmOx18 9.7 13.3 14.6 1.10 

PEtOx82-b-PAmOx23 11.4 13.6 14.9 1.09 

PEtOx64-b-PAmOx26 10.1 12.5 15.7 1.26 

 

Figure 3-4B shows a representative light scattering trace (90°) of PDMAEMA-b-PDEGMA and 

the molar mass fractionation. For PEtOx-b-PAmOx, the obtained values are in good 

agreement with the theoretical calculations and the obtained 1H NMR data (Table 3-2). 

Deviations are most probably due to the low molar mass and sample loss through the 

membrane (MWCO 10 kg·mol-1). Furthermore, the developed approach, based on the 

membrane’s isoelectric point, is simpler and more of a general nature, than the 

presaturation technique. The only issue, which has to be considered, is the stability of the 

polymer in the eluent, composed of acetic acid / sodium acetate (20 to 50 mM) and sodium 
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chloride (0 to 100 mM) at pH 3.5. If this is ensured, the method seems to be universally 

applicable and could be established as a standard procedure in field-flow fractionation of 

water-soluble cationic polyelectrolytes. Besides the described polymers, this strategy could 

also successfully be used to characterize various other samples, e.g. amino acid modified 

dextrane or bipyridine functionalized polystyrenes for redox flow cells in energy storage 

research. 
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4. Polymer-based gene delivery agents 

Parts of this chapter have been published: P5) M. Wagner, A. C. Rinkenauer, A. Schallon, U. 

S. Schubert, RSC Advances 2013, 3, 12774-12785; P6) A. C. Rinkenauer, A. Schallon, U. 

Günther, M. Wagner, E. Betthausen, U. S. Schubert, F. H. Schacher, ACS Nano 2013, 7, 9621-

9631; P7) A. T. Press, A. Träger, C. Pietsch, A. Mosig, M. Wagner, M. G. Clemens, N. Jbeily, N. 

Koch, M. Gottschaldt, N. Bézière, V. Ermolayev, V. Ntziachristos, J. Popp, M. Kessels, B. 

Qualmann, U. S. Schubert, M. Bauer, Nat. Commun. 2014, accepted. 

 

The occurrence of various diseases is based on genetic modifications and malfunctions. The 

potential cure of these genetic disorders by delivery of genetic material to cells is studied 

with remarkable effort during the last decades.[78] Thereby, two classes of delivery agents, in 

detail viral and non-viral vectors, can be distinguished. In particular, cationic polymers, a 

promising class of non-viral gene delivery agents, are in the focus of research. They show 

certain advantages in contrast to viral vectors, e.g easy large-scale production and higher 

safety related to clinical issues.[79,80] Based on entropic driven interactions (release of 

counterions), these polymers can complex genetic material (e.g. DNA or RNA) to form so 

called polyplexes.[81] Thereby, two different strategies have to be distinguished. On the one 

hand, plasmid DNA, delivered to the cell nucleus, leads to the expression of certain proteins. 

On the other hand, delivery of siRNA into the cytoplasm results into the knockdown of 

harmful protein expressions. The understanding of the complexes, their mode of action and 

efficiency requires detailed knowledge about the physicochemical properties. The polymer 

has to protect the genetic material against degradation, promote the transport through the 

cellular membrane (and the nucleus membrane in case of pDNA) and enable the release of 

the genetic material. Providing all these features, the carrier should be non-toxic, too. 

Furthermore, the complex formation is only partially understood and several systems, which 

show a high efficiency in delivery of pDNA, fail for siRNA.[82,83] The “gold standard” for pDNA 

transfection,[63] branched PEI, and its ability to complex siRNA were investigated in this 

context, focusing on the influence of the polymers molar mass. While the characterization of 

the pure polymers is described in the previous chapter, the analysis of the complexes is 

discussed here. 
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First of all, the cytotoxicity of the studied polymers, commercial branched PEI with 0.6, 1.8, 

10 and 25 kg·mol-1, was determined (Figure 4-1A). The observed cytotoxicity highly depends 

on the molar mass of the polymer. Whereas PEI with 0.6 kg·mol-1 shows no cytotoxic effect 

in the investigated concentration range (up to 360 μg·mL-1), the IC50 values (50% of cells are 

vital) decreased from 335 to 140 and 62 μg·mL-1 for 1.8, 10 and 25 kg·mol-1, respectively. As 

further experiments were carried out below 36 μg·mL-1, corresponding to a N/P ratio of 20 

(ratio of nitrogen atoms in the polymer to phosphorous atoms in the RNA), all polymers 

were non-toxic at those concentrations. With an ethidium bromide quenching assay, it could 

be shown that all polymers are able to bind to siRNA and that a N/P ratio ≥ 5 is necessary to 

reach full complexation (Figure 4-1B). It was also possible to induce a release of siRNA by 

addition of heparin, a competing natural polyanion. Except for 0.6 kg·mol-1 PEI polyplexes, 

showing a significant higher stability, 30 U·mL-1 were sufficient to release nearly 100% of 

siRNA. 
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Figure 4-1. (A) Cytotoxicity and (B) binding affinity (measured by fluorescence based on intercalation of ethidium 
bromide) of branched PEI of different molar masses.[84] 

As it is known that the presence of positive charges has a strong impact on the delivery 

process, the electrokinetic potential, also known as zeta potential, was measured at varying 

N/P ratios (Figure 4-2A). At low N/P ratios, a negative zeta potential, indicating an excess of 

negative charges, was observed, while a positive (nearly constant) zeta potential was 

obtained at N/P ≥ 5. These findings were in excellent agreement with the binding studies, 

where a N/P of 5 was necessary for full complexation. Furthermore, the zeta potential and, 

subsequently, the colloidal stability of the polyplexes were found to increase with molar 

mass. 
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Figure 4-2. (A) Zeta potential and (B) apparent hydrodynamic radius of siRNA/PEI based polyplexes. 

Dynamic light scattering was applied to access the size in terms of the hydrodynamic radius 

(Figure 4-2B). Radii below 100 nm were obtained at low N/P ratios of all molar masses, while 

a maximum (Rh > 300 nm) was reached at N/P 4.5. At higher N/P ratios, the Rh of 10 and 25 

kg·mol-1 PEI based polyplexes was decreased to around 50 nm, whereas low molar mass PEI 

showed aggregation. This correlates well with the results of the zeta potential 

measurements. In all cases of high absolute zeta potential values, small polyplexes were 

observed and aggregation occurred for potentials close to zero. The indication that the 

stability is dominated by repulsive electrostatic interactions could further be supported by 

long-term DLS measurements. All samples with high zeta potentials are stable for at least 

24 h, while the others showed aggregation within a few hours. 
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Figure 4-3. (A) DLS based number-weighted Rh distribution of polyplexes of 10 kg·mol-1 PEI. (B) Rh distribution based on 
sedimentation coefficients obtained by AUC of polyplexes of 10 kg·mol-1 PEI. 

DLS size distributions revealed the presence of aggregates beside the main population for all 

polyplexes and the size of the aggregates varied with molar mass of PEI and the N/P ratio 

(Figure 4-3A). Due to the fact that large aggregates scatter much more light than the 

polyplexes, their fraction was most probably overestimated by DLS. Even the calculation of 
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number weighted distributions is based on several assumptions and interpretation has to be 

done carefully. 

Therefore, AUC was applied as an alternative technique to obtain Rh distributions of the 

polyplexes. Based on the Svedberg (eq 20) and the Stokes-Einstein equation (eq 10), the 

sedimentation coefficient can be transformed to Rh (eq 22).[11] 

 (22) 

In principle, the results obtained by DLS and AUC were in good agreement, except the 

absence of aggregates in the AUC data (Figure 4-3B). Moreover, no reliable data could be 

obtained for large polyplexes, due to their fast sedimentation. A low rotor speed of 

1,000 rpm and a high radial step size had to be chosen even for polyplexes in the range of 30 

to 100 nm, which resulted in a low resolution.[73] As a consequence, the amount of 

aggregates could not be quantified by AUC. Investigations of the cellular uptake showed that 

only polyplexes based on 10 and 25 kg·mol-1 PEI achieved sufficient internalization. This is in 

agreement with the release (heparin) and light scattering experiments, indicating positively 

charged polyplexes for these molar masses, which are able to release the genetic material 

and to pass the negatively charged cell membrane. It was also possible to detect the 

unbound PEI, which could be quantified by PUC and UV-Vis spectroscopy. Subsequently, the 

real N/P ratio of the polyplexes could be calculated and was found to be around 1.3, 

independent of the molar mass of the utilized PEI. This highlights the important role of free 

PEI, in particular, as polyplexes freshly prepared at N/P 1.3 showed no cellular uptake. To 

sum up, DLS and LDV revealed that the polyplexes’ size and stability is mainly governed by 

electrostatic interactions. Taking the uptake studies into account, branched PEI with a molar 

mass of 10 kg·mol-1 was found to be the optimum in terms of balancing toxicity, uptake, 

binding affinity as well as polyplex size and stability. 

As the polyplexes described above showed different drawbacks concerning their potential in 

vivo application,[85] the encapsulation into multifunctional, biodegradable poly(lactide-co-

glycolic acid) (PLGA) nanoparticles was investigated in another study. The polymer was 

further coupled to a near infrared (NIR) polymethine dye-derivative via 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride (EDC). Beside the dyes fluorescence, it 

shows a high selectivity for specific cells, giving the opportunity for active targeting. This 
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novel approach, combining a dye and a targeting moiety within one molecule, allows 

non-invasively tracking of the nanoparticles (e.g. body distribution or clearance) and their 

specific cellular uptake. Furthermore, the potential use of varying siRNA supports the 

establishment of a widely applicable platform tool.[86] In the present study, the utilized dye 

enables targeting of one kind of liver cells (hepatocytes). The polyplexes were formed by 

siRNA and linear PEI (10 kg·mol-1) and encapsulated via the double emulsion technique into 

dye-modified PLGA nanoparticles.[87] The particles were characterized in detail by 

AF4-MALLS-DLS (Figure 4-4). A monomodal distribution with low dispersity, a Rg of 70 nm 

and a Rh of 90 nm (both z-average) was revealed (an excellent agreement with offline DLS 

and SEM measurements could be observed). Furthermore, the calculation of the shape ratio 

according to eq 23, provides information on the particles geometry. Whereas a value of 

0.775 corresponds to a hard sphere, a value of 1.0 indicates a soft (Gaussian) sphere. For 

various architectures, shapes and conformations values are reported elsewhere.[48,88] In 

principle, lower values indicate a more compact structure, while high values correspond to 

extended or asymmetric structures. In comparison to classic batch light scattering 

techniques, AF4-MALLS-DLS enables the determination of this ratio for each slice/fraction of 

the fractogram, which allows the characterization of differently shaped structures in a 

mixture within a single experiment. For the studied nanoparticles, a value of around 0.78 

was obtained, which fits well to particles with a spherical geometry. 

 (23) 
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Figure 4-4. (A) AF4 fractogram and (B) size distribution of PLGA nanoparticles with encapsulated siRNA/PEI based 
polyplexes. 

The amount of encapsulated siRNA was determined via photometric quantification of 

phosphorous after digestion (H2SO4/H2O2) and an encapsulation efficiency of 87.4 ± 2.5% 
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was obtained. Detailed biomedical studies revealed that the particles could successfully 

induce knockdown of protein expression and neither show hemolysis nor aggregation of 

erythrocytes or cytotoxicity. A significant uptake takes place within 30 min after venous 

injection into mice and is exclusively associated with hepatocytes (Figure 4-5). In contrast, 

PLGA nanoparticles without dye are primarily taken up by endothelial and Kupffer cells 

(macrophages). After degradation of PLGA, the dye (only DY-635) is released into the gall 

bladder through the canaliculi. Taking together all results of the in vivo experiments, this 

system presents a highly promising approach for novel siRNA/drug delivery and further 

investigations. 

 

Figure 4-5. Intravital confocal fluorescence microscopy images of liver tissues of FVB/NRj mice 30 min after injection of 
nanoparticles (blue NAD(P)(H) autofluorescence - liver architecture). (A) PLGA nanoparticles (no dye functionalization on 
the surface, Nile red loading), mainly taken up by endothelial and Kupffer cells in the liver. (B) DY-635-PLGA 
nanoparticles primarily taken up by hepatocytes. 

Besides homopolymers, also amphiphilic block copolymers, which are able to form micellar 

or vesicular nanostructures, were investigated as potential gene delivery systems. In 

particular, multicompartment micelles of a stimuli-responsive triblock terpolymer, PB800-b-

PMAA200-b-PDMAEMA285, (BMAAD, Mn 105.3 kg·mol-1) showed promising results. While the 

PB segments form the hydrophobic core, PDMAEMA and PMAA are present in the shell.[89] 

Furthermore, cationic PDMAEMA and anionic PMAA are able to build amphiphilic 

interpolyelectrolyte complexes, generating a pH-responsive, patchy surface with additional 

cationic patches of PDMAEMA (higher degree of polymerization). At neutral pH values (7.4), 

both blocks are charged, resulting in an intramicellar interpolyelectrolyte complex shell, a Rh 

of the micelle of 110 nm and a zeta potential of 17 mV. A decreased pH value (5.0) leads to a 

collapse of the PMAA into a shell covered by a cationic corona of the stretched PDMAEMA 

chains. This is accompanied with an increase in Rh to 210 nm and a zeta potential of around 
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30 mV. At higher pH values (10), the situation is the other way around and PDMAEMA 

collapses into a shell, while PMAA forms a negatively charged corona. PDMAEMA is further 

able to complex pDNA and the resulting polyplexes exhibit a positive net-charge and a Rh 

similar to the non-complexed nanostructures (120 nm). Further details were provided by 

AF4-MALLS, which revealed a monomodal distribution with a Rg of 97 nm for the bare 

micelles and 111 nm for the polyplexes (Figure 4-6). The molar mass of the bare micelles was 

roughly 3.9·108 g·mol-1, resulting in an aggregation number (Nagg) of around 3,700 polymer 

chains per micelle. The shape ratio, calculated from AF4-MALLS and offline DLS data, was 

around 0.93 for both, indicating a soft sphere.[48] 

To evaluate the potential as gene delivery agent, transfection studies under different 

conditions were performed. Superior transfection efficiencies were obtained for adherent 

cells in serum-reduced as well as in serum containing media (74% in serum), compared to 

PEI (43% in serum) (Figure 4-7). 
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Figure 4-6. AF4 fractogram of BMAAD and the complex with pPDNA. 

 

Figure 4-7. Confocal laser scanning microscopy images of HEK cells transfected with the indicated polymer based 
polyplexes and YOYO-1 labeled pDNA (green). Late endosomes/lysosomes were stained with LysoTracker Red (red) and 
cell nuclei were stained with Hoechst 33342 (blue); each scale bare represents 20 μm (co-localization of pDNA and 
endosomal compartment were depicted in yellow). 

It was also investigated, whether even suspension cells, e.g. immune cells, can be 

transfected, as these cells are of key interest for therapy of immune defects like HIV or 
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cancer (leukemia).[90] Here, BMAAD based polyplexes revealed a 5-fold higher efficiency 

(20%) compared to PEI (Figure 4-8) for transfection of Jurkat T cells. Additionally, no 

cytotoxicity was detected up to 320 μg·mL-1 (N/P > 200). This impressively shows that, by 

adopting certain design concepts from viruses, BMAAD is able to combine two usually 

contrary features: High transfection efficiency and low cytotoxicity.[91-93] Further details were 

revealed by several pH value and temperature dependent release and uptake experiments. 

The escape of the polyplex from the endosome is most probably based on the pH responsive 

behavior. At pH 7.4, the polyplexes form homogeneous, spherical structures. At pH 5, similar 

to the pH value inside the endosome, protonation of PDMAEMA accompanied with a 

stretching of the corona results in an increase in size and surface charge (Figure 4-8). This 

triggers the burst of the endosome and induces the endosomal escape.[94] Afterwards, in the 

cytoplasm (pH value is increased back to 7.4), PMAA is resolubilized and can act as a 

competing polyanion to induce the release of pDNA. 

In summary, BMAAD micelles based on a well-defined triblock terpolymer was shown to be a 

superior gene carrier, exhibiting high biocompatibility. Thereby, a detailed physicochemical 

characterization based on AF4, cryogenic transmission electron microscopy (cryo-TEM) and 

dynamic, static and electrophoretic light scattering provides the basis to understand the 

transfection process as well as the underlying uptake and release mechanism. 

 
Figure 4-8. Polyplex formation, cryo-TEM as well as transfection efficiency of human leukemia cells of BMAAD 
polyplexes. 
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5. Self-assembly of amphiphilic block copolymers 

Parts of this chapter have been published: P8) M. Wagner, M. J. Barthel, R. R. A. Freund, S. 

Höppener, A. Träger, F. H. Schacher, U. S. Schubert, Polym. Chem. 2014, 

DOI: 10.1039/c4py00863d; P9) M. J. Barthel, A. C. Rinkenauer, M. Wagner, U. Mansfeld, S. 

Höppener, J. A. Czaplewska, M. Gottschaldt, A. Träger, F. H. Schacher, U. S. Schubert, 

Biomacromolecules 2014, 15, 2426-2439; P4) M. Hartlieb, D. Pretzel, M. Wagner, S. 

Höppener, P. Bellstedt, M. Görlach, C. Englert, K. Kempe, U. S. Schubert, submitted. 

 

Micellar or vesicular structures based on amphiphilic block copolymers are widely 

investigated during the last decades and are of key interest in many research fields like 

material science or pharmaceutics. In particular, their potential for drug delivery applications 

is studied by many scientists.[3] The encapsulation and delivery of small molecules by a nano-

sized carrier represents a promising approach to address common challenges like low water 

solubility, degradation, enormous side effects, or a non-specific body distribution.[95] Several 

polymer based samples exist, which are in various stages of clinical trials.[96-98] In general, 

self-assembled systems consist of at least one hydrophobic block, forming the inner core and 

carrying the hydrophobic payload and one hydrophilic part, which builds the outer shell and 

ensures water solubility as well as (bio)compatibility. The latter one is often provided by 

poly(ethylene oxide) (PEO), which is non-toxic and exhibits the so called “stealth”-effect, 

reducing unspecific protein interactions.[99] As hydrophobic block, different materials like 

PLGA, polystyrene, or polyethers (e.g. PFGE, PtBGE) can be used.[100,101] On this basis, further 

modifications are feasible to improve the drug delivery carriers. This includes endgroup or 

side chain functionalization, e.g., by dyes or sugar moieties for imaging or enhanced 

targeting applications as well as incorporation of additional polymer blocks. In particular, the 

introduction of a third block, resulting in an ABC triblock terpolymer structure, extends the 

range of accessible functionalities and morphologies.[102] Thereby, polyethers like poly(allyl 

glycidyl ether) (PAGE) can be functionalized via thiol-ene click chemistry, using the pendant 

double bonds in the side chain.[103] In this context, also multicompartment micelles can be 

realized, which enable simultaneously storage of two different guest molecules or contain 

several stimuli-responsive groups.[104,105] 
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To compare different functionalities and the influence on the obtained morphology, a 

toolbox based on PEO-b-PFGE-b-PAGE was synthesized by sequential living anionic 

ring-opening polymerization. For post-polymerization functionalization, thiol-ene click 

chemistry was applied to attach either 1H,1H,2H,2H-perfluoroctanethiol (PFOT, increasing 

hydrophobicity) or 3-mercaptopropionic acid (MPA, increasing hydrophilicity and introducing 

negative charges) on the PAGE block (Scheme 5-1). 

 

Scheme 5-1. Schematic representation of poly(ethylene oxide)-block-poly(furfuryl glycidyl ether)-block-poly(allyl glycidyl 
ether) (PEO-b-PFGE-b-PAGE) and subsequent post-polymerization functionalization using thiol-ene chemistry. 

DLS results after preparation of the colloidal solutions by the solvent displacement method 

are shown in Figure 5-1A. As the samples were not filtered, DLS revealed broad size 

distributions. Regarding number-weighted distributions, a major population with a Rh of 19, 

23 and 7 nm could be identified for PEO-b-PFGE-b-PAGE, PEO-b-PFGE-b-PAGEPFOT and PEO-b-

PFGE-b-PAGECOOH, respectively. Concerning the zeta potential, –12 mV was obtained for 

PEO-b-PFGE-b-PAGE in pure water, while incorporation of a perfluorated alkyl chain with 

highly electronegative fluorine led to –29 mV (Figure 5-1B). The introduction of carboxy 

groups led to a strong increase in ζ to –45 mV. As predicted by the Stern model, the zeta 

potential decreased exponentially with the ionic strength. 
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Figure 5-1. (A) DLS based Rh distributions and (B) zeta potential of aqueous solutions of PEO-b-PFGE-b-PAGE, PEO-b-PFGE-
b-PAGEPFOT and PEO-b-PFGE-b-PAGECOOH. 
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To obtain further insights, investigations with AF4 coupled to MALLS and DLS were 

performed. As already described in Chapter 2.3, a suitable method has to be developed and 

separation conditions have to be optimized to ensure an appropriate analysis. This was done 

in detail for PEO-b-PFGE-b-PAGE, evaluating different membrane materials, eluent 

compositions and flow rates. The separation at different cross-flow rates is shown in Figure 

5-2A. In accordance with the AF4 theory, an increase of the cross-flow pushes the sample 

closer to the membrane, resulting in longer elution times and an increased peak height. 

Consideration of the recovery rates showed that an optimum is reached at 1 mL·min-1. 

Besides the cross-flow, the ionic strength (e.g. NaCl concentration) of the eluent is important 

as it highly influences the electrostatic interactions between sample and membrane (Figure 

5-2B). While irregular retention, due to strong and long-ranged electrostatic repulsion, 

occurred in pure water, 5 mM NaCl was sufficient for an appropriate fractionation. This was 

found to be in excellent agreement with LDV experiments, where already 5 mM NaCl 

reduced the zeta potential close to zero. For higher ionic strengths, an increasing amount of 

aggregates was observed in the AF4 fractograms, indicating other attractive membrane-

sample interactions, as electrostatic contributions are screened. 
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Figure 5-2. Variation of (A) cross-flow and (B) ionic strength (NaCl concentration) of the eluent for separation of PEO-b-
PFGE-b-PAGE via AF4. The inlay (A) shows the recovery rate of each separation as determined by RI detection. 

After the optimal conditions were identified, the different polymers were analyzed by AF4 

(Table 5-1). For micelles of PEO-b-PFGE-b-PAGE, a molar mass of around 705 kg·mol-1 (Mn) 

was obtained, resulting in an aggregation number of 35 (Figure 5-3A). With an Rg of 14 nm 

and an online Rh of 21 nm, the results were in excellent agreement with the offline DLS 

results. Also a small amount of aggregates was observed. The calculated shape ratio 

(Rg/Rh = 0.67) was slightly below the value of a hard sphere (0.775), but had to be 
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interpreted with care, as Rg is close to the detection limit of the MALLS detector (minimum 

detectable size is around 10 nm).[106] Considering this inaccuracy, the formation of compact 

spherical micelles could be assumed (Scheme 5-2A).[48] These results were supported by 

cryo-TEM (Figure 5-3B), showing spherical micelles of around 20 nm. 

Table 5-1. Properties of PEO-b-PFGE-b-PAGE, PEO-b-PFGE-b-PAGEPFOT and PEO-b-PFGE-b-PAGECOOH in aqueous solution. 

 PEO-b-PFGE-b-PAGE PEO-b-PFGE-b-PAGEPFOT PEO-b-PFGE-b-PAGECOOH 

Mn [kg·mol-1] 705 ± 5.9 1,684 ± 35 82.0 ± 2.5c 

Mw [kg·mol-1] 723 ± 1.3 1,921 ± 14 101.5 ± 2.1c 

ĐM (Mw/Mn) 1.03 ± 0.01 1.14 ± 0.02 1.24 ± 0.02 

Nagg
a 35 ± 0.3 56 ± 1.2 3.7 ± 0.1c 

Rg (peak 1) [nm] 14 ± 0.9 20 ± 2 - 

Rh (peak 1) [nm] 21 ± 0.3 29.5 ± 1.2 4.6 ± 0.7 

Rg/Rh (peak 1) 0.67 ± 0.04 0.68 ± 0.05 - 

Rh, batch DLS [nm] 18.5 ± 1 23.3 ± 3.8 7 ± 3 

Rg (peak 2) [nm] - 425 ± 9b - 

Rh (peak 2) [nm] - 146 ± 14 - 

Rg/Rh (peak 2) - 2.92 ± 0.22 - 

Recovery [%] 92.3 ± 1.4 85.1 ± 1.3 85.3 ± 0.3 
a based on Mn and polymer molar masses obtained by 1H NMR. 
b based on random coil scattering factor. 
c the single chain fraction was excluded for calculation. 
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Figure 5-3. (A) AF4-MALLS-DLS fractogram and (B) cryo-TEM micrograph of PEO-b-PFGE-b-PAGE. 

Furthermore, the size of the core (7 nm) and the corona (13 nm) could be determined. For 

PEO, the results fitted to the theoretical calculations (eq 24) based on the degree of 

polymerization N, the segment length a (0.36 for PEO) and the assumption of a random coil 

in a good solvent (Rg/Rh = 1.78).[107] 
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Scheme 5-2. Schematic representation of the proposed micellar structures of (A) PEO-b-PFGE-b-PAGE, (B) PEO-b-PFGE-b-
PAGEPFOT and (C) PEO-b-PFGE-b-PAGECOOH. The different colors of PFGE/PAGE (A, B) do not indicate the formation of a 
Janus core. 

 (24) 

A distinct bimodal distribution was obtained for PEO-b-PFGE-b-PAGEPFOT (Figure 5-4A). The 

first population with a molar mass of 1,700 kg·mol-1 (Mn,), a Rg of 20 nm, a Rh of 30 nm and a 

ρ of 0.68 exhibited similar characteristics to PEO-b-PFGE-b-PAGE. The second, minor 

population showed a strong difference between Rg (425 nm) and Rh (146 nm), leading to a 

high shape ratio (2.9), indicating worm-like structures.[108] Furthermore, the broad range of 

ρ, ranging from 1 to 3 over the entire peak, indicates a high dispersity in terms of “length”. 

This could also be confirmed by cryo-TEM measurements (Figure 5-4B). The formation of 

such worm-like structures is based on the attachment of fluorocarbon chains, resulting in an 

increased overall hydrophobicity. As the width of the worm-like structures is in the same 

range as the spherical micelles, a similar block arrangement could be assumed, where 

PFGE/PAGEPFOT forms the core and PEO the corona (Scheme 5-2B). This is further supported 

by the presence of spherical endcaps of the worm-like structures, indicating fusion/fission 

processes of originally spherical micelles. 
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Figure 5-4. (A) AF4-MALLS-DLS fractogram and (B) cryo-TEM micrograph of PEO-b-PFGE-b-PAGEPFOT. 
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For PEO-b-PFGE-b-PAGECOOH, where hydrophilic carboxy groups were introduced on the 

PAGE side chains, one peak with a broad shoulder was observed in the AF4 fractrogram 

(Figure 5-5A). While a Rh of around 4 nm was obtained, Rg could not be determined, as it was 

below the lower size limit of the MALLS detector, due to the isotropic scattering of the 

sample. Consideration of the polymer’s molar mass showed that the peak maximum 

represents the single polymer chain, while the shoulder corresponds to structures, which 

were composed of 2 to 7 polymer chains. Careful evaluation of the cryo-TEM micrographs 

revealed small objects and lines, indicating a disc-like shape (Figure 5-5B). These structures 

might be explained by a parallel ordering of the polymer chains, where PFGE forms the core 

and PEO and PAGECOOH are present in the corona (Scheme 5-2C). Thereby, the longer PEO 

chains are able to surround also the edges of the core. Nevertheless, as the observed 

contrast is weak and the structures reached the limit of the applied techniques, the 

interpretation has to be considered with care. 
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Figure 5-5. (A) AF4-MALLS-DLS fractogram of PEO-b-PFGE-b-PAGECOOH showing the aggregation number of the different 
species. (B) cryo-TEM micrograph of PEO-b-PFGE-b-PAGECOOH. 

As carboxy groups can be used to implement stimuli-responsive properties, sensitive to 

changes in pH value or ionic strength, PEO-b-PFGE-b-PAGECOOH was further investigated at 

varying solvent compositions. Addition of NaCl (0 to 150 mM) or a decrease of the pH value 

(ranging from 4 to 10) led to a shift to higher elution times, which correlated well with zeta 

potential measurements, described above. As no change in molar mass or size was observed, 

the shift was solely attributed to the screening of the electrostatic repulsion, taking place 

between the sample and the membrane as well as the protonation of functional groups. 

Only the relative amount of the different species changed. Based on the reduced repulsion 

between the individual carboxy groups in the polymer, assemblies with a higher aggregation 
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number were favored with increasing ionic strength or a more acidic pH value. An alternative 

option to influence the morphology of PEO-b-PFGE-b-PAGECOOH is the crosslinking by the 

addition of metal ions. This can further be affected by the degree of protonation of the 

carboxy groups (pH value). Therefore, different amounts of FeCl3 were added to the colloidal 

solution at different pH values and the samples were analyzed by AF4-MALLS-DLS (Table 

5-2). From pH 4 to 7.3, an increase of Rh from 12 nm to 60 nm was observed with 12.5 

equivalents (compared to the total number of carboxy groups) of FeCl3. At higher pH values, 

no reliable results were obtained as Fe(OH)3 started to precipitate in the AF4 channel. Under 

constant a pH value, an increase of the amount of FeCl3 was accompanied with an increase 

in size, too. From 1/3 eq. to 12.5 eq. at pH 5.6, Rh increased from 5 to 30 nm (Figure 5-6). In 

all cases, shape ratios between 0.78 and 0.85 were obtained, indicating spherical particles. 

With deprotonation (higher pH value) of the polymer or increasing iron(III) content, more 

polymer chains can be crosslinked and, subsequently, larger nanostructures were obtained. 

These first results provide the basis for further investigations and a better understanding 

how to control the morphologies of such triblock terpolymers. Furthermore, AF4 coupled to 

MALLS and DLS was shown to be an excellent tool to obtain detailed physicochemical 

characteristics on self-assembled structures in solution. Additionally, combination with 

cryo-TEM was proven to be a superior setup. 

Table 5-2. AF4-MALLS-DLS results of PEO-PFGE-PAGECOOH 
with varying amounts of FeCl3 and at different pH values. 

pH Fe3+ eq. Rg [nm] Rh [nm] Rg/Rh 
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Figure 5-6. AF4 fractograms of PEO-b-PFGE-b-PAGECOOH at pH 
5.6 with different equivalents of FeCl3. 

4.0 12.5 10.2 12.2 0.84 

5.6 12.5 25.1 30.0 0.84 

5.6 5 16.4 21 0.78 

5.6 1 12.8 15 0.85 

5.6 1/3 - 4.9 - 

7.3 12.5 50.9 61.3 0.83 

The self-assembly based on a similar platform of an ABC triblock terpolymer, PEO42-b-

PAGE15-b-PtBGE12 (EAT), was investigated in another study. Here, the PAGE segment was 

functionalized with amino (ENT) and carboxy groups (ECT), providing either positive or 

negative charges, as well as thiogalactose (EGT) as a model ligand for selective cellular 
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uptake.[109] In aqueous solution, all polymers underwent self-assembly to core-shell-corona 

micelles with hydrodynamic radii below 15 nm, as obtained by DLS and cryo-TEM 

investigations (Table 5-3). Thereby, PtBGE forms the hydrophobic core, PAGE the shell and 

PEO the hydrophilic corona. Additionally, a hydrophobic dye (Nile red), showing red 

fluorescence, was encapsulated into the core as a model drug and tracer.[110] To precisely 

control the functionality inside the shell (e.g. in terms of charge) and to influence the cellular 

uptake or the cytotoxicity, binary and ternary mixed micelles were created by a co-assembly 

process of the different triblock terpolymers (Scheme 5-3).[111] For the samples 

nomenclature, the superscripts represent the mixing ratio regarding the functional groups of 

the polymers. For all mixed systems, spherical micelles with radii below 15 nm were 

obtained, too. The successful formation of mixed micelles, in contrast to a mixture of two 

separate structures, was confirmed by LDV, DLS, and gel electrophoresis experiments. 

Table 5-3. DLS and AF4 data for PEO42-b-PAGE15-b-PtBGE12 based micelles and co-micelles. 

Sample 
Mn · 10-5 

[g·mol-1] 

Nagg 

 

Rg 

[nm] 

Rh (AF4) 

[nm] 

Rg/Rh 

 

Rh (batch) 

[nm]a 

EAT 11.5 ± 0.08 225 ± 2 10.1 ± 0.6 13.0 ± 0.4 0.78 ± 0.02 11.8 ± 0.1 

ENT 18.6 ± 0.3 323 ± 56 15.8 ± 1.1 17.4 ± 1.8 0.92 ± 0.15 9.5 ± 0.3 

ECT 10.5 ± 0.01 156 ± 1 12.2 ± 0.8 14.4 ± 0.1 0.84 ± 0.05 13.5 ± 0.3 

EGT 2.22 ± 0.07 31 ± 1 5.4 ± 0.6 5.3 ± 0.3 1.02 ± 0.14 7.1 ± 0.3 

(ENT/ECT)3.5:1 12.0 ± 0.37 204 ± 6 12.3 ± 0.4 15.2 ± 0.5 0.81 ± 0.04 - 

(ENT/ECT)1.2:1 7.32 ± 0.13 121 ± 2 8.9 ± 0.8 10.6 ± 1.5 0.84 ± 0.05 10.5 ± 0.2 

(ENT/ECT)1:2.6 6.19 ± 0.04 99 ± 1 9.0 ± 1.6 10.4 ± 0.5 0.88 ± 0.20 10.5 ± 0.1 

(ENT/ECT/EGT)3.5:1:0.5 11.3 ± 0.71 190 ± 12 13.6 ± 1.2 15.9 ± 0.1 0.86 ± 0.08 12.3 ± 0.5 

(ENT/ECT/EGT)3.4:1:2.3 9.65 ± 0.48 155 ± 8 13.5 ± 1.2 15.1 ± 0.1 0.90 ± 0.08 11.5 ± 0.5 
a batch DLS in 20 mM NaCl (similar to AF4). 

 

Scheme 5-3. Co-assembly of functionalized triblock terpolymers into binary and ternary core-shell-corona micelles with a 
mixed shell. The fractions of the modified PAGE shell represent the mixing ratio during co-assembly. 
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Also for these polymers, AF4-MALLS-DLS was able to reveal further details on the 

self-assembly process (Table 5-3). The size as well as the spherical geometry, indicated by 

shape ratio between 0.775 (hard sphere) and 1.0 (soft sphere), were found to be in good 

accordance with cryo-TEM and offline DLS results.[48] Representative fractograms of 

(ENT/ECT)3.5:1 and (ENT/ECT/EGT)3.5:1:0.5 are shown in Figure 5-7. From the absolute molar 

mass, obtained via MALLS, also the individual composition of the mixed micelles was 

accessible, assuming that the composition ratios in the micelles are similar to the mixing 

ratios of the polymers during co-assembly. 
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Figure 5-7. AF4 fractogram of triblock terpolymer micelles from (ENT/ECT)3.5:1 (A) and (ENT/ECT/EGT)3.5:1:0.5 (B) in 20 mM 
NaCl solution. 

To investigate the polymer’s potential for drug delivery, cytotoxicity and cellular 

internalization were studied. All micelles with a negative zeta potential (low amino content), 

EAT, ECT, EGT, (ENT/ECT)1.2:1 and (ENT/ECT)1:2.6, showed no cytotoxic effect up to a 

concentration of 0.5 mg·mL-1. In contrast, micelles with a positive zeta potential (high amino 

content), ENT and (ENT/ECT)3.5:1, exhibited an IC50 of 300 and 350 μg·mL-1, respectively. This 

trend is in excellent agreement with literature data, as it is known that cationic charges 

could lead to strong interactions with the negatively charged cell membrane.[13,112] 

Surprisingly, the ternary micelles, both with positive zeta potentials and the same charge 

ratio as (ENT/ECT)3.5:1, did not show any cytotoxicity at all measured concentrations. 

Obviously, the presence of a sugar moiety, provided by EGT, is accompanied with some kind 

of a shielding effect. Concerning the cellular uptake of the primary micelles, ENT and ECT 

revealed the highest unspecific cellular uptake of around 14% (at 10 μg·mL-1) under serum 

conditions in human embryonic kidney (HEK) cells, while EAT and EGT showed nearly no 

internalization. In contrast, co-micelles of (ENT/ECT)3.5:1 demonstrated an increased uptake 

of around 75% under serum conditions, whereas (ENT/ECT)1.2:1 and (ENT/ECT)1:2.6 showed a 
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decreased internalization of around 8%. For the ternary micelles, the uptake decreased with 

increasing amount of EGT, which is in good agreement with the low uptake of primary EGT 

micelles. For (ENT/ECT/EGT)3.5:1:0.5 around 35% were yielded, but, in contrast to 

(ENT/ECT)3.5:1, these structured were not cytotoxic. Utilizing these synergistic effects seems 

to be a promising strategy for a further development of systems with efficient 

internalization, low cytotoxicity and reduced non-specific serum interactions. In particular, 

polyether based triblock terpolymers, differently functionalized, were identified as a 

promising toolbox for drug delivery and could be characterized in detail. 

Another highly interesting class of drug deliver agents is represented by block copolymers of 

PEtOx-b-PAmOx (Scheme 1-1). In the present study, the copolymer showed self-assembly in 

organic solvents (both block are soluble in water) and the structure’s size could be controlled 

by the polarity of the solvent. After crosslinking and transfer to water, these structures were 

studied as potential drug delivery vehicles (Scheme 5-4). As the crosslinking process has to 

be quenched with a low molar mass amine, a corresponding drug or dye can directly be 

introduced into the system through covalent but labile imine bonds. 

 

Scheme 5-4. Schematic representation of the self-assembly of PEtOx-b-PAmOx followed by crosslinking and 
quenching/loading. 

During the preparation, either micelles (Rh < 20 nm in chloroform) or vesicles (40 to 70 nm in 

2-propanol) were formed, depending on the solvent. While Rh could easily be determined by 

DLS or AF4 in organic as well as aqueous solutions after crosslinking, the morphology, 

namely vesicular or micellar systems, has to be confirmed by a second independent 

technique. One technique alone was not able to prove the structure, even if the size gave a 
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strong indication. The first hint was given by AF4, where shape ratios below 0.8 were 

obtained, indicating a micellar geometry for structures formed in chloroform (below 20 nm). 

In contrast, ratios of around 1.0 were obtained for particles in 2-propanol, hinting towards 

the presence of soft (hollow) spheres or vesicles, respectively (40 to 70 nm). This was 

supported by cryo-TEM of the organic solutions, where the observed structures exhibited 

similarities with the bursted shell of a vesicle. This clearly shows that only a combination of 

different techniques provides a reliable knowledge about the physicochemical 

characteristics in many cases. Even if AF4-MALLS-DLS provides superior information on the 

molar mass, size and dispersity of each individual fraction of the sample, the particles 

geometry should be proven by an independent method like electron microscopy or AUC. 

Besides, micelles as well as vesicles showed no cytotoxic effect up to 2.5 mg·mL-1 and were 

efficiently internalized into L929 mouse fibroblast cells (Figure 5-8). Thereby, both structures 

were localized in the lysosome, while an accumulation on the cellular membrane or a 

localization in the nucleus could be excluded (6-amino fluorescein as model drug). 

 

Figure 5-8. Representative confocal laser scanning microsopy images of detached L929 cells after 24 h incubation with 
vesicles at a concentration of 0.1 mg·mL-1. Cell membranes (A2), cell nuclei (B2), or late endosomes/lysosomes (C2) were 
specifically stained and correlated with the fluorescence signal of the vesicles (A1, B1, and C1). Overlay of both channels 
(A3, B3 and C3) proves intracellular (A3) but extra-nuclear (B3) localization of the vesicles and their apparent 
co-localization with lysosomal structures (C3). Identical results were obtained for micelles. The scale bar represents 
10 μm. 
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6. Thermo-responsive polymers 

Parts of this chapter have been published: P3) M. Wagner, C. Pietsch, A. Kerth, A. Träger, 

U. S. Schubert, submitted; P10) C. Pietsch, U. Mansfeld, C. Guerrero-Sanchez, S. Höppener, A. 

Vollrath, M. Wagner, R. Hoogenboom, S. Saubern, S. H. Thang, C. R. Becer, J. Chiefari, U. S. 

Schubert, Macromolecules 2012, 45, 9292-9302. 

 

Polymers, in particular amphiphilic block copolymers, which exhibit thermo-responsive 

properties, represent highly attractive systems for “smart” materials.[29,30] The 

thermo-induced self-assembly to micellar or vesicular structures, based on the lower critical 

solution temperature (LCST) of at least one block, provides an attractive strategy for sensing 

or drug delivery applications.[113,114] For example, the encapsulation and releases of dyes or 

drugs can be stimulated by a change in temperature.[31,115] The corresponding phase 

transition is mainly driven by the unfavorable entropy of mixing. In water, it is based on the 

formation of hydrogen bonds between the water molecules and the polymer chains. Heating 

above the cloud point temperature (TCP) leads to the breaking of the hydrogen bonds, 

accompanied by an increase of hydrophobic interactions between the polymer chains.[116] In 

case of PDMAEMA-b-PDEGMA, both corresponding homopolymers show a LCST behavior. 

While the TCP of PDEGMA is around 27 °C, the TCP of PDMAEMA is highly depending on the 

molar mass as well as the solution conditions like the pH value or the ionic strength and 

values between 20 and 80 °C are reported.[117-119] This results in a material, which is sensitive 

against two or more different stimuli at the same time and, therefore, the influence of 

solution parameters on the LCST behavior and the self-assembly is of high interest.[120] In this 

study, a series of thermo-responsive diblock copolymers of PDMAEMA-b-PDEGMA was 

synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization. The 

molar mass distribution of these polymers was determined by AF4-MALLS, as already 

described in Chapter 3 (Figure 3-4). The final ratio between both blocks was obtained via 1H 

NMR spectroscopy, using the areas of PDMAEMA ((CH3)2N- at 2.26 ppm) and PDEGMA (CH2-

O- at 3.54 to 3.66 ppm) signals. First information on the phase behavior of the polymers 

were revealed by turbidimetry (Table 6-1). In pure water, a TCP of 52.7 °C and 28.4 °C (50% 

transmission) was obtained for PDMAEMA and PDEGMA at 2.5 mg·mL-1, respectively.[117] 

With increasing content of PDMAEMA, a roughly linear increase of the TCP was observed for 
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the copolymers. Furthermore, concentration dependent measurements showed an increase 

of the transition temperature with dilution. For PDMAEMA64-b-PDEGMA36 (subscripts 

represent molar block ratios), no clear cloud point could be determined, which is most 

probably due to the formation of small micellar structures.[121] In contrast, two steps and, 

subsequently, two TCP values were identified for PDMAEMA51-b-PDEGMA49: A first TCP1 at 

around 34 °C and a second one (TCP2) at around 46 °C, indicating a double thermo-responsive 

behavior. 

Table 6-1. Cloud point temperatures (TCP) obtained by turbidimetry and DSC measurements at 2.5 mg·mL-1. 

DMAEMA:DEGMA 100:0 87:13 64:36 51:49 20:80 0:100 

TCP [°C] 52.7 47.0 -a 34.4; 46.1 30.3 28.1 

TDSC [°C] 54.1 48.8 33.8 34.9 31.3 29.8 
a no clear cloud point. 

To obtain deeper insights into the formed nanostructures, DLS measurements were 

performed (Figure 6-1A). All polymers showed a Rh smaller 5 nm below TCP, corresponding to 

the hydrated polymer chain. Above TCP, PDMAEMA and PDEGMA revealed the typical coil-to-

globule transition, accompanied by precipitation in case of PDEGMA. A similar behavior was 

observed for block copolymers where one of both blocks, either PDMAEMA or PDEGMA, is 

dominant. If both blocks have similar dimensions, self-assembly occurred at 30 to 35 °C with 

a Rh of around 20 to 35 nm, respectively. To obtain detailed information on the size 

distribution and shape, AF4-MALLS-DLS was applied (Figure 6-1B).[122,123] To enable 

fractionation under similar conditions for all polymers, an eluent containing 100 mM NaCl 

was used. For PDMAEMA and PDMAEMA87-b-PDEGMA13, a single peak was obtained at all 

temperatures (15 to 65 °C), which corresponds to the hydrated polymer chain as indicated 

by MALLS detection (compare Figure 3-4). The missing of any nanostructures at higher 

temperatures was attributed to the concentration dependence of the cloud point and the 

low concentration in the AF4 channel. At the present channel concentration of around 0.04 

mg·mL-1 (at the peak maximum) the cloud point is shifted to values above 65 °C. An 

analogous effect was observed for PDMAEMA20-b-PDEGMA80, where AF4 at 45 °C revealed 

nanostructures with a Rh of 24 nm, in contrast to DLS, showing large aggregates. Subsequent 

dilution of the DLS samples to a concentration similar to AF4 gave comparable hydrodynamic 

radii. This strong concentration dependence indicates a first limitation for analysis of 

thermo-responsive polymers by AF4. For PDEGMA, the formation of large aggregates was 
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observed above 35 °C, which blocked the detector tubings in the system. This indicates an 

enormous increase in size, which correlates with DLS results. 
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Figure 6-1. (A) Apparent hydrodynamic radius of PDMAEMA-b-PDEGMA as obtained by offline DLS measurements. (B) 
AF4 fractogram of PDMAEMA51-b-PDEGMA49 with hydrodynamic radii obtained by online DLS investigations. 

The AF4 results of PDMAEMA51-b-PDEGMA49 (Figure 6-1B), indicating vesicular structures (Rh 

20 nm, Rg/Rh 1.0), were in good agreement with DLS results. The vesicular geometry could 

also be confirmed by cryo-TEM measurements. At 65 °C larger aggregates are formed, which 

originated from increased interactions with the membrane.[70] Nevertheless, due to the high 

sensitivity of MALLS for large aggregates, their concentration can be regarded as being 

rather low. Similar to the DLS results, no second transition (TCP2) could be identified by AF4. 

Fractionation of PDMAEMA64-b-PDEGMA36 showed a similar trend. Here, hydrodynamic radii 

of around 25 nm were obtained above 30 °C, but smaller Rg values (around 20 nm) resulted 

in an average shape ratio of 0.8, indicating spherical micelles. Furthermore, the comparison 

of AF4 and DLS of all samples showed that the use of number-weighted offline DLS data is in 

most cases appropriate to describe the investigated structures. 

To reveal further details on the observed nanostructures, LDV was applied (Figure 6-2A). 

Heating of PDMAEMA and PDEGMA above their TCP resulted in an increase of the absolute 

value of the zeta potential. This observation was attributed to the dehydration of the 

polymer chain and an orientation of the more hydrophilic (and charge bearing) side chains 

towards the aqueous environment of the formed globules. A similar trend with lower 

absolute values of the zeta potential was observed for PDMAEMA87-b-PDEGMA13, having 

only a short PDEGMA block. All other block copolymers showed two distinct changes upon 

heating, namely a significant increase of the zeta potential at around 30 to 35 °C and a 

decrease at around 55 to 60 °C. The first change was related to the phase transition, 
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accompanied by self-assembly. Upon heating, the PDEGMA block collapses and forms the 

hydrophobic part, while the PDMAEMA block is located at the surface, leading to higher zeta 

potentials. This is also supported by temperature dependent 1H NMR measurements (Figure 

6-2B). 
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Figure 6-2. (A) Zeta potential of PDMAEMA-b-PDEGMA in pure water. (B) Temperature dependent 1H NMR spectra of 
PDMAEMA51-b-PDEGMA49 in D2O (5 mg·mL-1). 

By increasing the temperature from 25 to 40 °C, the PDEGMA signals at 3.3 to 3.9 ppm 

(ethylene glycol and –OCH3 groups) decreased significantly, denoting the collapse of the 

PDEGMA segments. The PDMAEMA block is still visible at 45 °C (CH3-N– at 2.3 ppm) and it is 

supposed that it forms the hydrophilic part. Further heating until 65 °C leads to a decrease 

and shift of some signals for PDMAEMA ((CH3-N–) at 2.2 ppm) and an increase of some 

PDEGMA signals (ethylene glycol groups at 3.6, 3.7 ppm, –OCH3 groups at 3.3 ppm), 

indicating a different microenvironment of (at least parts of) the PDMAEMA and PDEGMA 

segments and a rearrangement of the nanostructures. Considering the decrease in zeta 

potential, a collapse of the PDMAEMA block, linked with a migration of the PDEGMA 

segments back to the surface of the structures to stabilize them in aqueous solution, seems 

to be reliable. This migration leads to a partial hydration of the PDEGMA chains and the 

reappearance of the signals in the NMR spectra (3.6 to 3.7 ppm). Interestingly, this is not 

related with a change in size. To address the question, how far these structural changes are 

related to a thermodynamically defined phase transition, differential scanning calorimetry 

(DSC) was applied (Figure 6-3). It was found that the obtained transition temperatures were 

in good agreement with the DLS results and turbidimetry based values and that only the first 

cloud point corresponds to an actual phase transition. To our current knowledge, the second 

change is solely associated with a reordering of the internal structure of the aggregates. 
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Figure 6-3. DSC results of PDMAEMA-b-PDEGMA in pure water at 2.5 mg·mL-1. 

As PDMAEMA is also sensitive against changes in pH value or ionic strength, PDMAEMA51-b-

PDEGMA49 was chosen for further investigations concerning the solvent composition. First, 

the polymer was dissolved in aqueous solutions containing 0, 5, 100 or 500 mM NaCl, 

respectively. DLS measurements showed that the TCP is shifted from 35 °C at 0 and 5 mM 

NaCl to 30 °C at 100 mM and to 25 °C at 500 mM NaCl (Figure 6-4A). This is based on the 

screening of charges, reducing the solubility of the PDMAEMA segments. Thereby, the 

impact on the hydrodynamic radii was rather small. In all cases, radii of 20 to 30 nm were 

obtained, except for 500 mM NaCl at 60 °C, where precipitation occurred. Concerning AF4, 

analysis was not possible in pure water, due to strong electrostatic interactions between the 

PDMAEMA segments and the membrane (compare Chapter 3). AF4 experiments at 5 mM 

and 100 mM NaCl were rather similar (Rh around 25 nm, ρ around 1.0), except for T > 65 °C, 

where strong interactions with the membrane prevented successful analysis, too. For 

100 mM NaCl, AF4 and offline DLS were in excellent agreement, except for 30 °C, where AF4 

showed the free polymer chain, while DLS indicates already the presence of colloidal 

structures. This difference was related to the lower sample concentration during AF4 

separation, linked with a higher TCP as described above. At 500 mM NaCl below 60 °C, AF4 

results with a Rh of around 27 nm were in good agreement with DLS. Above 60 °C, AF4 

showed no increase in size as observed by offline measurements (Rh around 600 nm). 

Subsequent DLS measurements of diluted solutions (0.04 mg·mL-1, Rh 30 nm) revealed that 

the observed aggregation is also a concentration dependent effect. 

For pH dependent studies, different buffer system (25 mM) were used (Figure 6-4B). No 

transition was detected at pH 4 over the investigated temperature range. This is attributed 

to the high degree of protonation of the PDMAEMA segments, keeping the polymer soluble 
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(pKa around 6).[124] For pH 5.6 to 8.2, the TCP decreased from 40 to 30 °C with a Rh in the 

range of 20 to 30 nm. These results could also be confirmed by AF4. At pH 10, heating above 

TCP (around 30 °C) led to precipitation, due to the low solubility of the PDMAEMA block at 

basic pH values (deprotonation). In this case, also no AF4 data could be obtained over the 

entire temperature range as the polymer becomes more hydrophobic with deprotonation, 

which results in enhanced membrane adsorption.[70] The formation of large aggregates at pH 

10 above the TCP also led to a blockage of the backpressure tubing. 
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Figure 6-4. (A) DLS results of PDMAEMA51-b-PDEGMA49 at varying NaCl concentration and pH. Larger aggregates are 
indicated as > 1,000 nm. 

These results critically illustrate two restricting factors: First, the eluent of AF4 has to be 

considered for interpretation and comparison with other methods, as PDMAEMA-b-

PDEGMA, its cloud point, and its self-assembly behavior, is highly sensitive against changes 

in solution composition. Modification of the eluent might lead to fractionation problems, 

due to electrostatic interactions or (irreversible) adsorption on the membrane. Second, the 

difference in concentration between AF4 and offline techniques should be as low as 

possible. Moreover, the strong dependency of the cloud point on the polymer concentration 

limits the applicability for drug delivery and a thermo-induced release application. On the 

other hand, one can take advantage out of this effect. For example, a substance can be 

encapsulated at higher polymer concentration at 37 °C (TCP below 37 °C) and later on be 

released upon dilution (TCP above 37 °C). Nevertheless, AF4 was confirmed to be a powerful 

tool to obtain detailed insights into the size and shape of the colloidal structures. In 

particular for DLS, where different algorithms and differently weighted datasets render the 

interpretation of multimodal distributions difficult, coupling to AF4 represents a highly 

promising alternative. Furthermore, these results showed that the TCP of PDMAEMA-b-

PDEGMA can easily be adjusted in a broad range by variation of the solution conditions. 



Summary 

 

57 

7. Summary 

Colloidal systems, based on polymeric nanoparticles or self-assembled systems, gained 

significant attention during the last decades. In particular, their use as therapeutics or 

diagnostic agents is in the focus of research. A variety of materials and techniques is 

available for preparation of the targeted nanostructures as well as for the encapsulation of 

active compounds. To understand the obtained morphologies and their mode of action, a 

robust in-depth characterization is required, accessing the physicochemical properties. 

Furthermore, the compliance with quality standards and a high level of safety for in vivo 

studies have to be ensured for pharmaceutical applications. As presented in this thesis, 

asymmetric flow field-flow fractionation (AF4) investigations in combination with light 

scattering experiments shows the potential to fulfill these requirements. Thereby, the 

advantages of dynamic and static light scattering (DLS/SLS), namely non-invasive 

measurements with high sensitivity even at low sample concentration, are combined with a 

highly flexible and gentle separation technique, providing an analysis of nearly all nano-sized 

soft matter (Figure 7-1). 

 

Figure 7-1. Overview of techniques, samples and characteristic properties discussed in this thesis. 

It was demonstrated that AF4 coupled to a multi angle laser light scattering (MALLS) 

detector enables a detailed characterization of cationic polyelectrolytes, a class of polymers 

where many other techniques showed substantial limitations. Methods for poly(ethylene 



Summary 

 

58 

imine) (PEI), poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) or poly(L-lysine) (PLL), 

which are the most prominent materials for gene delivery, could be developed, providing 

the molar mass and size distribution within short time and requiring only low amounts of 

sample. Therefore, different approaches were evaluated. This comprises a screening of 

electrostatic interactions by an increase of the ionic strength, a presaturation with a cationic 

surfactant or polymer to provide repulsive interactions and a decrease of the eluents pH 

value below the isoelectric point of the membrane material. The latter one was found to be 

generally applicable to various kinds of cationic polymers. The application of power-law 

relationships or calculation of the shape ratio gave detailed information on the conformation 

of the macromolecules. Here, coupling of AF4 and light scattering provides the advantage to 

separate and identify differently shaped species of a sample by a single experiment. The 

obtained results could be confirmed by 1H NMR spectroscopy and analytical 

ultracentrifugation (AUC) measurements, two powerful techniques, which are well 

established for the analysis of polymers. 

In a next step, branched PEI was used for the formation of polyplexes with small interfering 

ribonucleic acid (siRNA) and the influence of the molar mass on the polyplex properties was 

investigated. Here, an excellent correlation between the net-charge and size or stability of 

the polyplexes was found, indicating dominant electrostatic interactions. For DLS multimodal 

size distributions were observed, which have to be interpreted with care. Therefore, AUC 

was evaluated as an alternative. The obtained results were found to be in good accordance 

for particles below 150 nm (Rh). Limitations were observed for larger samples with a high 

sedimentation velocity, resulting in a low resolution. Anyhow, the possibility to detect low 

concentrations of unbound PEI beside the polyplexes renders ultracentrifugation a very 

powerful tool. Polyplexes composed of linear PEI and siRNA were also encapsulated using 

the double emulsion technique into dye-labeled poly(lactide-co-glycolic acid) (PLGA) 

nanoparticles, which show a high selectivity for liver cells, enabling targeted delivery. By a 

combination of AF4, DLS, laser Doppler velocimetry (LDV), scanning electron microscopy 

(SEM) and UV-Vis spectroscopy, the nanoparticles and the loading could be characterized in 

detail. With AF4 it was possible to confirm that the spherical particles were nearly 

monodisperse in terms of size and shape. Subsequent in vitro as well as in vivo studies 

revealed that these “theranostic” systems are successfully applicable as a kind of platform 

tool. This promising approach also hints towards the future trends of what is possible in 
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“personalized” nanomedicine. Beside homopolymers and nanoparticles, also a terpolymer, 

which undergoes self-assembly to multicompartment micelles, was shown to be a promising 

gene delivery agent for transfection of adherent as well as human leukemia cells. The ability 

of polybutadiene-block-poly(methacrylic acid)-block-poly(2-(dimethylamino)ethyl meth-

acrylate) (PB-b-PMAA-b-PDMAEMA) block copolymers to form intramicellar 

interpolyelectrolyte complexes in dependence of the pH value was found to be the origin of 

an efficient delivery and release of plasmid deoxyribonucleic acid (pDNA). Thereby, the 

poly(methacrylic acid) (PMAA) block is able to act as a competing polyanion, weakening the 

binding between PDMAEMA und the genetic material. The results also reveal the pathway 

how to combine high transfection efficiency with high biocompatibility to obtain a powerful 

advanced gene carrier via the synthesis and self-assembly of well-defined block copolymers. 

The self-assembly of another triblock terpolymer, poly(ethylene oxide)-block-poly(allyl 

glycidyl ether)-block-poly(tert-butyl glycidyl ether) (PEO-b-PAGE-b-PtBGE), was investigated 

for its potential for drug delivery applications with Nile red as a model compound. The 

obtained morphologies and the influence of different functionalizations were studied by a 

combination of AF4, DLS, LDV and cryogenic transmission electron microscopy (cryo-TEM) as 

well as different biological assays and cell uptake experiments. Furthermore, the differently 

functionalized copolymers can be used as a platform to adjust the physico- and biochemical 

properties by the formation of binary and ternary mixed micelles. Using this approach, a high 

internalization rate can be combined with low cytotoxicity and the introduction of targeting 

moieties. The functionalization of a similar systems, poly(ethylene oxide)-block-poly(furfuryl 

glycidyl ether)-block-poly(allyl glycidyl ether) (PEO-b-PFGE-b-PAGE), was studied concerning 

the alteration of the hydrophilic/hydrophobic balance by incorporation of carboxy groups or 

fluorocarbon chains via thiol-ene click chemistry. Here, AF4 provides a reliable and detailed 

characterization regarding size and molar mass distribution of the present species. 

Indications about shape, in this case spherical, worm-like or disc-like structures, had to be 

confirmed by a second technique like cryo-TEM, as the Rg value was close to the lower 

detection limit of the MALLS detector. Furthermore, a detailed strategy for the AF4 method 

development was provided and it could be shown for several samples that AF4 represents an 

ideal technique to investigate the influence of solution conditions like pH value or ionic 

strength. Thereby, the unique feature of AF4 is the gentle separation of even sensitive 

colloidal structures from residual polymer, aggregates or other compounds, which were not 
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detectable or are problematic for analysis by other techniques. Also block copolymers of 

amine containing poly(2-oxazoline)s, synthesized by cationic ring opening polymerization 

were found to be effective drug delivery vehicles. As self-assembly processes take place in 

organic solvents, the particle size and morphology was shown to be adjustable by the 

polarity of the solvent. For the transfer to water, the system was crosslinked and a drug/dye 

was introduced, covalently but labile bound to the supernumerous aldehyde groups of the 

crosslinker. AF4 and cryo-TEM were found to be an ideal combination to obtain reliable 

information about size and shape of the drug carriers, in this case either spherical micelles or 

vesicles. 

Besides, the thermo-induced, lower critical solution temperature (LCST) based, self-assembly 

process of smart materials into micellar or vesicular structures could be achieved with 

poly(2-(dimethylamino)ethyl methacrylate)-block-poly(di(ethylene glycol) methyl ether 

methacrylate) (PDMAEMA-b-PDEGMA) copolymers, synthesized via reversible addition-

fragmentation chain transfer polymerization (RAFT). The phase behavior was studied in 

detail by a combination of different methods and up to two structural transitions were 

observed, where the first one was related to the corresponding phase transition. The second 

one was attributed to an internal rearrangement of the nanostructures without an impact 

on the size. It was also shown that the cloud point can be controlled by adjustment of the pH 

value and the ionic strength, due to the charge-bearing PDMAEMA block. Moreover, AF4 

could be successfully established at temperatures up to 65 °C. Observed limitations of AF4 

and differences to offline measurements were critically discussed and could be traced back 

to either membrane interactions or the concentration dependence of the cloud point. 

In summary, this thesis presents the characterization of manifold colloidal systems. Thereby, 

the establishment of AF4 and the corresponding method development was in the focus. The 

results were compared with well-known techniques like DLS, AUC, 1H NMR or cryo-TEM and 

provide the basis to understand the interactions of nano-sized materials with biological 

systems. Even if some limitations were observed, AF4 provided substantial benefits and will 

help to push the characterization of polymers and colloids in general forward. The presented 

results will help to overcome current challenges and to establish AF4 as routinely applicable 

tool. Furthermore, they will contribute to an advanced understanding of self-assembly 

processes and the development of efficient drug and gene carrier systems. 
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8. Zusammenfassung 

Kolloidale Systeme, basierend auf polymeren Nanopartikeln oder selbstassemblierenden 

Strukturen, gewannen in den letzten Jahrzenten signifikant an Interesse. Insbesondere die 

Verwendung für therapeutische oder diagnostische Zwecke steht im Mittelpunkt der 

aktuellen Forschung. Für die Herstellung der gewünschten Nanomaterialien sowie für die 

Verkapselung von Wirkstoffen stehen eine Vielzahl an Polymeren und Techniken zur 

Verfügung. Um die resultierenden Strukturen und deren Wirkungsweise zu verstehen, ist 

eine umfassende Charakterisierung bezüglich ihrer physikochemischen Eigenschaften 

unabdingbar. Des Weiteren muss die Einhaltung verschiedener Qualitätsstandards für eine 

pharmazeutische Anwendung sichergestellt sein. Wie in dieser Arbeit dargestellt werden 

konnte, zeigt die asymmetrische Fluss Feld-Fluss Fraktionierung (AF4), gekoppelt mit 

verschiedenen Lichtstreutechniken, das Potenzial die oben genannten Bedingungen zu 

erfüllen. Dabei werden die Vorteile der Lichtstreuung – nicht-invasive Messungen bei hoher 

Empfindlichkeit und niedriger Probenkonzentration – mit einer flexiblen und sanften 

Trennmethode verbunden, welche die Charakterisierung nahezu jedweder Polymere und 

Nanomaterialien in Lösung erlaubt (Figure 8-1). 

 

Figure 8-1. Übersicht über die Techniken, Materialien und physikochemischen Eigenschaften, die im Rahmen dieser 
Arbeit diskutiert wurden. 
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Es konnte gezeigt werden, dass AF4 eine detaillierte Charakterisierung kationischer 

Polymere ermöglicht, welche mit klassischen Methoden nur eingeschränkt untersucht 

werden können. Für die bekanntesten Materialien wie Poly(ethylenimin) (PEI), Poly(2-

(dimethylamino)ethylmethacrylat) (PDMAEMA) oder Poly(L-lysin) (PLL) konnten Methoden 

entwickelt werden, die die Bestimmung der Molmassen- und Größenverteilung innerhalb 

kurzer Zeit und mit geringen Probenvolumina ermöglichen. Um die zumeist auftretenden 

attraktiven, elektrostatischen Wechselwirkungen zwischen der Membran und der Probe zu 

reduzieren, wurden verschiedene Ansätze, wie eine Erhöhung der Ionenstärke, eine 

Sättigung der Membran mit einem kationischen Detergenz oder Polymer sowie die 

Erniedrigung des pH–Wertes des Eluenten unter den isoelektrischen Punkt der Membran, 

untersucht. Dabei stellte sich die letzte Variante als vielversprechend und für eine Vielzahl 

kationischer Polymere als allgemein anwendbar heraus. Über das Verhältnis Rg/Rh sowie den 

Anstieg aus der doppelt logarithmischen Auftragung von Rg gegen M können zusätzliche 

Informationen bezüglich der Konformation bzw. Partikelgeometrie gewonnen werden. 

Weiterhin ermöglicht dies die Trennung und Identifizierung unterschiedlicher 

Geometrien/Konformationen in einer Probe innerhalb eines einzelnen Experimentes. Die 

über AF4 erzielten Ergebnisse konnten mittels 1H NMR Spektroskopie sowie analytischer 

Ultrazentrifugation (AUC) bestätigt werden. 

Der Einfluss der molaren Masse von PEI auf die Komplexierung von „small interfering 

ribonucleic acid“ (siRNA) und die Eigenschaften der resultierenden Polyplexe wurde 

ebenfalls untersucht. Es wurde eine starke Korrelation zwischen der Nettoladung und der 

Größe sowie der Stabilität der Polyplexe gefunden, was auf die Dominanz elektrostatischer 

Wechselwirkungen hinweist. Zur Unterstützung der Interpretation, der durch dynamische 

Lichtstreuung (DLS) erhaltenen multimodalen Größenverteilungen, wurde AUC als 

alternative Methode genutzt. Während die Ergebnisse für kleinere Polyplexe (unter 150 nm) 

gut übereinstimmen, ließen sich größere Aggregate nicht mittels AUC bestimmen. Dies 

konnte auf die hohe Sedimentationsgeschwindigkeit und die damit verbundene geringe 

Messdauer sowie die niedrige Auflösung zurückgeführt werden. Im Gegensatz zu DLS war 

jedoch die Bestimmung der Menge an freiem Polymer mittels AUC möglich. Des Weiteren 

wurden Polyplexe aus linearem PEI und siRNA mittels Doppel-Emulsionsverfahren in 

Poly(lactid-co-glycolid) (PLGA) Nanopartikel verkapselt, welche über einen speziellen 

Farbstoff mit einer hohen Selektivität für bestimmte Leberzellen verfügen und damit eine 
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aktiven, zielgerichteten Transport ermöglichen. Mittels AF4, DLS, Laser Doppler Velocimetrie 

(LDV), Rasterelektronenmikroskopie (SEM) und UV-Vis Spektroskopie konnten diese Partikel 

sowie deren Beladung im Detail charakterisiert werden. Anschließende in vitro und in vivo 

Studien zeigten, dass derartige therapeutisch-diagnostische Systeme äußerst erfolgreich 

angewendet werden können. Die einfache Variation der jeweiligen siRNA oder des 

Farbstoffes ermöglicht es, eine Vielzahl potenzieller Krankheiten zu adressieren und zeigt 

einen eindeutigen Trend bezüglich der Möglichkeiten einer „personalisierten“ Medizin. 

Neben Nanopartikeln und Homopolymeren stellen kompartimentierte Mizellen des Triblock 

Terpolymers Polybutadien-block-Poly(methacrylsäure)-block-Poly(2-(dimethylamino)ethyl-

methacrylat) (PB-b-PMAA-b-PDMAEMA) eine weitere Art vielversprechender Gentransporter 

dar, welchen neben adhärenten Zellen auch die Transfektion humaner Leukämiezellen 

(Suspensionszellen) ermöglichen. Es konnte gezeigt werden, dass die Ursache für die hohe 

Effizienz in der pH-Wert abhängigen Bildung intramizellarer Interpolyelektrolytkomplexe 

liegt. PMAA diente dabei als konkurrierendes Polyanion, um die Bindung zwischen 

PDMAEMA und Plasmid-Desoxyribonukleinsäure (pDNA) zu schwächen und deren 

Freisetzung zu ermöglichen. Des Weiteren zeigt dieses System, wie es über die Synthese und 

Selbstassemblierung definierter Blockcopolymere möglich ist, eine hohe 

Transfektionseffizienz mit hoher Biokompatibilität zu vereinen. 

Ebenfalls untersucht wurde die Selbstassemblierung von Poly(ethylenoxid)-block-

Poly(allylglycidylether)-block-Poly(tert-butylglycidylether) (PEO-b-PAGE-b-PtBGE) mit Nilrot 

als Modellfarbstoff. Dabei stand insbesondere der Einfluss verschiedener 

Funktionalisierungen des PAGE Segments auf die resultierenden Strukturen, die Zytotoxizität 

und die Zellaufnahme im Mittelpunkt. Weiterhin dienten die unterschiedlich 

funktionalisierten Polymere als Plattform für zahlreiche binäre und ternäre „Mischmizellen“, 

welche mittels einer Kombination aus AF4, DLS, LDV, Gelelektrophorese und Cryo-

Transmissionselektronenmikroskopie (cryo-TEM) detailliert charakterisiert werden konnten. 

Mithilfe dieses Ansatzes ließen sich die physiko- und biochemischen Eigenschaften der 

Mizellen derart modifizieren, dass eine hohe Zellaufnahme bei gleichzeitig niedriger Toxizität 

erreicht wird. Weiterhin besteht die Möglichkeit der Einführung von funktionellen Gruppen 

und Seitenketten zur gezielten Adressierung bestimmter Zellen. Bei einem ähnlichen System, 

Poly(ethylenoxid)-block-Poly(furfurylglycidylether)-block-Poly(allylglycidylether) (PEO-b-

PFGE-b-PAGE), wurde die Funktionalisierung des PAGE-Blocks mittels Thiol-En Chemie zur 
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Variation des hydrophilen/hydrophoben Charakters durch Einführung von Carboxy-Gruppen 

oder fluorierten Alkylketten verwendet. Mittels AF4 wurden verlässliche Werte für die 

Größen- und Molmassenverteilungen aller Polymere erhalten. Da der Rg der Nanostrukturen, 

im vorliegenden Fall sphärische, diskusförmige oder wurmartige Mizellen, am unteren Limit 

des Lichtstreuungs-Detektors liegt, wurden die Anhaltspunkte bezüglich der 

Partikelgeometrie (basierend auf dem Verhältnis Rg/Rh) mittels cryo-TEM überprüft und 

bestätigt. Dass AF4 gekoppelt mit Lichtstreuung und im Verbund mit cryo-TEM eine ideale 

Kombination zur physikochemischen Charakterisierung darstellt, konnte auch für 

Blockcopolymere aminhaltiger Poly(2-oxazolin)e gezeigt werden. Nach erfolgreicher 

Synthese über kationische Ringöffnungspolymerisation ließ sich die Selbstassemblierung 

dieser doppelt hydrophilen Polymere durch die Wahl des jeweiligen organischen 

Lösungsmittels kontrollieren. Für den Einsatz als Wirkstofftransporter in wässrigen Systemen 

wurden die Strukturen mittels Glutaraldehyd quervernetzt, was gleichzeitig die kovalente 

aber labile Bindung eines Wirk- oder Farbstoffes wie 6-Aminofluorescin an die 

überschüssigen Aldehydgruppen ermöglichte. Des Weiteren wurde gezeigt, dass die so 

erhaltenen Mizellen und Vesikel effektiv von L929 Zellen aufgenommen werden. 

Die temperaturinduzierte Selbstassemblierung zu Mizellen bzw. Vesikeln, welche auf dem 

Vorhandensein einer unteren kritischen Lösungstemperatur basiert (LCST), wurde ebenfalls 

im Rahmen dieser Arbeit untersucht. Blockcopolymere von Poly(2-(dimethylamino)ethyl-

methacrylat)-block-Poly(di(ethylenglycol)methylethermethacrylat) (PDMAEMA-b-PDEGMA), 

synthetisiert mittels reversibler Additions-Fragmentierungs-Kettenübertragungs- 

Polymerisation (RAFT), konnten dazu genutzt werden „intelligente“ Systeme zu erzeugen, 

welche auf äußere Stimuli wie Temperatur oder pH-Wert Änderungen reagieren. Detaillierte 

Studien mittels AF4, Lichtstreuung, NMR-Spektroskopie und dynamischer 

Differenzkalorimetrie (DSC) zeigten, dass zwei Übergänge stattfinden, wobei nur der Erste 

dem eigentlichen Phasenübergang entspricht. Der zweite Übergang, sofern vorhanden, stellt 

dagegen nur eine Neuordnung der inneren Struktur dar, welche keinen Einfluss auf die 

Partikelgröße insgesamt hat. Weiterhin konnte gezeigt werden, dass sich aufgrund des 

PDMAEMA-Blocks die Übergangstemperatur präzise mittels pH-Wert und Ionenstärke 

einstellen lässt. Ein Schwerpunkt lag in der Etablierung der AF4 bei Temperaturen bis 65 °C. 

Die beobachteten Abweichungen zu klassischen Methoden konnten dabei entweder auf 
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Wechselwirkungen mit der Membran oder die Konzentrationsabhängigkeit der 

Trübungstemperatur (TCP) zurückgeführt werden. 

Insgesamt wurde in dieser Dissertation die Charakterisierung verschiedenster Polymere und 

kolloidaler Systeme präsentiert. Die Etablierung der AF4 und die dazugehörige 

Methodenentwicklung standen dabei im Zentrum. Die Ergebnisse wurden mit Daten 

klassischer Methoden wie DLS, AUC, 1H NMR oder cryo-TEM verglichen und kritisch 

diskutiert. Diese stellen die Grundlage dar, um einerseits das Verhalten und die 

Wirkungsweise in biologischen Systemen und andererseits das Prinzip der 

Selbstassemblierung an sich besser zu verstehen. Die Anwendung der AF4 brachte in allen 

Fällen, trotz einiger Einschränkungen, entscheidende Vorteile in der Charakterisierung von 

Makromolekülen und Kolloiden. Die hier gezeigten Ergebnisse leisten einen substantiellen 

Beitrag zur Etablierung der AF4 als moderne Standardmethode der Polymeranalytik und 

tragen zu einem besseren Verständnis von Selbstassemblierungsprozessen und der 

Entwicklung effizienter Wirkstoff-Transporter bei. 
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List of abbreviations 

AF4 Asymmetric flow field-flow fractionation 

AUC Analytical ultracentrifugation 

BMAAD Polybutadiene-block-poly(methacrylic acid)-block- 

poly(2-(dimethylamino)ethyl methacrylate) 

CMC Critical micelle concentration 

CTAB Cetyl trimethylammonium bromide 

DLS Dynamic light scattering 

DMPA 2,2-Dimethoxy-2-phenylacetophenone 

DNA Deoxyribonucleic acid 

DSC Differential scanning calorimetry 

Cryo-TEM Cryogenic transmission electron microscopy 

EAT PEO42-b-PAGE15-b-PtBGE12 

ECT PEO42-b-PAGE15,COOH-b-PtBGE12 

EDC 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide 

EGT PEO42-b-(PAGE10,Gal-co-PAGE5)-b-PtBGE12 

ELS Electrophoretic light scattering (see also LDV) 

ENT PEO42-b-(PAGE8,NH2-co-PAGE7)-b-PtBGE12 

FFF Field-flow fractionation 
1H NMR Proton nuclear magnetic resonance 

ICP-MS Inductively coupled plasma mass spectrometry 

IP Isoelectric point 

LCST Lower critical solution temperature 

LDV Laser Doppler velocimetry 

MALLS Multi angle laser light scattering 

MPA 3-Mercaptopropionic acid 

MWCO Molar weight cut-off 

NIR Near infrared 

NMR Nuclear magnetic resonance spectroscopy 

N/P Nitrogen over phosphate ratio 

PAEMA Poly(2-(amino)ethyl methacrylate) 
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PAGE Poly(allyl glycidyl ether) 

PAmOx Deprotected poly(2-(4-((tert-butoxycarbonyl)amino)butyl)-2-oxazoline) 

PB Polybutadiene 

PDEGMA Poly(di(ethylene glycol) methyl ether methacrylate) 

PDI Polydispersity index 

PDMAEMA Poly(2-(dimethylamino)ethyl methacrylate) 

PEI Poly(ethylene imine) 

PEO Poly(ethylene oxide) 

PEtOx Poly(2-ethyl-2-oxazoline) 

PFGE Poly(furfuryl glycidyl ether) 

PFOT 1H,1H,2H,2H-perfluoroctanethiol 

PLGA Poly(lactide-co-glycolic acid) 

PLL Poly(L-lysine) 

PMAA Poly(methacrylic acid) 

PtBAEMA  Poly(2-(tert-butylamino)ethyl methacrylate) 

PtBGE Poly(tert-butyl glycidyl ether) 

PUC Preparative ultracentrifugation 

RAFT Reversible addition-fragmentation chain transfer (polymerization) 

RFU Relative fluorescence unit 

RI Refractive index 

RMS Root-mean-square radius 

RNA Ribonucleic acid 

SAXS Small angle x-ray scattering 

SDS Sodium dodecyl sulfate 

SEC Size exclusion chromatography 

siRNA Small interfering ribonucleic acid 

SLS Static light scattering 

SPLITT FFF Split flow thin cell fractionation 

UV Ultraviolet 
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List of symbols 

α Angle of the inlet triangle 

a Segment length 

A Accumulation wall area 

A2 Second virial coefficient 

Afoc Focus zone area 

Ai Constant factor 

c Concentration 

d Distance from the scattering center 

D Diffusion coefficient 

Đ Dispersity (Mw/Mn) 

 Refractive index increment 

η Viscosity 

 Field-time-autocorrelation function 

 Intensity-time-autocorrelation 

function 

θ Scattering angle 

ΔH Enthalpy changes 

I(t) Intensity at time t 

I(θ) Intensity at scattering angle θ 

I0/s Incident/solvent intensity 

IC50 50% inhibitory concentration 

K Contrast factor 

Kr Constant Mark-Houwink factor 

kB Boltzmann’s constant 

l Layer thickness of the sample cloud 

λ Retention parameter 

λ0 Laser wavelength in vacuum 

M Molar Mass 

Mw Mass average molar mass 

 Partial specific volume 

 
n0 Refractive index of the solvent 

N Degree of polymerization 

NA Avogadro’s number 

Nagg Aggregation number 

P(θ) Form factor 

ρ0 Solvent density 

q Scattering vector 

r Particle radius 

R Universal gas constant 

Rr Retention ratio 

R(θ) Excess Rayleigh ratio 

Rg Radius of gyration 

Rh Hydrodynamic radius 

s0 Sedimentation coefficient 

t Time 

T Temperature 

t0 Void time 

tr Retention time 

τ Correlation time 

v Mark-Houwink exponent 

V Scattering volume 

V0 Void volume 

Vr Retention volume 

 Cross-flow rate 

 Inlet flow rate 

w Channel height 

x Accumulation wall distance 

zfoc Focus zone to inlet distance 

ζ Zeta potential 
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ABSTRACT: Asymmetric flow field-flow fractionation (AF4)
is a widely used and versatile technique in the family of field-
flow fractionations, indicated by a rapidly increasing number of
publications. It represents a gentle separation and character-
ization method, where nonspecific interactions are reduced to
a minimum, allows a broad separation range from several
nano- up to micrometers and enables a superior character-
ization of homo- and heterogenic systems. In particular,
coupling to multiangle light scattering provides detailed access
to sample properties. Information about molar mass,
polydispersity, size, shape/conformation, or density can be obtained nearly independent of the used material. In this
Perspective, the application and progress of AF4 for (bio)macromolecules and colloids, relevant for “nano” medical and
pharmaceutical issues, will be presented. The characterization of different nanosized drug or gene delivery systems, e.g., polymers,
nanoparticles, micelles, dendrimers, liposomes, polyplexes, and virus-like-particles (VLP), as well as therapeutic relevant proteins,
antibodies, and nanoparticles for diagnostic usage will be discussed. Thereby, the variety of obtained information, the advantages
and pitfalls of this emerging technique will be highlighted. Additionally, the influence of different fractionation parameters in the
separation process is discussed in detail. Moreover, a comprehensive overview is given, concerning the investigated samples,
fractionation parameters as membrane types and buffers used as well as the chosen detectors and the corresponding references.
The perspective ends up with an outlook to the future.

Nowadays, the understanding and development of nano-
medicines like biopharmaceuticals or nanoparticles for

drug and gene delivery requires the improvement of analytical
characterization methods.1−3 Moreover, the effects of drugs in
the human body are complex, and it is essential to understand
the fate of a drug as well as its mode of action. To investigate
these effects, methods are required for separating and analyzing
single components from complex biological samples. The
increasing importance for separation techniques of suspended
analytes (particular or macromolecular form) in all fields of life
sciences was one of the key factors for the success of field-flow
fractionation (FFF) in the last years. Invented by J. C. Giddings
in 1966, field-flow fractionation comprises a class of
fractionation techniques, based on a flat channel, where a
separation field, perpendicular to the direction of the sample
flow is applied.4

In asymmetric flow FFF (AF4), the separation is achieved by
a liquid cross-flow which takes place in a narrow, ribbon-like
channel of trapezoidal geometry, which is built up by a spacer,
between a porous and a nonporous plate (Figure 1). The
porous plate is covered by a membrane, which acts as
accumulation wall and allows the eluent to pass the membrane,
while the particles/macromolecules are retained. The first AF4

system was presented in 1987 by Giddings and Wahlund.5

Since 20 years, it is the most used and versatile technique in the
family of FFF and has nearly replaced the symmetric version,
indicated by the rapidly increasing number of publications.5,6

During the transport of the analyte by the eluent, the
application of the cross-flow results in a force, dragging the
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Figure 1. Schematic representation of an AF4 channel. The eluent is
pumped from the inlet to the outlet. The membrane acts as
accumulation wall and represents the porous wall. The geometry of
the channel is defined by the spacer.
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particles/macromolecules to the surface of the membrane
(Figure 2). Because of the formed concentration gradient, the

diffusivity acts as a counteracting force, until an exponential
steady-state-distribution of the analyte with the highest
concentration at the wall is reached (Fick’s law).5 According
to the individual diffusion coefficient of each particle, the
concentration profile is extended more or less into the channel
and different streamlines of the parabolic velocity flow profile
were occupied (Figure 2B, schematic concentration profiles,
left). With decreasing size/increasing diffusion coefficient of the
particles or macromolecules, the concentration profile is more
extended into the channel resulting in a higher average
(characteristic) distance from the wall (visualized by the
particles in Figure 2B) and faster elution. It has to be kept in
mind, that even for small particles, the highest concentration is
reached near the wall and that Figure 2 is an exaggerated
schematic visualization. Furthermore, in the beginning of a
measurement, an additional focusing/relaxation procedure is
normally applied to concentrate the analyte in a narrow zone
and avoid spreading over the whole channel length during
injection (Figure 2A). If the size of the analyte exceeds a certain
limit (usually >1 μm), the retention behavior changes from the
normal, also termed Brownian mode, to the steric mode (steric
FFF). In steric FFF, the sample is located in a thin layer very
close to the wall and the order of retention changes in a way
that larger particles/macromolecules elute first (Figure 2C). As
most types of therapeutics as discussed in this Perspective are
below this size limit, the reader is referred to literature for
further details.7,8 The theoretical basis of FFF was developed in

detail by Giddings, Wahlund, and co-workers.5,9−11 For an
extensive theoretical description and detailed insights, the
reader is referred to cited literature or the comprehensive
“Field-Flow Fractionation Handbook”.12

As many modern medicines and diagnostics are based on
colloidal/macromolecular matter like proteins/antibodies,
viruses, liposomes, quantum dots (QD), nanoparticles, as well
as other polymeric drug and gene delivery systems, AF4 enables
a certain progress in the understanding of such systems.
Nowadays, AF4 coupled to different detectors allows the
acquisition of key parameters, e.g., molar mass, size, density,
diffusivity, surface, aggregation, conformation, or shape.13 In
the past, a RI or UV detector was attached to FFF and the
hydrodynamic radius as well as the molar mass was obtained by
a calibration with standards or applying FFF theory. As
nonideal effects, like membrane interactions or self-interaction
of the sample, lead to deviations from the theoretical
approach,14 FFF was limited to a few applications. In 1984,
M. Martin reported the first coupling of an online light
scattering detector.15 As it was now possible to obtain
independent information about size and molar mass, greater
attention was paid to these techniques.16 Nowadays, a
multiangle laser light scattering (MALLS) or dynamic light
scattering (DLS) detector is commonly used for the analysis
during the fractionation process.17,18 In contrast to traditional
batch DLS or SLS, the prior fractionation by AF4 allows the
investigation of complex heterogeneous and polydisperse
mixtures. As the intensity of scattered light scales with r6,
smaller analytes are mostly discriminated in batch light
scattering, if larger populations as aggregates are present in
solution. This often results in misleading distributions or
averages and prohibits quantification of single populations. This
can be circumvented by the prior fractionation by AF4. The
biggest drawback of light scattering based detectors is their
limited application for small particles/macromolecules. For
MALLS, a radius of gyration of at least 10 nm is necessary due
to the uniform scattering of small particles. In general, a
MALLS detector ranges from around 104 to 109 g mol−1 or
from around 10 to 1000 nm radius, depending on the refractive
index increment (∂n/∂c) and the number of angles where the
intensity of the scattered light is measured. Because of the fact
that the intensity of scattered light scales with r6, high
concentration of small particles/macromolecules have to be
injected, which can lead to separation problems or particle−
membrane interactions. If the characterization is not adequate
by the detection techniques mentioned above, other methods
can easily be coupled online or offline to AF4 as far as the
sample concentration is sufficiently high. This includes
inductively coupled plasma mass spectrometry (ICPMS),19,20

laser-induced breakdown detection (LIBD),21 viscosimetry,
infrared detection,22 nephelometric turbidity,23 fluorescence
spectroscopy, X-ray fluorescence analysis (XFA),24 nuclear
magnetic resonance spectroscopy (NMR), small-angle X-ray
scattering (SAXS),25,26 electron microscopy, light microscopy,
as well as different variations of mass spectrometry.27

Beside the simple hyphenation to other methods, further
advantages are the automation, the low measurement time, the
easy collection of fractions, and primarily the absence of a
package material or a stationary phase.28 In classic chromatog-
raphy techniques, such as, e.g., size exclusion chromatography
(SEC), strong forces can act between the stationary phase and
the sample, which can result in considerable (shear)
degradation, irreversible adsorption, coelution, or denaturation

Figure 2. Schematic representation of the AF4 principle. The eluent is
pumped from the inlet to the outlet, and the cross-flow is applied
perpendicular to the flow direction. The different steps are (A) the
focusing process (stopped flow) and (B) the elution process under
normal mode; part C shows elution under steric conditions.
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of the investigated analyte.29 In contrast, in an empty channel
the applied flow is less tortuous, resulting in lower shear forces
and a very gentle separation method, applicable to very delicate
samples of biological origin like proteins or nucleic acids.30 In
addition, the capability of AF4 enhances with increasing molar
mass without the limitation of an exclusion limit as for SEC.31

A wide range of solvents or buffers can be applied, fractionation
can be performed at different temperatures, and even complex,
broadly dispersed multicomponent samples can be analyzed
without extensive sample preparation. The possibility to alter
the flow rates quickly and precisely, and thereby to control the
retention behavior, enables the individual tuning for optimal
separation and resolution of each sample. Unfortunately, this
exceptional flexibility of AF4 is also one of the most important
drawbacks as eluent, flow conditions, and single parameters
have to be optimized for each sample. Up until now, this
lessens the advantage in time and prevents AF4 from being
applied routinely as a standard method. As it can be very
difficult to find a suitable set of parameters for fractionation, a
list of pharmaceutical relevant samples analyzed in the literature
is presented in Tables 1−4 (Supporting Information), listing
the used membrane, eluent, and detection method (as
described in the respective publication) with short comments
and the corresponding references.

■ ON THE ROAD TO THE RIGHT CONDITIONS

One advantage of AF4 is the use of an empty channel without a
stationary phase, which minimizes shear induced degradation
and reduces interactions with the sample in contrast to SEC.
Nevertheless, there are interactions, mainly with the membrane.
As the sample is mostly located at the membrane surface during
separation, adsorption can become a massive problem in AF4.
Therefore, the choice of an appropriate membrane material and
eluent is crucial and often time-consuming. Various membrane
materials are available, e.g., regenerated cellulose (RC),
cellulose triacetate (CTA), poly(ether sulfone) (PES),
polypropylene (PP), polyamide (PA), polycarbonate (PC), or
polyvinylidene difluoride (PVDF), differing in their thickness,
surface, surface charge, smoothness, and mechanical as well as
chemical stability. The eluent and the sample have to be

compatible with the membrane to reduce adsorption effects. If
interactions with the membrane cannot be avoided or lead to
massive adsorption and sample loss, the addition of a surfactant
like Triton X-100, sodium dodecyl sulfate (SDS), cetyltrime-
thylammonium bromide (CTAB), or different polysorbates
(Tween) could be beneficial.32 This effect is mainly based on
membrane conditioning by binding of the surfactant on the
membrane surface. If irreversible adsorption of a sample occurs,
instead of the use of surfactants, a presaturation of the
membrane can be achieved by injection of a small amount of
sample on a fresh membrane. This conditioning leads to the
formation of a monolayer of adsorbed sample on the
membrane and a higher mostly constant recovery for further
experiments with the same sample.28,33 Buffers to adjust the pH
value or addition of salts to increase the ionic strength also
influence the retention behavior and affect possible interactions,
in particular when charged samples are investigated.34,35 This is
due to electrostatic interactions between the analyte itself and
between the analyte and the membrane.36−38 The chosen buffer
and the resulting pH influence the net-charge of the sample
material and the membrane by (de)protonation of basic or
acidic groups. Hence, the attractive or repulsive electrostatic
interactions are affected and elution times correlate well with
the zeta potential of the sample.37,39 If membrane and sample
are oppositely charged, attractive electrostatic interactions will
occur, leading to late elution, immense adsorption effects, or
aggregation. For a similarly charged membrane strong electro-
static repulsion occurs, which results in the movement of the
analyte in a larger characteristic distance to the accumulation
wall. Thus, faster streamlines are occupied by the sample,
leading to a fast elution. The same repulsive electrostatic forces
are present between the charged particles/macromolecules
itself, inducing a high exclusion volume and a stretching of
similar charged chains. Both influences the retention time and
increases the effect of band broadening. An increase of the ionic
strength by adding salts shields electrostatic forces and can help
to reduce these effects.40,41 In contrast, if the ionic strength is
high and electrostatic repulsion negligible, aggregation of the
sample can occur due to dominating van-der-Waals forces.
Furthermore, interactions between hydrophobic spots on the

Figure 3. Influence of AF4 parameters on the retention of liposomes. Fractogram of mTHPC containing POPC liposomes at (A) different cross-flow
rates (power function gradient with different exponents a) and (B) different focusing time (the difference in elution time corresponds to the different
focusing times). Detector flow 1.2 mL/min, focus flow 3 mL/min for all samples, 500 μm spacer. The initial cross-flow was set to 2 mL/min and
reduced with a power function gradient within 60 min to zero. Afterward cross-flow was kept constant at 0 mL/min to ensure complete elution (a =
0.3 for part B). For varying cross-flow exponents, the focusing time was set to 10 min.
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membrane and hydrophobic domains of the sample (e.g.,
hydrophobic side chains or backbone) can occur. In particular,
proteins are known to adsorb on surfaces when a pH near the
isoelectric point (pI) of the protein is used, where no significant
electrostatic force is present.42 All these adsorption effects
disturb accurate quantification of analytes and render AF4 a
more qualitative technique. Furthermore, salts as well as neutral
excipients can have specific effects on the interactions taking
place in the channel, e.g., complexation of cations by
poly(ethylene glycol) (PEG) samples.43,44

Besides, four flow rates have to be optimized for a standard
AF4: the inlet flow rate, the focus flow rate, the cross-flow rate,
and the detector/outlet flow rate. Most attention has to be paid
on the choice of cross-flow and its scheduling, as it influences
the distance between the sample and accumulation wall.36 The
general influence is represented in Figure 3A for m-
tetrahydroxyphenylchlorin (mTHPC, temoporfin) containing
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
liposomes, showing that an increase of the cross-flow increases
the retention time and enhances the fractionation. Anyhow,
very high cross-flow rates could induce a sample loss by
adsorption during the fractionation process, leading to lower
mass recoveries.45 In addition, the dilution of the sample, taking
place due to the better fractionation, might be a problem as it
decreases the signal-to-noise ratio during detection. In contrast,
a very low cross-flow rate will result in a larger void peak and
inadequate fractionation. An increase of cross-flow also leads to
a higher concentration of the sample within the focus zone.
This will increase the sample−sample interactions, which can
result in aggregation or, in the case of polymers, entanglements
of chains.46 Beside the cross-flow, the focus flow (more
precisely the ratio of inlet and focus flow) is highly important,
as it is responsible for the formation of the focus zone and the
steady-state distribution of the particles/macromolecules with-
in. With increasing focus flow/decreasing inlet flow, the focus
zone is located closer to the sample inlet. For adequate
focusing, a certain focusing time is necessary.5 If the focusing
time is too short, the sample is not relaxated and the steady-
state distribution is not achieved. This can lead to peak
broadening, inadequate fractionation, and an increase of the
void peak. In contrast, a high focusing time increases the local
concentration of the sample and its self-interactions as well as
the interactions with the membrane. Additionally, for
aggregation sensitive systems like antibodies or their con-
jugates, difficulties arise as they tend to show aggregation/self-
association or deaggregation in dependence of the cross-flow
and focus conditions.47 In Figure 3B, the influence of the
focusing time on the fractionation of mTHPC containing
POPC liposomes is shown (compare ref 36 for DPPC/DPPG
liposomes). It can be seen that with increasing focusing time,
the void peak is reduced. Considering all nonideal aspects, the
influence of the flow conditions has to be investigated and
adapted individually for each sample to ensure a proper
separation.45

■ NANOMEDICINES IN THE CHANNEL
Synthetic Systems: Nanoparticles. Different types of

nanoparticles (NP) are under investigation for manifold
pharmaceutical applications.1,3,48,49 Novel polymeric nano-
particles or nanogels50 were used for drug or gene delivery,
i.e., incorporation of hydrophobic drugs. This encapsulation
often improves the bioavailability, stability, and solubility of the
drug. Furthermore, magnetic metal nanoparticles, quantum

dots, or the incorporation of dyes, contrast agents, or magnetic
materials into polymer or silica particles provides access to
nanosized diagnostic and imaging tools.51−53 For application of
nanoparticles in a biological environment, precise knowledge
regarding particle size, size distribution (polydispersity),
particle density, surface, and particle shape is important as
these key factors influence, among other things, biodistribution
and the accumulation in tissues or the cellular uptake.54,55

Moreover, the particle size influences properties like the optical,
electrical, or magnetic behavior of the nanoparticle itself (e.g.,
surface plasmon resonance).56 AF4 offers the possibility to yield
accurate size distributions at high resolution, without the
problem of discriminating smaller particles as in batch DLS. If
nanoparticles are present in a heterogeneous system containing,
e.g., aggregates or other colloidal substances, AF4 enables the
possibility to separate and characterize the individual
components in a single experiment. In comparison with
classical membrane separation techniques or preparative
ultracentrifugation, this is advantageous in terms of time and
resolution. As an illustrative example, Winter and co-workers
investigated gelatin nanoparticles as a drug delivery agent
loaded with an antibody fragment and a granulocyte colony
stimulating factor (G-CSF) as model protein drugs.57 The
preliminary characterization of the gelatin raw material
confirms the advantage of AF4 to be a gentle separation
technique.58 In contrast to SEC, where raw gelatin with a molar
mass of around 102 kg mol−1 was partially degraded due to high
shear forces or elute close to the exclusion limit, it could be well
characterized in a nondestructive way by AF4. After intensive
optimization of the fractionation parameters, the AF4 study of
the gelatin NPs reveals accurate information on size (150−300
nm) and polydispersity, whereas batch DLS suggested just a
monodisperse sample.57 Furthermore, AF4 enables the accurate
determination of the loading (encapsulation) efficiency of drug
carriers. If the drug itself is a macromolecule, e.g., a protein, it
can be separated from the nanoparticles. The area under the
curve (AUC) of the detector signal (RI/UV) of the unloaded
protein enables the calculation of its concentration. In this
context, AF4 is also usable to examine storage and time stability
of nanoparticles, as changes in concentration, drug release, and
size due to degradation or aggregation will be visible in the
fractogram. Prerequisites for this method are baseline
separation from the void peak, quantitative elution of the
sample, and the absence of any adsorption phenomena. A
similar issue belongs to the determination of the degree of
surface modification, e.g., by grafting of polymers on nano-
particles or colloids. For example, the degree of PEGylation of
nanostructures can be easily determined by direct fractionation
of the reaction mixture (e.g., separating the residual PEG from
the PEGylated nanoparticles) and subsequent integration of the
UV/RI signal.59 In the case of low molar mass drugs/dyes, the
efficiency of drug loading cannot be determined directly as the
unbound drug will not be retained by the membrane and the
UV/RI signal of the encapsulated drug cannot be used. This is
due to the dependence of the extinction coefficient on the
molecular environment, which is, for example, different for the
aqueous environment outside and the hydrophobic surround-
ing inside the nanoparticles.60,61 Up until now, two possibilities
are known to address this problem. On the one hand, the
maximal loading capacity can be accessed by AF4 analysis of a
series of nanoparticles with varying amounts of a drug.
Assuming that all drug is incorporated, the maximum number
of drug molecules per nanoparticle can be calculated.61 On the
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other hand, an additional UV detector can be coupled to the
waste-line of the cross-flow outlet to quantify the amount of
residual unbound drug, permeating through the membrane
during the focusing period.62 Unfortunately, the establishment
of such a method requires an intensive optimization procedure,
to ensure that no free dye is adsorbed or retained on the
membrane.63 However, in our opinion AF4 represents a
potential alternative to study also the encapsulation of low
molar mass drugs into drug delivery systems.
Polymeric Self-Assemblies and Macromolecules. Sim-

ilar to nanoparticles, defined polymer architectures or self-
assembled structures of amphiphilic polymers can be used to
encapsulate and deliver drugs or dyes. Manifold systems
investigated by AF4 are known in literature, e.g., polymeric stars
with varying number of arms and arm length,64 dendrimers,
micelles,65 vesicles, or other morphologies formed by self-
assembly of co- or terpolymers.66−68 Temperature responsive
polymers, showing a lower critical solution temperature
(LCST), were also investigated for drug delivery applications.69

An illustrative and comprehensive example was given recently
by Lederer et al., who investigated maltose decorated lysine-
dendronized maleimide copolymers of different generations.62

The glycosylation by maltose increases the biocompatibility and
allows active targeting of cells. A strong dependency of size and
shape on pH, generation number, and concentration was found
for the dendronized maleimide polymer due to the protonable
amine groups. AF4 together with molecular dynamic
simulations, AFM, and cryo-TEM could show that at low
generation numbers coil-like structures were obtained, while
worm-like structures were observed at higher generations.
Information on the conformations/shape could either be
obtained by AF4 and calculation of the shape ratio ρ (the
ratio of the radius of gyration Rg and the hydrodynamic radius
of the particle RH) or application of scaling laws (eq 1) to the
MALLS/DLS data of the fractionation.70−72 If the radius of
gyration Rg (or RH) is plotted against the molar mass M in a
double logarithmic plot, the slope of the curve, ν, provides
information about the conformation/shape of the macro-
molecule (K is a constant).

=R KMv
g (1)

An example is shown for generation zero of the maleimide
copolymer in Figure 4. At pH 7 a slope of 0.67 is obtained,
corresponding to a coil-like conformation, whereas a value of
0.25 at pH 11 correlates with dense and globular structures.70

At pH 3.5, two conformations seem to be present, a low molar
mass rod-like (ν = 0.98) fraction and a dense, still anisotropic,
high molar mass fraction (ν = 0.45) (a sphere would have a
value of 0.33). This shows impressively how AF4 enables a full
characterization according to size, shape/conformation, and
molar mass, also for dendrimers of high molar mass, where
other methods like SEC or MS suffer from problems.
The delivery of genetic material, e.g., plasmid DNA (pDNA)

or small interfering RNA (siRNA) represents a promising
strategy for the treatment of genetic diseases by expression of
transferred proteins or inhibition of protein synthesis.73,74

Therefore, gene carriers, which are able to deliver nucleic acids
into eukaryotic cells, are in the focus of scientists since
decades.75,76 Common nonviral systems for this approach are
complexes based on cationic polymers (polyplexes) or lipids
(lipoplexes).77−79 As crucial characteristics as cytotoxicity,
cellular uptake, or transfection efficiency strongly depend on
physicochemical parameters like polymer molar mass and

architecture, a detailed characterization of the used polyelec-
trolytes and the formed polyplexes is mandatory. In particular,
the determination of the molar mass of cationic polymers is still
challenging. For example, SEC is problematic due to strong
interactions of the polyelectrolyte with the stationary phase and
the lack of suitable standards.80 Other methods like light
scattering or nuclear magnetic resonance (NMR) spectroscopy
just provide average values and no information about
polydispersity. Here, AF4-MALLS can overcome some of
these challenges enabling the determination of accurate size and
molar mass distributions of the used polymers and formed
polyplexes.81 A detailed study on polyplexes prepared from
pDNA and rhodamine B labeled chitosan was performed by Ma
et al.82−84 The most important challenge for successful AF4
separation and analysis of gene carriers is the establishment of
an eluent composition and membrane material suitable for such
heterogeneous mixtures, containing a cationic polymer, anionic
DNA/RNA, and complexes of different net-charge (depending
on the mixing ratio). Therefore, the membrane has to be
compatible with different charges and varying degrees of
hydrophobicity of all components to ensure proper retention
and negligible sample adsorption. In the present case, this
problem was solved by an amphiphilic RC membrane and an
acetate buffer (pH 4). Fractograms of the polyplexes and pure
chitosan are shown in Figure 5.83 The first peak is associated
with the free chitosan, while the second peak is related to the
formed polyplexes. Here, AF4-MALLS-DLS has the out-
standing advantage to characterize the polyplexes in terms of
size and shape and to separate and quantify the free polymer in
a single experiment. In contrast, traditional methods as
ultracentrifugation are more time-consuming. Anyhow, results
from both methods are in excellent agreement.83 In particular
for polyplexes, the accurate determination of the amount of free
polymer is inevitable, as far as it influences the cytotoxicity and
the transfection efficiency and reveals information about the
composition and the virtual N/P ratio (nitrogen to
phosphorus) realized within the polyplexes.85

In the work of Ma et al., all polyplexes prepared with a N/P
ratio of 3−15 (at mixing) resulted in a virtual N/P ratio of 1.3−
1.6. As mentioned above, information about shape of the
polyplexes can be obtained by calculation of Rg/RH. Dependent
of the molar mass, structure, and concentration of the single

Figure 4. Scaling-law relationships obtained by AF4 of a maleimide
copolymer at different pH. Reprinted from ref 70. Copyright 2012
American Chemical Society.
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components, values between 1.0 and 1.5 were obtained for the
polyplexes, indicating a conformation ranging from a soft
“Gaussian” sphere up to that of a polymeric star. In agreement
with previous studies, the authors suggested that the polyplexes
form spherical clusters with unbound chitosan loops or tails on
the surface.83 The merit of AF4-MALLS-DLS in this case is that
information about shape/conformation can be assigned to each
fraction of the whole sample in a fast and reliable manner,
which allows the identification of differently shapes species in a
solution or population. To prove AF4 results, a fraction
collector can easily be coupled to the system and the fractions
can be analyzed by other techniques, e.g., scanning electron
microscopy (SEM) (Figure 6).84

Liposomes. Biological systems related to nanomedicine
involve biotherapeutics, proteins, viruses, virus-like-particles

(VLP), and liposomes. Liposomes are phospholipid vesicles,
which can contain hydrophilic substances encapsulated into the
inner aqueous core and/or lipophilic drugs incorporated into
the phospholipid bilayer, both, separate, or simultaneously.86

The first liposomal and nanoscaled drug delivery system that
received regulatory approval by the FDA in 1995 was Doxil
containing the anthracycline antibiotic doxorubicin for the
treatment of Kaposi’s sarcoma.87 Today, various liposomal drug
delivery systems are already FDA-approved for clinical use.88

Size and size distribution are thereby the two key factors during
the development of liposomal formulations. While smaller
liposomes can decrease complement recognition and improve
bioavailability, larger liposomes can increase the drug pay-
load.89,90 One possibility to access these drug distributions and
drug recovery in liposomes is the use of radioactive double
labeling and fractionation by AF4 combined with subsequent
analysis via liquid scintillation counting (LSC).36 In a study of
Kuntsche et al., the recovery rate of the lipid component is
usually over 90%, while the recovery rate of the incorporated
drug is highly dependent on its octanol−water partition
coefficient (log P). For the lipophilic photosensitizer
mTHPC, a recovery rate of at least 82% was measured.
However, the recovery rates for other drugs like testosterone
(11%) and corticosterone (2%) were much lower, pointing out
a possible drawback of AF4.36 Traces of all drugs were detected
in the membrane, and testosterone as well as corticosterone
were found in the cross-flow outlet too. It can be supposed that
there is some kind of “washing out phenomena” due to the high
dilution and membrane interactions during AF4 analysis. For
EPC (egg phosphatidylcholine) liposomes, Hupfeld et al.
assumed that sample loss and delay in elution were caused by
adsorption phenomena. Probably, there are “reactive spots” on
the membrane with an increased interaction between liposomes
and the membrane as visualized by membrane photographs
after injection of rhodamine labeled phosphatidylethanolamine
liposomes.91 During a sequence of injections, adsorption
becomes less prominent and the AUC is increasing until a
constant elution behavior is obtained. Obviously, a certain
amount of liposomes is necessary to saturate those spots whose
quantity fluctuates between different membranes.91 Interest-
ingly, Kuntsche et al. could not observe this effect for DPPC/
DPPG liposomes.36 Moreover, by studying the drug to lipid
ratio by AF4, it was recently shown that the incorporation of
membrane additives into fluid state liposomes composed of
POPC and POPG can lead to a change of bending stiffness of
the lipid bilayer.92 As smaller liposomes show in principal a

Figure 5. AF4 fractogram of chitosan/DNA polyplexes at different
DNA concentrations (gray, 0 μg mL−1; red, 82 μg mL−1; black, 164 μg
mL−1; N/P, 5). (A) Absorbance at 260 nm, (B) Rayleigh ratio at 90°
(lines) and hydrodynamic radius (symbols). Reprinted from ref 83.
Copyright 2010 American Chemical Society.

Figure 6. (Left) AF4 fractogram of chitosan/DNA polyplexes. (Right) ESEM images of collected fractions at indicated time intervals. It can be seen
that AF4 and ESEM results are in excellent agreement. Reprinted from ref 84. Copyright 2010 American Chemical Society.
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higher curvature than larger ones, this will result in a selective
partitioning of bilayer additives with respect to the liposome’s
size. A comparison of AF4-MALLS with LSC of the individual
fractions showed that cholesterol is enriched in larger (less
strongly curved) liposomes as it rigidifies the host membrane.
Contrary, mTHPC softens the membrane leading to an
increased accumulation in smaller liposomes.92

Proteins and Viruses. Another application of AF4 is in
protein separation, particularly for biotherapeutics. These
formulations comprises a worldwide annual volume over
$110 billion, including blockbusters such as adalimumab
(Humira, AbbVie, $3.5 billion in 2011), infliximab (Remicade,
Centocor, $3.5 billion in 2011), and etanercept (Enbrel,
Amgen, $3.4 billion in 2011).93 AF4 represents a well-suitable
method for the challenging task of fast and reliable character-
ization for formulation development and to ensure drug safety
of biotherapeutics.94−96 After careful optimization of the eluent
composition, AF4 enables an accurate quantification of
monomer content and associates/aggregates in protein
formulations as it allows a separation/characterization over
the entire size range of a few nanometer to several
micrometers.97 For example, Veurink et al. investigated the
aggregation breaking effect of different anti-inflammatory
corticosteroids, (e.g., dexamethasone phosphate) on the
angiogenese inhibitors bevacizumab (Avastin, Roche) and
ranibizumab (Lucentis, Novartis).95,96 By using AF4, it was
possible to show that the addition of corticosteroids reduces
dimer and trimer content and, therefore, stabilize the antibody
remarkably. Furthermore, AF4 can provide a closer look into
the aggregation behavior concerning aggregates shape. Utilizing
the shape ratio obtained by AF4-MALLS-DLS, the shape of
different aggregates can be related to their biological effect. An
impressive example was given by Silveira et al., who investigated
the relationship between infectivity, converting activity, and the
size and shape of protease resistant prion protein (PrPres)-
containing aggregates.98 It could be shown that highest specific
infectivity and highest specific converting activity was attributed
to nonfibrillar particles of about 17−27 nm, correlating to a
molar mass of 300−600 kDa and a fairly compact, spherical or
ellipsoid form (Rg/RH = 0.9). Larger aggregates (50−230 nm)
showed substantially lower activities and Rg/RH increases up to
2.35 indicating the formation of highly extended structures like
fibrils, whereas smaller oligomers with ≤5 monomers revealed
no visible infectivity and almost no converting activity.99 These
findings could provide new insights for the treatment of PrP
related diseases. As AF4 works without a stationary phase,
mechanical or shear stress on proteins (typical for SEC
measurements) is minimal and the biological activity of such
delicate samples can be preserved.100 Moreover, an eluent
similar to the native medium or formulation buffer can be used
to preserve the native state of the protein, which is usually not
possible using methods like density gradient ultracentrifugation,
a standard technique for this purpose.101,102 Besides, SEC often
requires high ionic strengths in order to avoid interactions with
the stationary phase, which influences the protein conforma-
tion, too.
AF4 is also capable to separate complex samples like human

serum and its components.27,103,104 In this field, also manifold
progress concerning technical developments can be observed.
For example, Yohannes et al. used a miniaturized AF4 with a
total volume of 0.25 mL to study lipoprotein aggregation and
fusion and they were able to separate the different lipoprotein
classes, including the HDL-subclasses HDL2 as well as

HDL3.
105 For lipoprotein particle detection in serum samples

of patients with coronary artery disease (CAD), Lee et al.
established a guard channel washing process, which enabled the
depletion of smaller proteins leading to a reduced membrane
contamination.106 An online coupling of AF4 and a dual
enzymatic reaction system to detect cholesterol and triglyceride
was presented by Qureshi et al. and Rambaldi et al.103,107 After
a miniaturized AF4 serum separation, the channel-flow was split
into two lines and enzymatic reagents to determine cholesterol
and triglyceride levels were pumped into the respective line,
which acted as an enzymatic reactor. Validation of the system
revealed results comparable with standard enzymatic reactions
and the literature.108 Furthermore, the coupling of chip-type
AF4 and electrospray ionization tandem mass spectrometry
(ESI-MS-MS), recently shown by Kim et al., provides
additional information and enables a high-speed screening of
specific lipids contained in blood serum and lipoproteins (top-
down lipidomic analysis).27,109 Finally, a two-dimensional
separation method using an online multilane channel system
for isoelectric focusing (IEF) and AF4 was developed by Kim et
al. in order to analyze human urinary proteomes.110,111 The
experimental setup is shown in Figure 7. First, proteins were

separated according to their isoelectric point by mixing the
sample with ampholyte solution and injection into the IEF
segment. When IEF separation was completed, the bands were
transferred to the AF4 channels through six outlets. After
validation of the system by separating a mixture of various
protein standards with known size and pI, human urinary
proteomes were separated, fractions were collected and further
analyzed by ESI-MS/MS after tryptic digestion. The authors
could identify 245 urinary proteins, thereof 110 unknown.110

Last but not least, McEvoy et al. developed a method for virus
counting utilizing AF4.112 A sample of known concentration of
influenza virus was separated and the particle sizes as well as the
aggregation states were determined. It was demonstrated that a
method to count spherical particles can be applied to quantify
the total amount of disaggregated virus species. Calculations
revealed a total number of 2.79 × 1010 virus particles per

Figure 7. Schematics of a multilane AF4 channel for IEF-AF4. First
the proteins are separated by IEF. Afterward, protein bands are
transferred to each of the six channel lanes for separation by AF4.
Reprinted from ref 111. Copyright 2009 American Chemical Society.
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experiment, which corresponds to a deviation of only 1.9%
compared with the theoretical value of 2.9 × 1010.

■ CONCLUSION AND OUTLOOK
As presented, AF4 is still further emerging and shows great
potential for pharmaceutical laboratories as it represents a
highly flexible and powerful analytical technique applicable to
nearly all fields in life sciences, in particular nanomedicine. For
drug and gene delivery, the power of AF4 is the gentle
separation of polymeric nanoparticles or self-assembled systems
from residual polymer, aggregates or drug/dye without
disturbing the self-assembled structure and simultaneously
characterization. Several advantages and applications were
discussed. The missing of a stationary phase reduces
interactions and adsorption effects and enables analysis of
highly sensitive samples like biotherapeutics or polyplexes
under biological relevant conditions. Moreover, the separation
channel is simple in physical terms and experimental
parameters can be adjusted easily. Furthermore, the possibility
to use nearly any aqueous or organic solvent, a broad separation
range from 1 nm to 100 μm, and the easy coupling to analytical
techniques like MALLS or ICPMS renders AF4 a powerful
method for separation and characterization of fragile and
complex mixtures.2,113 Comparison with batch techniques like
DLS, SLS, and others shows that an analysis including a
fractionation in the starting phase of a project provides a better
understanding of the investigated system, avoiding misinter-
pretation due to average values or the presence of aggregates.
Nevertheless, some drawbacks and challenges do exist. Up until
now, AF4 is more laborious, expensive to use, and not routinely
available in analytical laboratories. Additionally, almost every
study needs also alternative particle characterization techniques
(e.g., electron microscopy) in parallel to obtain full insight into
the investigated system. Besides, even if the general range of
AF4 scales from 1 nm to several μm, the separation of particles
in one sample with larger differences in size will lead to peak
broadening and a loss of resolution and might be impossible
(more than a factor of 50 in size) in a single experiment. The
optimization procedure of all parameters, necessary for each
sample, limits the advantage of a short measurement time and is
in conflict with the establishment of AF4 as a routinely applied
standard method like SEC. An awareness of possible sample
loss due to adsorption on the membrane is highly
recommended. Furthermore, the interaction with the mem-
brane often affects the retention behavior, which might lead to
peak broadening or tailing, perturbation of the separation of
compounds, or complete retaining of single particles/macro-
molecules. Particle−membrane interactions are also a major
problem for accurate quantification of single fractions. In
particular, for mixtures of compounds, where charge and
hydrophobicity differ, extensive screening of different mem-
branes and eluent compositions is often required. This presents
a grand challenge for manufacturers as there is a need for
improved membranes, especially designed for FFF applications,
providing a flat and smooth surface with uniform pore sizes and
surface charge. Further developments will also include new
channel designs like hollow-fiber flow field-flow fractionation
(HF5) or miniaturization of AF4 channels for saving solvent,
time, and sample material.114,115 Moreover, modifications like
“frit-inlet”,116 where a part of the top wall is substituted by a
permeable frit thereby avoiding a focus procedure or “frit-
outlet”,117 where a frit at the end of the channel removes the
upper part of the outlet stream, leading to higher detector

concentration (enrichment factors of around 3−6) become
more and more established in the last years. From our point of
view, there is also a trend in studying highly heterogeneous
systems, e.g., nanoparticles, polyplexes, or liposomes and their
interaction with human blood serum or cell culture media
relevant for biotechnology related issues. This can reveal
information about the formation of protein corona, a topic
which is paid increasing attention and AF4 can help to
understand how drug/gene delivery systems behave in a natural
environment like the human body. However, the interest in
AF4 is still growing and AF4 will help to understand and
analyze systems, where other methods are inadequate. Once the
method is established, AF4 is a multifunctional technique for
separation and characterization of nearly all nanosized soft and
hard matter in a short time. In particular, in the field of
nanomedicine, AF4 helps to analyze small changes in size
distribution or drug loading efficiency, which are important
aspects of quality control and essential for regulatory affairs and
medical approval.
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a  b  s t  r a c t

In  the  field of nanomedicine,  cationic polymers  are  the  subject  of  intensive  research  and  represent  promis-
ing  carriers  for genetic  material.  The detailed characterization  of  these  carriers  is  essential  since  the
efficiency  of gene delivery  strongly depends  on the  properties  of the  used polymer.  Common character-
ization  methods  such  as  size  exclusion  chromatography  (SEC)  or  mass  spectrometry (MS)  suffer  from
problems,  e.g. missing standards,  or  even failed  for  cationic polymers. As an alternative,  asymmetrical
flow field-flow fractionation  (AF4) was  investigated. Additionally, analytical  ultracentrifugation  (AUC)
and 1H  NMR spectroscopy,  as  well-established  techniques,  were  applied to  evaluate  the  results obtained
by  AF4.  In  this  study,  different  polymers  of molar  masses  between 10  and  120  kg  mol−1 with  varying
amine functionalities in the side chain  or  in the  polymer backbone  were  investigated.  To  this end,  some
of the  most  successful gene  delivery agents,  namely linear poly(ethylene  imine) (LPEI)  (only secondary
amines in the  backbone), branched poly(ethylene  imine) (B-PEI)  (secondary  and tertiary amino  groups  in
the backbone,  primary amine  end  groups), and  poly(l-lysine)  (amide backbone  and  primary amine  side
chains),  were  characterized. Moreover,  poly(2-(dimethylamino)ethyl  methacrylate) (PDMAEMA), poly(2-
(amino)ethyl  methacrylate) (PAEMA), and  poly(2-(tert-butylamino)ethyl  methacrylate)  (PtBAEMA)  as
polymers  with  primary, secondary,  and tertiary  amines in the  side chain,  have  been  investigated.  Reliable
results were  obtained  for  all investigated  polymers  by  AF4.  In addition,  important factors  for  all  meth-
ods  were  evaluated, e.g.  the  influence  of different  elution buffers  and AF4  membranes.  Besides  this,  the
correct  determination  of the  partial  specific volume and  the  suppression  of the  polyelectrolyte  effect  are
the  most  critical  issues  for  AUC investigations.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Polyelectrolytes, in  particular cationic polymers, are a highly
promising class of compounds in  biological, pharmaceutical, and
medical research. They represent promising carriers for genetic
material like DNA or RNA into cells [1–3]. The efficiency of
gene delivery strongly depends on different parameters, such
as the molar mass and architecture of the used polymer, since
they influence the cytotoxicity, the cellular uptake, and transfec-
tion efficiency, or in the case of siRNA the protein knockdown.
To investigate these structure–property relationships, a  detailed

∗ Corresponding author at: Laboratory of Organic and Macromolecular Chemistry
(IOMC), Friedrich Schiller University Jena, Humboldtstraße 10, 07743 Jena, Germany.
Tel.: +49 3641948201.

E-mail addresses: ulrich.schubert@uni-jena.de, u.s.schubert@tue.nl
(U.S. Schubert).

molecular characterization of the polymers with respect to their
physico-chemical properties is  essential. In particular, key param-
eters such as molar mass, radius, architecture, intermolecular
interactions, and conformation strongly influence the resulting
macroscopic properties. For the determination of the molar mass,
a  large range of techniques are available in modern analytical
and bioanalytical chemistry. Unfortunately, common methods like
size exclusion chromatography (SEC) or mass spectrometry (MS)
suffer problems or failed for polyelectrolytes, in  particular for
cationic ones [4,5].  While results from MS (MALDI–TOF MS  or
ESI–TOF MS)  are difficult to  achieve and the interpretation becomes
more complex due to the probable multiply charged species in
the polymer chain [6],  SEC results should be regarded carefully,
due to  strong interactions of the polyelectrolytes with the col-
umn material and the lack of suitable standards for most of the
cationic polymers [7]. Here, the development of modern stationary
phases and the coupling of a multi-angle light scattering (MALS)

0021-9673/$ – see front matter ©  2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.chroma.2013.11.049
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detector to SEC can circumvent some of these limitations [8].  Other
methods like viscosimetry or techniques based on colligative phe-
nomena are applicable, but suffer the drawback that the constants
in the Kuhn–Mark–Houwink–Sakurada equation are not available
for most of these polymers, moreover, the determination of the
degree of protonation of the polymer in  water and the degree of dis-
sociation are  problematic. As a  consequence, in  solution the amount
of species having counterions is not known. Further, important
methods for characterization are NMR  spectroscopy, static light
scattering (SLS), and analytical ultracentrifugation (AUC). How-
ever, just average values and no or limited information about the
polydispersity index (PDI) of the sample can be obtained. Hav-
ing knowledge of the PDI is important from a  synthetical and
applicational point of view, particularly when structure–property
relationships are investigated.

Due to  intrinsic limitations described for the other analytical
methods, asymmetric flow field-flow fractionation (AF4) coupled
to a UV/RI and a  MALS detector was investigated in  this study as an
alternative characterization method for cationic polyelectrolytes.
AF4 was firstly introduced in  1966 by J. Calvin Giddings. It is  an
emerging technique and nowadays widely applied for colloids, e.g.
nanoparticles or proteins [9]. Although preferred for the analysis of
high molar mass samples, only rarely studies were performed using
synthetic macromolecules, in particular polyelectrolytes of lower
molar mass [10–13].  With AF4, the polymers are  separated in a
trapezoidal channel without any porous packing material accord-
ing to their diffusion coefficient [14]. The separation of the sample
is achieved by application of a  cross-flow perpendicular to  the
direction of the sample flow through a semipermeable membrane
with a defined molar mass cut-off (MWCO). A detailed description
and theoretical consideration for the calculation of the diffusion
coefficient based on the retention time was given by Wahlund
and Giddings [15].  In comparison to classic chromatography tech-
niques such as HPLC or SEC, AF4 contains no stationary phase,
which reduces disturbing interactions and adsorption effects in
the most cases. Moreover, the flow is less tortuous for the sam-
ple, due to the decreased shear forces in an empty channel. This
is advantageous for sensitive biological samples [16].  Nowadays,
in most cases, a MALS detector is  used for the analysis after the
fractionation process [17].  The calculation of molar mass or radius
of gyration is  based on the same principle as classic static light
scattering. A common way to treat the data uses the well-known
Zimm-plot. In contrast to classical SLS, the second virial coefficient
A2 can be neglected due to the high dilution during the fractionation
process.

In contrast to AF4, analytical ultracentrifugation (AUC) and 1H
NMR  spectroscopy are well-established techniques, which are used
for many years for the characterization of biological and synthetic
macromolecules [18–20].  It  should be noted that both methods
yield different molar mass averages. While 1H NMR  spectroscopy
gives the number average molar mass (Mn),  in  AUC the sedi-
mentation diffusion average molar mass (MsD)  is obtained from
sedimentation velocity experiments and the Svedberg equation (1).
These methods can be  used for the comparison of the results and
to show the potentials and possible limitations of AF4 with regard
to the characterization of (cationic) polymers.

In this study, cationic polymers of different molar masses
with varying amine functionalities in the side chain or  the
polymer backbone (Fig. 1) were investigated for the first time
by AF4. As the most successful gene delivery agents, a  tailor-
made linear, and commercially available linear and branched
poly(ethylene imine)s (L-PEI, B-PEI) were characterized [21].  More-
over, poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA),
poly(2-(amino)ethyl methacrylate) (PAEMA), and poly(2-(tert-
butylamino)ethyl methacrylate) (PtBAEMA) as polymers with
primary, secondary, and tertiary amines in the side chain were
studied. Additionally, two samples of different molar masses
of commercially available poly(l-lysine) (PLL), a  prominent
polyamino acid in gene delivery research [22],  are analyzed by
AF4. As AF4-MALS is  typically not applied to low molar mass
(M <  100 kg mol−1) polymers, this study focuses on the evalua-
tion of AF4 as a potential alternative for characterization of  these
cationic polyelectrolytes. Therefore, the results obtained from the
synthesized methacrylate based cationic polymers are compared
to  well-established methods like 1H NMR  spectroscopy, SEC and
AUC. Beside the determination of the molar masses and the poly-
dispersity index values, different types of membranes and eluents
were evaluated to  identify optimal conditions for the analysis. This
should also reveal potential interactions with the membrane and
show how far  it affects the retention behavior and the obtained
results. PDMAEMA was  studied in more detail by AF4 to gain deeper
insight into the conformation as well as the influence of  ionic
strength and pH value on the retention behavior. This study shows
that AF4 allows fast and reliable characterization of cationic poly-
mers. Moreover, the limitations concerning molar mass limits and
membrane interactions for different classes of cationic polymers
are  discussed in detail.

2.  Experimental

2.1. Materials

Poly(l-lysine) (PLL) and branched poly(ethylene imine) (B-
PEIcom) were purchased from Sigma Aldrich (Steinhausen,
Germany). Linear poly(ethylene imine) (L-PEIcom) was  purchased
from Polysciences (Eppelheim, Germany). Methyl tosylate and
2-ethyl-2-oxazoline (EtOx) were purchased from Acros Organics
(Geel, Belgium), distilled to  dryness over barium oxide (BaO), and
stored under argon. A second linear poly(ethylene imine) (L-PEI600)
was synthesized by acidic hydrolysis of poly(2-ethyl-2-oxazoline)
(PEtOx) in a  microwave synthesizer (Biotage) as described recently
(see supporting info SI-I) [6].

2-(Dimethylamino)ethyl methacrylate (DMAEMA),
2-aminoethyl methacrylate hydrochloride (AEMA) and 2-(tert-
butylamino)ethyl methacrylate (tBAEMA) were purchased from
Sigma–Aldrich and purified by stirring in the presence of inhibitor-
remover for hydroquinone or hydroquinone monomethyl
ether (Aldrich) for 30 min  prior to use. The initiators 4,4′-
azobis(4-cyanopentanoic acid) (ACVA), 1,1′-azobis(cyclohexane
carbonitrile) and 4-cyano-4-(phenylcarbonothioylthio)pentanoic
acid as well as 4-cyano-4-[(dodecylsulfanylthiocarbonyl) sul-
fanyl] pentanoic acid RAFT agents were purchased from

Fig. 1. Schematic representation of the structure of the polymers used in this study.
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Sigma–Aldrich. Poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA), poly(2-(amino)ethyl methacrylate) (PAEMA), and
poly(2-(tert-butylamino)ethyl methacrylate) (PtBAEMA) were syn-
thesized using the RAFT polymerization technique (see  supporting
info SI-II) [23,24]. All  solvents, salts and other chemicals used in
this study were of analytical grade or better.

2.2. Analytical ultracentrifugation (AUC)

AUC was performed using a  Beckman XL-I analytical ultra-
centrifuge (ProteomeLab XLI Protein Characterization System).
Experiments were carried out in  double-sector epon or aluminum
centerpieces, depending on the solvent, with optical path length of
12 mm  in  a four holes rotor setup. Each cell was  filled with 0.44 mL
of solvent and 0.42 mL  of sample. A rotor speed of 40,000 rpm was
used for all samples. The system was equilibrated for 40 min  at 25 ◦C
in the centrifuge. Sedimentation data were recorded by absorbance
optics. Data analysis was done by  the Sedfit software [25].  For c(s)
analysis of sedimentation data, the partial specific volume of the
polymers was determined via AUC using the “density variation
method” as described by Mächtle [26].  For  calculating the molar
mass the Svedberg equation (1) was used:

MsD = s0RT

D0(1 − �̄�)
(1)

Here, R is  the universal gas constant, T  is the temperature, s0
is the sedimentation coefficient, D0 is  the translational diffusion
coefficient, v̄  is the partial specific volume and � is the density of
the solvent. Solvent density and viscosity measurements were per-
formed on a DMA  02 density meter (Anton Paar, Graz, Austria) and
an AMVn falling sphere viscometer (Anton Paar). s0 was obtained
by measurement of at least three concentrations and extrapolation
to zero concentration using the Gralen relations [27].

2.3. Dynamic light scattering

Dynamic light scattering (DLS) was performed using an ALV-
CGS-3 system (ALV, Langen, Germany) equipped with a He–Ne laser
operating at a  wavelength of �  =  633 nm.  The counts were detected
at angles � of 30◦,  60◦,  90◦, 120◦, and 150◦.  All  measurements
were carried out at 25 ◦C after an equilibration time of 120 s.  All
polymers were measured at three different concentrations. For ana-
lyzing the autocorrelation function, the CONTIN algorithm [28] was
applied. The diffusion coefficient was obtained by linear extrapo-
lation of the apparent diffusion coefficient to  zero concentration
and � =  0◦.  Hydrodynamic radii were calculated according to the
Stokes–Einstein equation (2):

RH = kT

6��D0
(2)

Here, RH is  the hydrodynamic radius, k  is the Boltzmann con-
stant, T  is the absolute temperature, � is the viscosity of the sample,
and D0 is the translational diffusion coefficient.

2.4. Asymmetric flow field-flow fractionation (AF4)

Asymmetric flow field-flow fractionation (AF4) was performed
on an AF2000 MT  System (Postnova Analytics, Landsberg, Germany)
coupled to  an UV (PN3211, 260 nm), RI (PN3150) and MALS
(PN3070, 633 nm)  detector. The eluent is  delivered by three dif-
ferent pumps (tip, focus, cross-flow) and the sample is injected
by an autosampler (PN5300) into the channel. The channel has a
trapezoidal geometry and an overall area of 31.6 cm2. The nominal
height of the spacer was 500 �m and a  regenerated cellulose mem-
brane (Z-MEM-AQU-670, PostNova Analytics) with a  MWCO  of
10 kg mol−1 was used as accumulation wall, if not stated otherwise.

All experiments were carried out at 25 ◦C. For each measurement
20 �L of the sample were injected with an injection flow rate of
0.2 mL  min−1 for 7 min. For PLL and L/B-PEI the detector flow rate
was set to  0.6 mL  min−1 and 0.8 mL  min−1 for PDMAEMA, PAEMA
and PtBAEMA. The cross-flow rate was  set to 5 mL min−1 for PLL,
4.5 mL  min−1 for L-PEI and 4 mL  min−1 for B-PEIcom as well as the
methacrylate based polymers. After the focusing step, the cross-
flow rate was kept constant for 5 min  and then reduced under an
exponential gradient (0.5) within 20 min  to 0.1 mL  min−1.  After-
wards, the cross-flow rate was  reduced under a  linear gradient to
zero within 5 min  and then kept constant for 20 min  to  ensure com-
plete elution. For calculation of the molar mass and the radius of
gyration from the MALS signal, the Zimm plot, according to Eq. (3),
was used [29].  All  measurements were repeated five times

Kc

R(�)
= 1

M

(
1 + 2

3!
〈R2

g 〉
[

4��0

�
sin

�

2

]2
)

(3)

K = (2�n0(dn/dc))2

�4NA
(4)

Here, K is a  constant factor according to Eq.  (4),  c is  the concen-
tration, R  is the excess Rayleigh ratio, M is the molar mass, Rg is
the radius of gyration, � is  the laser wavelength, � is the scattering
angle, n0 is the refractive index of the solvent, NA is the Avogadro’s
number and dn/dc is  the refractive index increment.

2.5. Refractive index increment

The refractive index increment of the samples was measured by
manual injection of a known concentration directly into the AF4
channel without any focusing or cross-flow. Integration of the RI
signal and comparison with the injected mass gives the dn/dc value.
All measurements were repeated five times. To increase the accu-
racy, all polymers were dissolved in  the eluent of the corresponding
AF4 run.

2.6. 1H  NMR spectroscopy

Proton nuclear magnetic resonance (1H NMR) spectra were
recorded on a  Bruker AC  300 (300 MHz) spectrometer at 298 K.
The chemical shifts are reported in parts per million (ppm, ı scale)
relative to  the signals from the NMR  solvents. The standard devi-
ations were calculated using the individual CH2 signals of the
polymer.

2.7. Size-exclusion chromatography

Size-exclusion chromatography (SEC) of the PEtOx precursor,
PDMAEMA and PAEMA was  performed on a  system using an Agi-
lent1200 series system, a G1310A pump, G1329A autosampler, a
G1362A refractive index detector and both a PSS Gram 30 and a
PSS Gram 1000 column in  series, whereby N,N-dimethylacetamide
(DMAc) with 50 mM lithium chloride was  used as an eluent at
1 mL  min−1 flow rate and the column oven was set to 40 ◦C. The
system was  calibrated against polystyrene (Mn from 374 g mol−1

to 1,040,000 g mol−1) standards. Additional SEC experiments of
PtBAEMA were performed on  a  JASCO system equipped with
a  PU-980 pump, a RI-930 refractive index detector and a  PSS
SUPREMA-MAX guard/300 Å column using water with 0.1% trichlo-
racetic acid (pH 2.3) and 0.05 M NaCl as eluent and the column oven
was set to 30 ◦C. A calibration with low PDI pullulan standards was
used.
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3. Results and discussion

In principle, AF4 coupled to a  UV/RI-MALS detector allows
a detailed characterization of biological and synthetic macro-
molecules or nanoparticles by combination of a  gentle separation
with the broad molar mass and size range of SLS. Nevertheless, AF4-
MALS was, to the best of our knowledge, never applied on these
kinds of polymers. Therefore, the results have to  be compared to
already well-established methods. On the one hand, data from the
supplier were used for the commercially available polymers (PLL,
B-PEIcom, L-PEIcom) that are often obtained by classic light scat-
tering, SEC, or viscosity. On the other hand, polymers synthesized
in our lab (polymethacrylates, L-PEI600) were characterized using
AUC, SEC, and end group analysis by 1H  NMR.

3.1. AF4 – choice of eluent and membrane

For AF4, several types of membranes with different MWCOs
and different eluents can be used to  influence the retention of the
sample. Besides the limitations of the MALS detector, the MWCO
of the membrane predefines the lowest molar mass, which can
be studied. All samples with a molar mass below the MWCO
will, in theory, pass through the membrane and, hence, cannot be
analyzed. Another important parameter, with regard to  the used
solvent and the potential interactions between the sample and the
membrane surface, is  the chemical nature of the membrane. The
available membranes have different surface charges as well as vary-
ing degrees of hydrophilicity and hydrophobicity. In the case of
aqueous eluents, the interactions with the sample can be affected
by adjusting the pH,  addition of surfactants or increasing the ionic
strength, e.g. for screening of charges. Also the adsorption of ions
or the addition of chaotropic or kosmotropic agents, which influ-
ence the hydration of the sample, can alter the interactions and
the resulting retention behavior [30].  Since the investigated poly-
mers show a high positive charge density and in  the case of the
methacrylate based polymers a hydrophobic backbone, several elu-
ent compositions and three different membranes were evaluated,
namely: a regenerated cellulose (RC), a  cellulose triacetate (CTA),
and a polyvinylidenedifluoride (PVDF) membrane. As eluents water
with different amounts of sodium chloride, sodium azide, sodium
hydroxide, and solutions containing urea as chaotropic agent were
investigated. Additionally, an acetate as well as an ammonia buffer
at different pH values and ionic strength were studied. On PVDF and
CTA based membranes, strong sample interactions were observed,
leading to  peak deformation and broadening (SI-III). This behav-
ior was independent of the ionic strength, which was  varied
from 0  to 150 mM  NaCl. In particular, CTA membranes with a
MWCO  <  10 kg  mol−1 and PVDF membranes (MWCO  30 kg mol−1)
showed large deviations between different batches. These findings
can probably be attributed to a  non-uniform pore size distribu-
tion. The best results were obtained using a  RC membrane with a
MWCO  of 10 kg mol−1 and water containing 0.02% NaN3, to avoid
bacterial growth, as eluent. The isoeletric point of this membrane
is around 3.4, so that it is  negatively charged at pH >  3.4 and posi-
tively charged at pH < 3.4 [31].  At  neutral pH, this causes attractive

Fig. 2. AF4 fractogram with the corresponding cross-flow rate and molar masses of
B-PEIcom.

electrostatic interactions between the negative surface of the mem-
brane and the positive charges in the polymer, and consequently
leads to  the adsorption of polymer chains onto the surface of  a
fresh RC membrane after the first injection. During further injec-
tions repulsive forces occur between the now positively charged
membrane surface and the sample, leading to reduced interactions
and fast retention [32].  Taking this into account, the polyelectrolyte
saturated RC membrane was used to  determine the molar mass of
all polymers investigated in  this study.

3.2. Poly(ethylene imine) (PEI)

PEI is a well-known cationic polymer and used in  several appli-
cations, e.g. for waste water treatment [33], as flocculant in paper
industry [34],  and it is  of high interest in the field of gene deliv-
ery [35]. PEI is widely applied for the delivery of plasmid DNA as
well as mRNA or siRNA [36–38]. Different architectures and molar
masses are available, but typically, linear or hyperbranched struc-
tures with molar masses of around 25 kg mol−1 were used [39,40].
Here, two  commercially available PEIs, a linear (L-PEIcom)  and a
branched (B-PEIcom), with a  given molar mass (Mw) of around
25 kg mol−1 as well as a tailor-made linear PEI (L-PEI600) with a
theoretical molar mass (Mn) of around 26 kg  mol−1 were charac-
terized. The results obtained by AF4-MALS and the Zimm-plot are
shown in  Table 1.  A representative AF4 fractogram of B-PEIcom is
shown in  Fig. 2 (for L-PEIs see SI-IV). In the case of B-PEIcom a com-
plete separation between the void peak and the main peak was
observed, whereas for both L-PEIs no full baseline separation was
possible. This was  also the case at higher cross-flows (data not
shown). The measured values agree well to the data provided by
the manufacturers and the PDI values are in the known range for
hyperbranched and linear PEIs [6].  For B-PEIcom the Mn obtained by
AF4 (13.4 kg  mol−1)  is  higher compared to the value given by the
manufacturer (10 kg mol−1). This deviation is probably due to the
MWCO  of the RC membrane (10 kg mol−1), which can lead to  a loss
of low molar mass species through the membrane. For the L-PEI600
the Mn (24.3 kg  mol−1) obtained by AF4-MALS differs only slightly

Table 1
Molar masses given by the manufacturers and values obtained by  AF4 for PEI.

Sample Molar mass/kg mol−1 Mn (AF4)/kg mol−1 Mw (AF4)/kg mol−1 PDI (AF4)

B-PEIcom 10.0 (Mn)a,  25.0 (Mw)b 13.4 ± 1.4 25.4 ± 1.2 1.91
L-PEIcom 25.0 (Mw)b 19.9 ± 1.5 26.1 ± 1.3 1.31
L-PEI600 26.0 (theoretical Mn)c 24.3 ± 2.7 32.0 ± 2.7 1.32

a Obtained by  SEC  as specified by the manufacturer.
b Obtained by  light scattering as specified by the manufacturer.
c Calculated from the M/I  ratio used for the synthesis of the PEtOx precursor.
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Table 2
Molar masses given by the manufacturers and values obtained by AF4 of PLL.

Sample Molar mass/kg mol−1 Mn (AF4)/kg mol−1 Mw (AF4)/kg mol−1 PDI (AF4)

PLL-1 15–30 (M�)a 16.8 ± 0.7 20.9 ± 0.8 1.25
PLL-2 30–70 (M�)a 23.4 ± 1.86 30.8 ± 2.9 1.32

a Obtained by viscosity as specified by the manufacturer.

from the theoretical Mn (26 kg  mol−1), which is  calculated from
the monomer to  initiator ratio (M/I) used for the synthesis of the
poly(2-ethyl-2-oxazoline) (PEtOx) precursor. This slight difference
probably derives from difficulties in adjusting the M/I  ratio. For high
molar masses only a  very small amount of initiator is  required in
comparison to the monomer, which results in  an increased weigh-
ing error. Taking the refractive index increment into account, the
studied PEIs reached the lower detection limit of the MALS detec-
tor (low signal to  noise ratio) for calculation of molar masses from
the Zimm plot. In  particular, linear PEIs with lower molar masses
(<10 kg  mol−1) did not show a  reliable light scattering signal, which
can be distinguished from the baseline (data not shown). A molar
mass of 15–20 kg mol−1 was found to be  the acceptable minimum
for L-PEI. For these low molar mass polymers the radius of gyration
could not be obtained. Here, the minimum is  around 8–10 nm [41].

3.3. Poly(l-lysine) (PLL)

Another class of polymers with high importance for industrial
and research applications is  the polyamino acid poly(l-lysine)
(PLL). It is widely used for the preparation of surfaces for cell
attachment, as preservative in food products, and also as polyplex
forming carrier in  the field of gene delivery [3,42–44].  In this study,
PLLs of two different molar masses were investigated. The results
obtained by  AF4-MALS are shown in  Table 2.  Fractograms of PLL-1
and PLL-2 are shown in Fig. 3 and SI-V, respectively. While the
values obtained for PLL-1 are in accordance with the data provided
by the supplier (15–30 kg mol−1, measured by viscosity), the molar
masses by AF4 for PLL-2 are  lower (Mn 23.4 kg mol−1), compared
to the given specification (30–70 kg mol−1,  measured by viscosity).
Two explanations are  conceivable. First, the data obtained by
viscosity are limited to the accurate determination of the constants
in the Kuhn-Mark–Houwink–Sakurada equation (5) and, second,
some kind of polymer degradation could occur. It  should also be
noted that the lower detection limit of the light scattering signal
for accurate measurement of the molar mass is  reached for PLL-1,
resulting in  a  low signal to noise ratio. However, the data show that

Fig. 3. AF4 fractogram with the corresponding cross-flow rate and molar masses of
PLL-1.

AF4 is  still applicable for the analysis of this kind of biodegradable
polymers even if they have a low molar mass.

3.4. Methacrylate based polymers

The third class of polymers, investigated in this study, is based
on polymethacrylates. Within this class, polymers with primary,
secondary and tertiary amino groups in the side chain were inves-
tigated, namely PAEMA, PtBAEMA, and PDMAEMA (Fig. 1). In
particular, PDMAEMA is  well-known for gene delivery applications
[45,46] and was, therefore, further investigated at four different
molar masses. All  methacrylate based polymers were successfully
characterized by AF4. A representative fractogram of PDMAEMA500
is  shown in Fig. 4 (for PAEMA, PtBAEMA and the other PDMAEMAs
see SI-VI). Reliable molar masses and, even more importantly, PDI
values were obtained (Table 3). For  comparison with traditional
chromatography methods, analysis was additionally performed on
a common SEC-RI system with DMAc/LiCl as eluent and polystyrene
as  calibration standard. It was  found that the obtained molar mass
(SI-II) differs significantly from the results obtained by AF4. This
finding is ascribed to the lack of a  suitable standard and the use
of a  MALS detector similar as for AF4 would circumvent this prob-
lem. However, this does not  solve the problem of polymer-column
interactions which can occur for this kind of polymers, as shown
for PtBAEMA170 in SI-VII. Since interactions were present at both,
AF4 and SEC, the general statement that AF4 shows less interac-
tions than SEC cannot be abiden for these cationic polyelectrolytes.
To verify the AF4 data, 1H NMR  and AUC were applied (Table 3).
As a  standard method to  determine Mn,  end group analysis by 1H
NMR was performed by comparison of the integral, in this case
the aromatic RAFT end group and the integrals from the repeating
units in the polymer. Unfortunately, this method is  limited to rela-
tively low molar masses, as the integral volumes of the end group
decreases with increasing degree of polymerization. A typical 1H
NMR spectrum for PDMAEMA320 synthesized via RAFT is  shown in
SI-VIII. In addition to 1H  NMR  spectroscopy, AUC was applied. It is  as
a  powerful technique for characterization of macromolecules and

Fig. 4. AF4 fractogram with the corresponding cross-flow rate and molar masses of
PDMAEMA500.
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Table  3
Molar masses and PDI values of the methacrylate based cationic polymers obtained by 1H NMR  spectroscopy, AUC, and AF4.

Sample Mn (NMR)/kg mol−1  a MsD (AUC)/kg mol−1 Mn (AF4)/kg mol−1 Mw (AF4)/kg mol−1 PDI (AF4)

PDMAEMA90 14.5 ± 0.2 16.3 ± 0.3 14.7 ± 0.7 16.8 ± 0.4  1.14
PDMAEMA230 36.3 ± 3.3 42.5 ± 0.2 36.1 ± 0.61 41.1 ± 0.72 1.14
PDMAEMA320 42.6 ± 1.9 65.8 ± 1.7 51.2 ± 1.9 67.3 ± 1.2  1.31
PDMAEMA500 72.3 ± 1.6 112.0 ± 2.6 80.2 ± 2.1 113.1 ± 1.0  1.41
PAEMA150 25.0 ± 0.2 27.2 ± 1.4 24.9 ± 1.2 29.1 ± 1.2  1.17
PtBAEMA170 31.2 ± 2.8 36.0 ± 0.6 29.9 ± 2.3 37.3 ± 1.3  1.25

a Measured in CD2Cl2 or D2O.

nanomedicines, such as nanoparticles or polyplexes [47]. The molar
mass (MsD), obtained by  sedimentation velocity experiments and
the Svedberg equation (1), is  a weight-average molar mass compa-
rable to Mw[48]. Here, the translational diffusion coefficient, which
is measured by  DLS, is required for calculations. For an accurate
determination of the molar mass by  AUC the suppression of the
polyelectrolyte effect is  of the utmost importance [48]. Therefore,
an aqueous solution of 150 mM NaCl and 1 mM  NaOH was  used
to guaranty that the polymers are in  the unionized state [49].  For
PtBAEMA170,  which is not  soluble under these conditions, methanol
containing 1 mM NaOH was used as solvent. The suppression of
the polyelectrolyte effect can be proven by the measurement of
the reduced viscosity as shown exemplarily for PDMEAMA500 in
SI-IX. A linear positive slope at low concentrations indicates the
absence of any polyelectrolyte specific behavior. An overview of
the molar mass obtained by  AUC can be found in Table 3.  For
PAEMA150,  PtBAEMA170,  PDMAEMA90, and PDMAEMA230 the molar
masses obtained by AF4-MALS are in good accordance with the
molar masses from 1H  NMR  spectroscopy, AUC, and the theoreti-
cal molar masses. For the two polymers with higher molar mass
(PDMAEMA320/500),  the results from AF4 correlate well to  those
by AUC, whereas larger deviations to the molar masses obtained
by 1H NMR  were observed. These differences are probably caused
by limitations of 1H  NMR  spectroscopy for high molar mass poly-
mers, as the signal integral of the used RAFT agents decreases
with increasing molar mass (M/I), resulting in  a  lower signal to
noise ratio. This results in the calculation of lower molar masses.
In case of the synthesis of high molar mass polymers by RAFT,
also the probability of side reactions, e.g. chain termination reac-
tion, increases, affecting the end group fidelity (not each chain
has the specific RAFT end group). Here, AF4-MALS is  more reli-
able since the accuracy in  light scattering increases with increasing
size and molar mass. An advantage of AF4 over AUC is the reduced
measurement time. Moreover, less material is required for the mea-
surements and information about the polydispersity can easily be
obtained.

Since the molar masses of the investigated PDMAEMA polymers
ranges from around 15 to 80 kg  mol−1, larger differences between
the retention times of the different polymers were expected, as
their diffusion coefficients differ remarkably. However, this was
not the case. All polymers show similar retention times or just
slight changes (Fig. 4 and SI-VI). This indicates that the elution is
highly influenced by other forces, than cross-flow and diffusion,
leading to  a  certain equilibrium height in the channel. Probably the
repulsive electrostatic forces between the positive charges on the
surface and the sample in  solution govern the retention. This leads
to a larger equilibrium height of the polymer and results in  a  faster
elution due to the higher flow velocity in the center of the chan-
nel. This assumption is  supported by the observation that a  change
of the cross-flow rate (up to 6 mL  min−1) only slightly influenced
the retention time (data not shown). To gain further informa-
tion on the interactions and the conformation of PDMAEMA,
the high molar mass PDMAEMA500 was investigated in more
detail.

3.5. Influence of sample concentration and ionic strength

As already mentioned, the choice of eluent and its composition
essentially influences the retention behavior in  AF4. In particu-
lar, for charged samples, like polyelectrolytes, the ionic strength
of the solvent plays an important role for the interactions in the
separation channel. An increase of ionic strength results in  a  reduc-
tion of the range of attractive or repulsive electrostatic forces
(Debye length) and can, therefore, be used to adjust the interactions
between the polymer or colloid itself and the interactions between
the polymer and the membrane surface. To investigate this effect
on the retention behavior, PDMAEMA500 was  studied at different
concentrations of NaCl (5–150 mM)  by AF4 (Fig. 5). The applied sep-
aration method was the same as for molar mass determination of
all methacrylate based polymers. It was found that the retention
time is  shifted to higher values with increasing concentration of
NaCl or ionic strength, respectively. The recovery rate increased
slightly from around 80% at 5 mM to  84% at 150 mM NaCl. Addi-
tionally, a peak broadening with a shoulder in  the beginning and
at the end was  observed. At salt concentrations higher than 50  mM
NaCl, the retention time and the peak shape does not change sig-
nificantly, except small alterations of the shoulder at the end. This
can probably be attributed to the switch-off of the cross-flow at
25 min  and was a  general observation for different polymers and
methods. The molar masses obtained at different concentrations
of NaCl are identical and show no deviations therefore, exclud-
ing the possibility of the degradation or  alteration of the sample.
The shift in  the retention time is a  further indication of the domi-
nating effect of electrostatic interactions at low ionic strength. As
mentioned above (3.1), the fresh membrane surface is saturated
with cationic PDMAEMA500 after the first run, as indicated by a
lower recovery rate of 70% in contrast to around 80% for subsequent
runs. The repulsive long-ranged electrostatic interactions between
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Fig. 6. AF4 fractograms (RI) of PDMAEMA500 and different amounts of injected poly-
mer  mass.

the positive formulated surface and the cationic polymer lead to  a
movement of the sample in a certain distance to the membrane,
resulting in a  faster elution, caused by a  higher flow velocity in the
center of the channel compared to the accumulation wall. With
increasing ionic strength, the long-ranged electrostatic forces are
more shielded and the sample could move closer to the membrane
[50],  facilitating other short-ranged interactions such as Van-der-
Waals or hydrophobic interactions. In particular, the hydrophobic
backbone of PDMAEMA chains on  the membrane surface and in
the sample, lead to  attractive interactions and can explain the late
elution at high ionic strength and the peak broadening/tailing.

The amount of the polymer sample was altered to  evaluate in
detail the possible limitations of the determination of the molar
masses by  AF4. It is known that the volume injected into the
channel can influence the retention time and the peak shape, if
overloading occurs [4].  In general, the overloading depends on the
focusing of the sample zone. If the concentration of the sample in
the zone becomes too high some molecules are excluded, which
leads to  the broadening of peaks. Also intermolecular interactions
will increase and can start to affect the elution. In general, the over-
loading starts to take place at a  certain critical concentration which
decreases with increasing molar mass. Also for low molar mass
samples, where a relative high amount of sample is necessary for
a reliable light scattering signal, this effect has to be taken into
account. In general, it could be observed that polyelectrolytes elute
earlier with increasing sample load, whereas neutral polymers in
aqueous solution show an increase of retention time [4,51]. Addi-
tionally, a  peak distortion and zone broadening is  widely described
in literature [14,52].  For polyelectrolytes, overloading is mainly
influenced by  electrostatic repulsion, both, inter/intra-molecular
and between sample and membrane. With increasing charge the
critical concentration is reduced and the sample is repelled from
the accumulation wall. Overloading is also influenced by the ionic
strength. An increase of the ionic strength suppresses electrostatic
forces and, therefore, reduces the excluded volume of the chains,
the chain expansion, and the electrostatic repulsion from the mem-
brane. To see if any effect of the peak distortion was caused by
sample overloading [52],  the AF4 experiment with PDMAEMA500
in 50 mM NaCl was repeated with different amounts of injected
polymer mass. As shown in  Fig. 6,  a  slightly higher retention time
was found for the lowest amount of PDMAEMA500,  which is  typi-
cally observed for charged polymers and in accordance with other
studies mentioned above. It also indicates that polyelectrolyte
effects are still present. This is  in  agreement with measurements
of reduced viscosity (SI-IX), showing the presence of such effects
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Fig. 7. Mark–Houwink exponent of PDMAEMA500 at different concentrations of
NaCl  obtained by  AF4.

even at 150 mM  NaCl. However, the peak shape does not depend
on the injected amount of sample for the investigated range. The
recovery rate for all amounts of sample is  constant at 83%, a value,
which is  also typically observed for polyelectrolytes [53].  Molar
masses obtained from the light scattering signal are similar for
all amounts of injected masses. Taking all results into account,
overloading seems to be slightly present, but does not affect the
characterization of the polymers.

3.6. Conformational investigations using AF4

It was expected that not  only the interactions between differ-
ent polymer chains (intermolecular) and between the polymer and
the membrane, but also the intramolecular interactions vary with
the ionic strength and, therefore, influence the conformation of  the
macromolecule [53].  The conformation of a  macromolecule can be
described by the exponent of the Kuhn–Mark–Houwink–Sakurada
equation or the so called power-law-relationships (5), where the
molar mass (M)  is combined, e.g. with the radius of gyration (Rg),
the sedimentation coefficient (s0), the diffusion coefficient (D0) or
the intrinsic viscosity (�).

X  = KMv (5)

log X = log K  + v ∗ log M (6)

Here, X = Rg,  s0,  D0 or  [�]. In AF4-MALS, the exponent (v)  is cal-
culated as the slope in a  log–log plot of the radius against the
molar mass of each slice, as illustrated in  SI-X for PDMAEMA500 in
150 mM NaCl. A slope of 0.56 was  found, which fits well to  the typ-
ical range for a linear chain (0.5–0.7). The dependency of the slope
(v), or the conformation of the polymer chain is  related to the ionic
strength as shown in Fig. 7.  At  low ionic strength (5 mM)  a  value of
around 0.91 is  obtained, which decreases to  0.56 at 150 mM NaCl.
Moreover, it can be observed that even above a  NaCl concentra-
tion of 50 mM the conformation still changes. In contrast, the ionic
strength dependent fractograms (Fig. 5) showed a  constant reten-
tion time and peak shape above 50 mM NaCl. This indicates that
no relevant (detectable) changes in hydrodynamic radius (RH) or
interactions with the membrane occurred. This observation clearly
illustrates the differences between inter/intra-molecular interac-
tions of the polymer chains and interactions with the membrane.
While an exponent v of 1 describes a  rod like structure and a  value
of 0.33 a sphere, a  value of 0.9 was  typically observed for elongated
structures [54,55].  It is assumed that this is caused by the
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Fig. 8. AF4 fractograms of PDMAEMA500 in different buffers: 50 mM acetate, 50 mM
NaCl, pH 3.0, 50 mM NH3/NH4Cl,  50 mM NaCl, pH 11.0 and 50 mM NaCl.

electrostatic repulsion of the positive charges present in the side
chain. With increasing ionic strength, the charges are  screened and
the range of the electrostatic forces is  diminished. This reduces the
repulsion between the side chains and leads to a conformation sim-
ilar to a  Gaussian chain, as indicated by an exponent of around
0.56.

The power-law-relationships were also applied to the data of
the sedimentation and diffusion coefficients for all PDMAEMAs
(SI-XI). Here, a  value of 0.39 for the sedimentation and value of
−0.62 for the diffusion coefficient was obtained. Both exponents
are in the limits for a Gaussian chain (0.35–0.5 for s and −0.5
to −0.7 for D).  Since the sedimentation velocity is more sensi-
tive to the polyelectrolyte effect (molar mass obtained by Eq.
(3)), the polymers should be  in  the unionized state [48]. For this
reason, the sedimentation velocity and dynamic light scattering
experiments were conducted in 150 mM  NaCl + 1 mM NaOH. The
polyelectrolyte effect is even present at neutral pH and 150 mM
NaCl, as shown by measurements of the reduced viscosity (SI-
IX). Fortunately, this does not seem to affect the determination
of the molar mass by  AF4-MALS. Moreover, a  separation before
the light scattering measurement has a  time-related advantage,
in particular for the characterization of polymers using AF4. Pro-
viding that the sample polydispersity is  not too low, information
about the conformation of the macromolecule can be obtained from
a single experiment. In contrast, traditional techniques (e.g. sedi-
mentation, diffusion or viscosity) to  study the conformation require
synthesis and analysis of a variety of polymers of different molar
masses.

3.7. Influence of the pH value

For charged colloids, e.g. proteins, with positive and nega-
tive charges or  polyelectrolytes with just one type of charge,
the pH value of the solvent dramatically influences the structure
of the sample. The pH primarily affects the protonation of the
functional groups and, therefore, the appearance of charges, in a
synthetic or biological macromolecule. For the characterization of
PDMAEMA500 by AF4 two other pH regions, an acidic and a basic,
were investigated. First, a pH value of 3.0 was chosen (50 mM
acetic acid/sodium acetate and 50 mM NaCl). As the isoelectric
point (IEP) of a  fresh RC membrane is around 3.4, the cellulose is
expected to be positively charged at pH 3 [31]. The second region of
interest was pH 11, where PDMAEMA is nearly unionized (50 mM
ammonia/ammonium chloride buffer and 50 mM NaCl). The results
obtained at pH 3.0 show a  molar mass distribution similar to pre-
vious results (Fig. 8). In addition, a  small shift in the retention time

and a  peak deformation was  observed. By comparing both frac-
tograms (neutral pH and pH 3) at 50 mM NaCl, it is obvious that
the retention behavior seems not to be influenced by the pH value.
Probably the repulsive electrostatic forces at this ionic strength are
shielded and short-ranged interactions, caused by the hydrophobic
backbone or van-der-Waals interactions, dominate the retention,
even at pH 3.

The situation is more complex at pH 11,  where PDMAEMA is  in
the unionized state. The retention time is  slightly shifted to higher
values but the progression of molar mass shows an irregular behav-
ior at 26 min  (Fig. 8). This might be caused by massive interactions
of the hydrophobic backbone with the membrane or the tubes of
the AF4 system, since the molecule is uncharged at pH 11 and no
repulsive electrostatic interactions are present. An aminolysis of
the ester groups in the PDMAEMA polymer seems to be unlikely
for the applied NH3 concentration (50 mM) and temperature. From
a practical point of view, the observed effect of decreasing molar
mass just appears at the end of the peak where the concentration
is rather low and does not influence the molar mass distribution
noticeably. Nevertheless, further experiments are necessary to  elu-
cidate the origin of this effect and to  exclude that it is  caused by
irregular changes of the membrane surface by the buffer used in
the experiment.

4. Conclusion

In this study, the characterization of cationic polymers, which
are  of great interest for gene delivery and numerous indus-
trial applications, by asymmetric flow field-flow fractionation
(AF4) was  presented for the first time. It  could be shown
that AF4 coupled to multi-angle light scattering enables a  fast
and reliable determination of molar masses and PDI values of
polymers such as poly(ethylene imine), poly(l-lysine) and poly(2-
(dimethylamino)ethyl methacrylate) and its derivatives. For the
validation of the results, 1H  NMR spectroscopy and AUC  were
applied. It was  found that the lower molar mass limit, which yields
a  reliable light scattering signal, was around 15 kg  mol−1, depend-
ing on the refractive index increment. For polymers with a lower
molar mass 1H  NMR spectroscopy or  AUC is recommended. With
increasing molar mass the accuracy of AF4-MALS increases and
becomes more adequate, due to  the fact that information about
polydispersity, different mass averages and conformation can be
obtained from a  single measurement.

Furthermore, different membranes and eluents were evaluated
for AF4 and the influence of ionic strength, injected mass of the
analyte, and pH value was  investigated. It  could be shown that the
retention behavior at low ionic strength is probably dominated by
repulsive electrostatic forces between the polymer, adsorbed on
the membrane surface, and the sample. In contrast, hydrophobic
or other short-ranged interactions are important at higher ionic
strength. Both diminish the advantage of AF4 to show less inter-
action with the sample than column based techniques. Up to now,
no ideal membrane material was found for these cationic polyelec-
trolytes. Additionally, the conformation of PDMAEMA was studied
by power-law-relationships in  dependence of the ionic strength. It
was found that the exponent, v, decreases from 0.91 at 5 mM NaCl
to 0.56 at 150 mM NaCl, which probably describes the conforma-
tional change from a stretched chain to a linear Gaussian chain. The
recovery rate of around 80% was  in the typical range for cationic
polymers. In summary, we could successfully present that AF4 is  a
well-suitable method for the characterization of cationic polymers,
with respect to their molar masses, PDI values, and conformational
information within short time and requiring only low amounts
of samples. This enables a  more detailed investigation of cationic
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polymers used for further applications, e.g. for the formation of
polyplexes in  gene delivery.
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SI-I: Synthesis L-PEI600 

A solution of dry acetonitrile (Acros Organics, Geel Belgium), 2-ethyl-2-oxazoline (monomer), and 

methyl tosylate (initiator) was prepared with a total monomer concentration of 4 M and a total 

monomer-to-initiator ratio of 600 as recently published.[1] The mixture was heated in a microwave 

synthesizer at 140 °C for a pre-determined time. A sample was taken and full monomer conversion 

was confirmed by 1H NMR spectroscopy. Subsequently, the solvent was removed. The resulting 

PEtOx (Mn = 40.6 kg·mol-1, PDI = 1.79, 3.8 g) was dissolved in 6 M aqueous hydrochloric acid (15 

mL) and heated at 130 °C for 1 h in the microwave synthesizer. After removing the acid under reduced 

pressure, the residue was dissolved in water and 3 M aqueous NaOH was added until precipitation 

occurred. The precipitate was filtered off, recrystallized from water, filtered, dissolved in methanol, 

and precipitated into ice-cold diethyl ether. Subsequently, the L-PEI600 was dried for 3 day at 40 °C. 

The degree of hydrolysis was 99% as determined by 1H NMR spectroscopy. 

1H NMR (300 MHz, CD3OD):  = 3.65 (t, CH2-OH), 2.73 (br., N-CH2), 2.39 (s, CH3-N). 

SI-II: Synthesis PDMAEMA, PAEMA and PtBAEMA via RAFT 

In a typical polymerization experiment, 1.258 g of DMAEMA (8.0 × 10–3 mol), 2.8 mg of 4,4 -

azobis(4-cyanopentanoic acid), ACVA, initiator (1.0 × 10–5 mol), 11.18 mg of 4-cyano-4-

(phenylcarbonothioylthio) pentanoic acid (used as a CTA) RAFT agent (4.0 × 10–5 mol) and 

ethanol/water (in total 50/50 vol%) were mixed together in a 10 mL glass vial as follows DMAEMA 
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monomer, followed by individual stock solutions of initiator and RAFT agent dissolved in ethanol and 

filled with water up to a ratio of 50/50 vol%. The ratio between [CTA] and [AIBN] was 1:0.25. Before 

closing the vial, the reaction solutions were degassed by sparging argon for at least 30 min prior to 

use. Subsequently, the reaction was performed in an oil bath at 70 °C for 12 h keeping a total 

monomer concentration of 2.0 M or 3.0 M. After the polymerization, acetone was added to the final 

mixtures, and the polymers were subsequently precipitated into cold diethyl ether. The utilized 

reaction conditions, monomer concentration and [M]/[CTA] ratios are summarize in Table 1. In the 

case of PDMAEMA-90 the 1,1'-azobis(cyclohexane carbonitrile) initiator and as RAFT agent the 4-

cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl]pentanoic acid were used. 

Table 1: Overview of the selected reaction conditions and SEC data of methacrylate based polymers. 

Sample amine [M]/[CTA] c / M Mn (SEC) / kg·mol-1 PDI (SEC) 

PDMAEMA90 tert. 100/1 3.0 15.2[a] 1.21 

PDMAEMA230 tert. 200/1 2.0 25.7[a] 1.34 

PDMAEMA320 tert. 600/1 3.0 47.2[a] 1.35 

PDMAEMA500 tert. 1200/1 3.0 66.9[a] 1.37 

PAEMA150 prim. 200/1 2.0 77.8[b] 1.15 

PtBAEMA170 sec. 200/1 2.0 37.8[a] 1.25 
[a] Calculated from SEC (DMAc) using PS calibration. [b] Calculated from aqueous SEC (CF3COOH/NaCl/pH 2.3) using 
Pullulan calibration. 

 

SI-III: AF4 fractogram of PDMAEMA500 on a 10 kg·mol-1 CTA and 30 kg·mol-1 PVDF 

membrane and 150 mM NaCl as eluent. 
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SI-IV: AF4 fractograms with the corresponding cross-flow rates and molar masses of (A) 
L-PEIcom, and (B) L-PEI600. 
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SI-V: AF4 fractograms with the corresponding cross-flow rates and molar masses of PLL-2. 
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SI-VI: AF4 fractograms with the corresponding cross-flow rates and molar masses of (A) 

PAEMA150, (B) PtBAEMA170, (C) PDMAEMA90, (D) PDMAEMA230, and (E) PDMAEMA320. 
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SI-VII: SEC results of PtBAEAMA170 with DMAc/LiCl as eluent and polystyrene as calibration 

standard. 

12 13 14 15 16 17 18 19

0

20

40

60

80

100

 

 

 PtBAEMA
170

N
or

m
al

iz
ed

 R
I S

ig
na

l

Vel / mL
 

SI-VIII: 1H NMR of PDMAEMA320 in CD2Cl2 
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SI-IX: Measurement of reduced viscosity for PDMAEMA500 
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SI-X: Conformation plot of PDMAEMA500 in 150 mM NaCl obtained by AF4-MALS. 
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SI-XI: Log-log plots of (A) s0 and (B) D0 against the different molar masses of PDMAEMA in 

150 mM NaCl + 1 mM NaOH. 
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Abstract 

Diblock copolymers of poly[2-(dimethylamino)ethyl methacrylate]-block-poly[di(ethylene glycol) 

methyl ether methacrylate], PDMAEMA-b-PDEGMA, were synthesized by reversible 

addition fragmentation chain transfer (RAFT) polymerization. The block ratio was varied to study the 

influence on the lower critical solution temperature (LCST) and the corresponding phase transition in 

water. Besides turbidimetry, differential scanning calorimetry (DSC), dynamic light scattering (DLS) 

and laser Doppler velocimetry (LDV), asymmetric flow field-flow fractionation (AF4) coupled to DLS 

and multi angle laser light scattering (MALLS) was established as an alternative route to characterize 

these systems in terms of molar mass of the polymer chain and size of the colloids after the phase 

transition. It was found that AF4-MALLS allowed accurate determination of molar masses in the 

studied range. Nevertheless, some limitations were observed, which are critically discussed. The 

cloud point and phase transition of all materials, as revealed by turbidimetry, could be confirmed by 

DSC. For block copolymers with block ratios in the range of 50:50, a thermo-induced self-assembly 

into micellar and vesicular structures with hydrodynamic radii (Rh) of around 25 nm was observed 

upon heating. At higher temperatures, a reordering of the self-assembled structures could be 

detected. The thermo-responsive behavior was further investigated in dependence of pH value and 

ionic strength. Variation of the pH value mainly influences the solubility of the PDMAEMA segment, 

where a decrease of the pH value increases the transition temperature. A change of ionic strength 

influences the copolymers in a way that the LCST is reduced with increasing ionic strength due to the 

screening of electrostatic interactions. 

Keywords 

Block copolymers, LCST, field-flow fractionation, self-assembly, light scattering, differential scanning 

calorimetry 
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Introduction 

Smart materials like thermo-responsive polymers received increasing attention over the last years.[1-

5] In particular, polymers have attracted significant regard which exhibit a lower critical solution 

temperature (LCST).[6,7] Amphiphilic block copolymers, where at least one block shows an LCST, can 

undergo thermo-induced self-assembly processes and the formation of micellar and vesicular 

structures in aqueous solution is widely described.[8-12] Such materials represent attractive systems 

for sensing or biomedical applications like in drug delivery processes as an external stimulus (e.g. 

temperature) can be used for encapsulation and release of dyes or active substances.[13-17] 

The phase transition at the LCST is mainly driven by the unfavorable entropy of mixing. In water, this 

is based on the formation of hydrogen bonds between water molecules and the polymer chain.[18] 

Heating above the cloud point temperature (TCP) leads to the breaking of the hydrogen bonds and to 

an increase of hydrophobic interactions between the polymer chains.[19] Recently, we reported on 

the LCST behavior of a series of diblock copolymers, poly[2-(dimethylamino)ethyl methacrylate]-

block-poly[di(ethylene glycol) methyl ether methacrylate] (PDMAEMA-b-PDEGMA), with different 

block ratios synthesized by reversible addition-fragmentation chain transfer (RAFT) polymerization 

(Figure 1).[20] Both blocks, PDEGMA as well as PDMAEMA, exhibit a LCST behavior, where PDEGMA 

has a TCP at around 27 °C. For PDMAEMA, the TCP highly depends on the used molar mass as well as 

the pH value and ionic strength of the solution as both influence the degree of protonation of the 

amine groups and the resulting electrostatic interactions.[21-26] In deionized water, TCP values between 

45 and 55 °C were observed, depending on the polymer concentration.[27] This leads to a double 

hydrophilic block copolymer below TCP and amphiphilic materials above, where the LCST can easily be 

adjusted by several solution conditions. Subsequently, the block copolymer can self-assemble into 

different micellar or vesicular structures. In particular, if both blocks have similar dimensions, we 

could observe two TCP values, where the first transition, related to the PDEGMA block, was linked to 

the formation of multilamellar vesicles, which transformed into unilamellar vesicles after the second 

TCP.[20] The question was now, to which extent these structural changes are related to a 

thermodynamically defined phase transition. Furthermore, the solution properties of PDMAEMA-b-

PDEGMA are affected by changes in pH value as well as ionic strength and their influence on the LCST 

behavior and the self-assembly is of high interest.[28-30] This would result in a material which is 

sensitive against two or more different stimuli at the same time, as demonstrated for other systems 

like poly(N-isopropyl acrylamide)-block-poly(acrylic acid) in the past.[31,32] 

For the characterization of thermo-induced self-assembly processes and the resulting aggregate 

morphologies, dynamic and static light scattering (DLS/SLS) are commonly used, as they are non-

invasive and can be performed easily with low sample concentration and volume. Nevertheless, 
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some limitations exist. While SLS provides just average values, DLS data has to be interpreted with 

care, if highly disperse or multimodal systems are involved. To circumvent these problems and to 

obtain a deeper insight into the self-organization of the thermo-responsive polymers, asymmetric 

flow field-flow fractionation (AF4) can be applied. Firstly described by J. Calvin Giddings in 1966, field 

flow fractionation (FFF) is nowadays a powerful technique for separation and characterization of 

(bio)macromolecules and colloids.[33-38] The theoretical details are discussed in detail elsewhere.[39-43] 

Due to the absence of a stationary phase, AF4 provides a gentle fractionation with a laminar flow, 

which is well-suitable for sensitive and delicate samples. The most eminent challenge of AF4 is 

related to interactions with the semipermeable membrane, which acts as accumulation wall. In 

particular for cationic samples, adsorption often heavily influences the measurement and renders 

AF4 a more qualitative tool.[44] To the best of our knowledge, AF4 is rarely used for the analysis of 

polymers showing LCST behavior.[45] Nowadays, a multi angle laser light scattering (MALLS) or a DLS 

detector is hyphenated to AF4 to obtain independent information about molar mass, radius of 

gyration (Rg), hydrodynamic radius (Rh), dispersity ( ), or shape.[46-50] 

In this study, we describe a series of diblock copolymers based on PDMAEMA-b-PDEGMA with 

different block ratios, synthesized via reversible addition fragmentation chain transfer (RAFT) radical 

polymerization. The LCST and the thermo-induced self-assembly were studied by turbidimetry and 

DLS investigations. Differential scanning calorimetry (DSC) was used to obtain further information on 

the observed cloud point temperatures, in particular the second TCP for polymers with comparable 

block ratios. Laser Doppler velocimetry (LDV), a tool to measure the electrokinetic potential, was 

applied to provide additional insights into the self-organization of the polymers. Furthermore, AF4 

coupled to MALLS and DLS was evaluated as a tool to study the observed transitions and to obtain 

reliable molar masses of the polymers. Thereby, potential advantages and limitations were critically 

discussed. The diblock copolymer, which showed two cloud point temperatures, was investigated in 

detail, concerning the influence of pH value and ionic strength on the self-assembly and the LCST. 

 

Figure 1: Schematic representation of the investigated polymer structures. 
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Experimental 

Materials 

Di(ethylene glycol) methyl ether methacrylate (DEGMA) and 2-(dimethylamino)ethyl methacrylate 

(DMAEMA) were purchased from Sigma-Aldrich and purified by stirring in the presence of inhibitor-

remover for hydroquinone or hydroquinone monomethyl ether (Aldrich) for 30 minutes prior to use. 

Block copolymers of PDMAEMA-b-PDEGMA were synthesized as described previously.[20] The 

corresponding molar masses and dispersity indices (Ð) of the block copolymers are described 

therein. The block ratios are listed in Table 1. Sodium chloride, sodium acetate trihydrate, disodium 

hydrogen phosphate dihydrate, sodium dihydrogen phosphate and ammonium chloride were 

purchased from Carl Roth. Acetic acid (100%) and ammonia solution (25%) were purchased from 

VWR. All chemicals were of analytical grade or better and used as received. 

The pH value of buffer solutions was adjusted by mixing the different salts or free acids/bases, 

respectively. The ionic strength of all buffers and NaCl solutions was calculated considering the 

dissociation constants of the individual ion species. For pH dependent investigations with different 

buffer salts, a total buffer concentration of 25 mM was used. All further experiments were 

performed with a polymer concentration of 2.5 mg·mL-1. 

Turbidimetry 

Cloud point measurements for the identification of the LCST behavior were performed by heating the 

polymer (2.5 mg mL–1) in deionized water or the corresponding pH buffer from 2 to 105 °C with a 

heating rate of 1.0 °C min–1, followed by cooling to 0 °C at a cooling rate of 1.0 °C min–1 after keeping 

it 10 minutes at 105 °C. This cycle was repeated three times. During these controlled cycles the 

transmission of the solutions was monitored in a Crystal16™ from Avantium Technologies. The cloud 

points are reported as the 50% transmittance temperature of the second heating run. 

Differential scanning calorimetry (DSC) 

DSC experiments were performed with a Microcal VP-DSC (MicroCal Inc., Northhampton, USA). In all 

experiments a heating and cooling rate of 1.0 °C min–1, a time resolution of 4 s and a temperature 

range from 5 to 95 °C was used. All samples were kept at the respective starting temperature for 30 

minutes. Aqueous polymer solutions were prepared at 2.5 mg·mL-1 and the reference cell was filled 

with deionized water. Three heating and cooling scans were performed for each sample to prove 

reproducibility. All presented curves show the second heating scan, where the baseline was 

corrected by subtracting the water-water baseline. Finally, the scan was normalized with respect to 

the concentration. 
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Dynamic light scattering 

Batch dynamic light scattering was performed on a Zetasizer Nano ZS (Malvern Instruments, 

Herrenberg, Germany). All measurements were performed in folded capillary cells (DTS1071, 

Malvern Instruments, Herrenberg, Germany). Each sample was heated from 15 to 65 °C in steps of 

5 K. At each temperature, after an equilibration time of 30 min, 5 measurements with 3 runs of 30 s 

were carried out (  = 633 nm). The counts were detected at an angle of 173°. For each sample, two 

heating and cooling cycles were analyzed. Apparent hydrodynamic radii, Rh, were number-weighted 

and calculated according to the Stokes–Einstein equation. PDI values were obtained by cumulant 

analysis 

Laser Doppler velocimetry (LDV) 

Laser Doppler velocimetry was used to measure the electrokinetic potential, also known as zeta 

potential. The measurements were performed on a Zetasizer Nano ZS in folded capillary cells 

(DTS1071). Each sample was heated from 15 to 65 °C in steps of 5 K. At each temperature, after an 

equilibration time of 30 min, 5 measurements with 20 runs were carried out using the slow-field and 

fast-field reversal mode with 100 V. For each sample, two heating and cooling cycles were analyzed. 

The zeta potential ( ) was calculated from the electrophoretic mobility ( ) according to the Henry 

Equation.[51] For each sample and temperature, the Henry coefficient, f(ka), was calculated separately 

according to Ohshima, considering samples size.[52] 

Asymmetric flow field-flow fractionation (AF4) 

Asymmetric flow field-flow fractionation (AF4) was performed on an AF2000 MT System (Postnova 

Analytics, Landsberg, Germany) coupled to an UV (PN3211, 260 nm), RI (PN3150), MALLS (PN3070, 

633 nm) and DLS (ZetaSizer Nano ZS, 633 nm) detector. The eluent is delivered by two different 

pumps (tip and focus-flow) and the sample is injected by an autosampler (PN5300) into the channel. 

The channel has a trapezoidal geometry and an overall area of 31.6 cm². The nominal height of the 

spacer was 500 m and a regenerated cellulose membrane with a molar mass cut-off of 

10,000 g·mol-1 was used as accumulation wall. For molar mass determination of all polymers, the 

temperature was set to 25 °C and an acetate buffer (25 mM) with pH 3.5 and 20 mM NaCl was used 

as eluent. The detector flow rate was set to 0.5 mL·min-1 and 20 L (10 mg·mL-1) were injected with 

an injection flow rate of 0.2 mL·min-1 for 7 min. The cross-flow was set to 1.8 mL·min-1. After the 

focusing period and a transition time of 1 min, the cross-flow was kept constant for 3 min and then 

decreased under a power function gradient (0.4) to 0 within 18 min. Afterwards the cross-flow was 

kept constant at zero for at least 25 min to ensure complete elution. The refractive index increment 

(dn/dc) was measured by manual injection of a known concentration directly into the channel 
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without any focusing or cross-flow. The dn/dc was calculated as the average of at least three 

injections from the area under the RI curve (AUCRI). For fractionation at higher temperatures, the 

tubings of the inlet and focus flow, where elongated to 3 m and placed in the channel oven to ensure 

an appropriate temperature equilibrium of the eluent and the sample during fractionation in the 

channel. The detector flow rate was set to 0.5 mL·min-1 and 20 L (10 mg·mL-1) were injected with an 

injection flow rate of 0.2 mL·min-1 for 7 min. The cross-flow was set to 1.5 mL·min-1. After the 

focusing period and a transition time of 1 min the cross-flow was decreased under a power function 

gradient (0.5) to 0 within 20 min. Afterwards, the cross-flow was kept constant for 20 min. For 

calculation of the molar mass and the radius of gyration by MALLS, a Zimm plot was used. All 

measurements were repeated three times. 

Results & discussion 

The diblock copolymers (PDMAEMA-b-PDEGMA) were synthesized via sequential monomer addition 

using reversible addition–fragmentation chain transfer (RAFT) polymerization. The controlled 

variation of the block length (ratio DMAEMA to DEGMA) in the copolymer was performed in 20 mol% 

steps. The amphiphilic block copolymers were characterized by size-exclusion chromatography (SEC) 

showing a molar mass (Mn) range from 20 000 to 36 000 g mol-1 with a molar mass distribution Ð < 

1.35. The final composition (mol% fractions) of the diblock copolymers is listed in Table 1.[20] 

Molar mass by AF4-MALLS 

As the LCST depends, among others, on the molar mass of the polymer, an accurate characterization 

of the PDMAEMA-b-PDEGMA block copolymers is mandatory. In particular for cationic polymers with 

molar masses (Mn) in the range of 104 g·mol-1, it is known that many methods classically available for 

polymers experience problems.[37] While suitable SEC columns are rarely found, Kuhn-Mark-Houwink 

constants for viscosimetry are often unknown and techniques like nuclear magnetic resonance 

spectroscopy (NMR) or mass spectrometry (MS) are at their limits in this molar mass region. 

Therefore, AF4 coupled to RI and MALLS was applied as a potential alternative. As already described 

in a previous study, the most important restriction of AF4 analysis of cationic samples is adsorption 

onto the membrane, which acts as accumulation wall.[44] This membrane is usually composed of 

regenerated cellulose or poly(ether sulfone) and bears a negative potential, which leads to attractive 

electrostatic interactions with cationic materials. Different possibilities exist to circumvent this effect. 

An increase of ionic strength by addition of sodium chloride helps to reduce the range of electrostatic 

interaction.[53,54] But accompanied with that, hydrophobic interactions can become significant, as it is 

reported that the membrane surface also features hydrophobic spots.[55] If a high ionic strength 

eluent does not allow appropriate fractionation, as observed for several cationic polymers like 
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poly(ethylene imine) or PDMAEMA, a pre-saturation of the membrane by cationic surfactants or the 

analyte itself often is beneficial.[44] Here, the membrane is covered by a monolayer of the sample in a 

first experiment, which leads to repulsive electrostatic interactions between the sample and the 

modified membrane and to higher recovery rates during subsequent experiments.[56,57] This 

approach, a pre-saturation with PDMAEMA, was mainly used in this study to conduct experiments 

with different eluents under similar membrane conditions. Another possibility relies on the 

isoelectric point of regenerated cellulose membranes, which is in the range of pH 4.[58] If an eluent 

with a pH value below 4 is used, the membrane carries a slightly positive charge, which results in high 

recovery rates and reduction of adsorption phenomena already for fresh membranes. This can be 

seen in the fractograms of the block copolymers, shown in Figure 2A. Here, an eluent composed of 

25 mM acetate and 20 mM sodium chloride with a pH value of 3.5 was used. In all cases, monomodal 

distributions with recovery rates above 80% were obtained. A representative light scattering trace 

(90°) as well as the corresponding molar masses can be exemplarily seen in Figure 2B for 

PDMAEMA51-b-PDEGMA49 (subscripts represent molar block ratio)). Number and weight average 

molar masses as well as the resulting dispersity indices are summarized in Table 1. In all cases, 

reliable molar masses were obtained except for PDEGMA, which showed unexpectedly high values. 

We assume that this is related to the RI detector, operating at least 7 to 8 °C above room 

temperature (22 °C), which is slightly above the LCST of PDEGMA. This is supported by a strong light 

scattering signal at the void peak, indicating the elution of large aggregates and 1H NMR 

measurements, where comparison of the integral of the aromatic RAFT endgroup and the repeating 

units of the polymer yielded a molar mass (Mn) of around 16,800 g·mol-1. Therefore, for all 

experiments described below, only the MALLS and DLS detector, which could be accurately heated in 

the investigated temperature range (15 to 65 °C), were coupled to AF4. The described effect did not 

seem to influence the molar mass determination of PDMAEMA and the copolymers, as their cloud 

points are above 30 °C. Furthermore, the low pH value of the eluent increases the solubility of the 

PDMAEMA block and subsequently the TCP, keeping the polymer chains soluble (see below). The 

significant difference to the previously published SEC results was attributed to the missing suitable 

standards (no MALLS detection) and interactions with the column material, which render SEC difficult 

to interpret in the present case.[20] Nevertheless, the trend between AF4 and SEC (in N,N-

dimethylacetamide, DMAc) is comparable. Except for PDEGMA with a relatively low molar mass, the 

calculation from 1H NMR spectroscopy also reached its limit due to the low signal to noise ratio for 

the endgroup signals. Taking together all characterization data for the samples investigated here, the 

molar mass obtained by AF4 seemed to be the most reliable. 
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Figure 2: AF4 fractograms of (A) PDMAEMA-b-PDEGMA of different block ratios and (B) of PDMAEMA51-b-PDEGMA49 with 
indicated molar masses and LS90° trace as obtained by MALLS. The eluent is composed of 25 mM acetate and 20 mM 
NaCl at pH 3.5. 

Table 1: Molar masses of PDMAEMA-b-PDEGMA as obtained by AF4-MALLS. 

PDMAEMA/PDEGMA 

block ratio (mol%)a 

dn/dc 

[mL·g-1] 

Mn 

[g·mol-1] 

Mw 

[g·mol-1] 

 

 

100:0 0.193 29,000 ± 1,100 35,300 ± 700 1.22 ± 0.02 

87:13 0.181 34,400 ± 1,900 51,100 ± 400 1.49 ± 0.08 

64:36 0.161 57,400 ± 1,300 91,100 ± 300 1.59 ± 0.03 

51:49 0.156 33.700 ± 4,500 59,800 ± 1,100 1.80 ± 0.22 

20:80 0.150 48,300 ± 1,900 60,500 ± 1,3900 1.25 ± 0.08 

0:100 0.083 106,900 ± 5,800b 115,100 ± 5,600 1.09 ± 0.02 
a obtained by 1H NMR as described in Ref.[20] 
b 1H NMR measurements yielded a molar mass (Mn) of around 16,800 g·mol-1. 

Influence of the block copolymer composition on the LCST 

After synthesis and molar mass characterization, the cloud point temperatures were determined by 

turbidimetry measurements. The second of three heating and cooling cycles is displayed in Figure 3A. 

Except for PDMAEMA64-b-PDEGMA36 and PDMAEMA51-b-PDEGMA49, one distinct transition, indicated 

by a decrease from 100% to nearly 0% transmission, was observed. For PDMAEMA, a cloud point 

temperature, TCP, of 52.7 °C (50% transmission) was obtained, which decreased with increasing 

content of PDEGMA in the block copolymers, until a TCP of 28.1 °C was reached for pure PDEGMA 

(Table 2). No clear transition or TCP could be observed for PDMAEMA64-b-PDEGMA36, which is most 

probably due to the formation of small micellar structures.[20,59] Two TCP could be observed for 

PDMAEMA51-b-PDEGMA49, where PDMAEMA and PDEGMA are equally present, a lower TCP1 at 

around 34 °C and a second TCP2 at around 46 °C. It was assumed in former studies that TCP1 

corresponds to the LCST of the PDEGMA block, while TCP2 describes the transition of the PDMAEMA 

block.[20,27,59] To obtain deeper insights into the formed structures, DLS and LDV were performed. 

First of all, for comparison of the turbidimetry and DLS measurements, the average count rate as a 
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measure for the intensity of the scattered light is shown in Figure 3B. For the block copolymers with 

at least 50% PDEGMA, the change in count rate is in good agreement with the observed TCP values. 

For the block copolymers, where PDMAEMA is the majority block (> 60%), the transition points 

obtained by count rate measurements are slightly shifted in contrast to turbidimetry experiments. 

This is most probably a kinetic effect due to different heating rates and the absence of stirring during 

count rate/DLS measurements, while a stirrer was used for turbidimetry experiments.[59] 

Table 2: Cloud point temperatures (TCP) obtained by turbidimetry and DSC measurements for PDMAEMA-b-PDEGMA with 
different block ratios. 

DMAEMA:DEGMA 100:0 87:13 64:36 51:49 20:80 0:100 

TCP [°C] 52.7 47.0 - 34.4; 46.1 30.3 28.1 

TDSC [°C] 54.1 48.8 33.8 34.9 31.3 29.8 

 

0 10 20 30 40 50 60 70 80 90 100
0

10

20

30

40

50

60

70

80

90

100 PDMAEMA:PDEGMA

Tr
an

sm
is

si
on

 / 
%

Temperature / °C

 100:0
 87:13
 64:36
 51:49
 20:80
 0:100

A

15 20 25 30 35 40 45 50 55 60 65
102

103

104

105

C
ou

nt
ra

te
 / 

kc
ps

Temperature / °C

PDMAEMA:PDEGMA
 100:0
 87:13
 64:36
 51:49
 20:80
 0:100

B

 

Figure 3: (A) Turbidimetry measurements (solid line – heating; dotted line – cooling) and (B) count rate measurements of 
PDMAEMA-b-PDEGMA with different block ratios. 

The DLS results for all polymers are displayed in Figure 6A. Hysteresis between heating and cooling 

cycles was only observed for PDEGMA, which precipitates on the cuvette bottom above TCP and is 

slowly redissolved upon cooling without stirring. Below TCP, all polymers show Rh values of around 1 

to 4 nm, corresponding to the hydrated single polymer chain. Above TCP, PDMAEMA forms 

aggregates of around 10 nm at 60 °C, which further increase to around 65 nm until 65 °C. 

PDMAEMA87-b-PDEGMA13 with a low PDEGMA content showed the same trend with radii of around 

20 to 25 nm above TCP. For PDMAEMA64-b-PDEGMA36 and PDMAEMA51-b-PDEGMA49 the radius 

increased to 45 and 35 nm at 35 °C, respectively, presumably due the thermo-induced self-assembly 

into vesicular structures.[20] Further heating led to a slight decrease to around 20 nm for 

PDMAEMA64-b-PDEGMA36 and 30 nm for PDMAEMA51-b-PDEGMA49, which is then roughly constant 

until 65 °C. An influence of the proposed second transition (TCP2) on Rh was not observed. 

Furthermore, a maximum in size could be observed for PDMAEMA64-b-PDEGMA36 at 35 °C. Currently, 
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the origin of this effect is rather unclear, but we assume that it might be related to the formation of 

some kind of metastable aggregates.[60] The (first) TCP is also accessible by the PDI values obtained by 

cumulant analysis of the DLS data of all copolymers and PDMAEMA (data not shown). Here, the PDI 

decreases by crossing TCP from around 0.6 to 0.8 to values below 0.3. Again, a second transition was 

not observed for PDMAEMA51-b-PDEGMA49. For PDMAEMA20-b-PDEGMA80 and PDEGMA, large 

aggregates (Rh > 300 nm, PDI > 0.6) were formed above the transition temperature. Thereby, 

aggregates of PDEGMA started to precipitate over time and therefore the transition is not detectable 

by the PDI values of the cumulant analysis. 
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Figure 4: (A) Apparent hydrodynamic radius of PDMAEMA-b-PDEGMA as obtained by DLS in deionized water. 

To elucidate whether the use of number-weighted DLS data gave appropriate results and to obtain 

detailed information on both, size distribution and shape, AF4 coupled to MALLS and DLS was 

evaluated as potential characterization method for thermo-responsive block copolymers. To enable 

fractionation under similar conditions for all polymers, an eluent containing 100 mM sodium chloride 

was found to be suitable and recovery rates > 80% were obtained with a membrane made of 

regenerated cellulose and a cut-off of 10,000 g·mol-1. Except for PDMAEMA51-b-PDEGMA49, which 

was fractionated at 15 to 65 °C in steps of 5 K, all polymers were analyzed at 20, 45 and 65 °C. A 

single peak is obtained for PDMAEMA and PDMAEMA87-b-PDEGMA13 (high PDMAEMA content) at all 

temperatures, which corresponds to the hydrated chain as indicated by MALLS detection (compare 

Figure 2). The absence of any aggregates even at 65 °C, which is in conflict with turbidimetry and DLS 

experiments, was attributed to the concentration dependence of the cloud point and the low 

concentration in the channel. As TCP is increasing with decreasing concentration,[20] it is shifted to 

values above 65 °C at the concentration in the channel (roughly 0.04 mg·mL-1 in the peak maximum). 

The fractionation of PDMAEMA51-b-PDEGMA49 (Figure 5A) revealed the presence of block copolymer 

unimers until 30 °C as indicated by the signal at 9.2 min. A second signal appears at 19.5 min at 35 °C, 

which corresponds to vesicles and a Rh of around 20 nm is obtained by online DLS. Further heating 
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led to a small increase of Rh (representative fractograms in Figure 5B) and a reduction of elution time 

for all peaks. We attribute this to an increase of the respective diffusion coefficient, according to the 

Stokes-Einstein equation and AF4 theory.[40] Furthermore, the amount of hydrated polymer chains is 

reduced with increasing temperature. It can be seen that above 55 °C larger aggregates are formed, 

which originated from increased interactions between the vesicles and the membrane.[55] 

Nevertheless, due to the high sensitivity of MALLS for large aggregates, their concentration can be 

regarded as being rather low. A comparison of offline and online DLS as well as the radius of gyration 

(Rg, Table 3) showed that, in principle, slightly lower radii are obtained by AF4-MALLS-DLS. This is 

most probably due to the usage of NaCl in the eluent, which reduces electrostatic interactions, in 

particular the repulsion between PDMAEMA segments and, therefore, reduces the particle’s size. For 

the free, hydrated chain no size could be determined as it is below the detection limit of the online 

measurement.[37] Calculation of the shape ratio, Rg/Rh, gave values of around 1 for all temperatures 

above 30 °C, which supports the formation of vesicular rather than micellar structures.[61] Similar to 

offline DLS measurements, no second transition could be identified in terms of size or shape. 

Fractionation of PDMAEMA64-b-PDEGMA36 shows a similar trend. Here, hydrodynamic radii of around 

25 nm were obtained above 30°C, but smaller Rg values (around 20 nm) resulted in an average shape 

ratio < 0.8, indicating the presence of micellar structures. During fractionation of PDMAEMA20-b-

PDEGMA80 and PDEGMA at 20 °C also block copolymer unimers could be detected. At 45 °C, a Rh of 

around 24 nm is obtained for PDMAEMA20-b-PDEGMA80, which is in contrast to offline DLS results, 

showing larger aggregates. At the moment, we assume that this is an effect related to the 

concentration and the ionic strength of the solution. Offline DLS at conditions similar to AF4 (100 mM 

NaCl, 0.04 mg·mL-1 copolymer) provided hydrodynamic radii comparable to AF4 results. No 

fractionation could successfully be performed for PDEGMA above 35°C. This was due to the 

formation of large aggregates, blocking the detector tubings in the system, which is therefore in good 

agreement with offline DLS. These results clearly showed that AF4 is able to provide a detailed 

characterization of thermo-responsive systems. Moreover, the comparison of AF4 and offline DLS of 

all samples revealed that the use of number-weighted offline DLS data is in most cases appropriate to 

describe the investigated structures. 
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Figure 5: AF4-MALLS-DLS fractograms (light scattering trace at 90°) of PDMAEMA51-b-PDEGMA49 at (A) different 
temperatures and (B) at representative temperatures with indicated hydrodynamic radii obtained by online DLS. 

Table 3: Comparison of offline DLS and data obtained by AF4-MALLS-DLS of PDMAEMA51-b-PDEGMA49. 

T [°C] 
 

Rh [nm] 
offline 

Rh [nm] 
online 

Rg [nm] 
online 

Rg/Rh 
online 

20 2.7 - - - 
25 2.7 - - - 
30 3.8 - - - 
35 34.4 17.3 16.2 0.94 
40 24.1 23.2 22.7 0.98 
45 28.7 24.7 26.7 1.08 
50 28.2 22.3 23.1 1.04 
55 35.0 24.0 22.8 0.95 
60 29.2 20.3 22.0 1.08 
65 32.7 20.2 20.1 1.00 

To gain further insights into the thermo-induced self-assembly of PDMAEMA-b-PDEGMA and the 

postulated second transition, Laser Doppler velocimetry (LDV) was applied. For measuring the zeta 

potential of colloids LDV represents a powerful tool to study the influence of electrostatic 

contributions on the self-assembly, in particular, if polyelectrolytes are investigated. Homopolymers 

of PDMAEMA and PDEGMA revealed a significant increase in zeta potential, either positive 

(PDMAEMA) or negative (PDEGMA), above their TCP (Figure 6B). This is due to the dehydration of the 

polymer chain and an orientation of the more hydrophilic side chains towards the aqueous 

environment of the formed particles. While the positive charge of the side chains of PDMAEMA is 

provided by the protonated tertiary amines, the negative zeta potential of PDEGMA most probably 

resulted from the ethylene glycol side chains as also observed in former studies of poly(ethylene 

glycol) based polymers.[62] PDMAEMA87-b-PDEGMA13 showed a similar trend as PDMAEMA which is 

most probably due to the very high PDMAEMA content. Only the absolute values of the zeta 

potential are lower. For all other block copolymers, the zeta potential revealed two distinct changes 

upon heating. A first significant increase can be observed at around 30 to 35 °C and a decrease at 

around 55 to 60 °C. The first change in zeta potential is related to the transition, leading to the 
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formation of block copolymer aggregates, where cationic PDMAEMA is located at the surface and 

formed the hydrophilic part, while PDEGMA becomes the hydrophobic block. During the second 

transition, it was assumed that PDMAEMA collapses. Interestingly, this behavior is not accompanied 

by a change in hydrodynamic radius or radius of gyration. We currently assume that a reordering 

takes place during the collapse of PDMAEMA, where more polar PDEGMA groups migrate back to the 

surface of the collapsed structure, leading to a reduced zeta potential. This is supported by 

temperature dependent cryo-TEM and 1H NMR measurements in former studies.[20] In particular, the 
1H NMR results, which showed first a decrease and then a reappearance of the signals for PDEGMA 

upon heating from 20 to 65 °C, promote this interpretation. Previous cryo-TEM experiments 

indicated the formation of unilamellar vesicles out of multilamellar ones.[20] Interestingly, the 

transitions of the zeta potential are only reflected by turbidimetry experiments of PDMAEMA51-b-

PDEGMA49. Up to now, we have no distinct explanation for this behavior but it might be based on the 

differences in the molar mass of the materials. Anyhow, to address the question, if the reordering 

above 55 °C corresponds to a second phase transition, DSC was applied to all polymers (Figure 6B). 

Thereby, a polymer concentration of 2.5 mg·mL-1, similar to all other experiments, was used. For all 

polymers, only one exothermic phase transition was detected and the transition temperatures (peak 

maximum) were in good agreement with values for TCP1, based on turbidimetry and DLS (Table 2). 

The noisy signals for PDEGMA and PDMAEMA20-b-PDEGMA80 are most probably due to the 

precipitation of the polymer upon heating above TCP. The obtained results clearly showed that the 

second transition, observed by zeta potential measurements, 1H NMR and turbidimetry, is not 

related to an actual phase transition. Considering all experimental data, the second transition is to 

our current knowledge best described as a reordering of the internal structure of the formed 

aggregates that is based on the collapse of PDMAEMA and a migration of PDEGMA segments back to 

the surface of the structures to stabilize them in aqueous solution. 
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Figure 6: (A) Zeta potential and (B) DSC results of PDMAEMA-b-PDEGMA in deionized water at 2.5 mg·mL-1. 
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Influence of ionic strength on the LCST and the self-assembly behavior 

To obtain further insights into the thermo-induced self-assembly behavior of the block copolymers, 

PDMAEMA51-b-PDEGMA49 was chosen for further investigations concerning the influence of ionic 

strength and the pH value. As the formation of vesicles was supposed to depend on the electrostatic 

interactions between PDEGMA (negative zeta potential) and PDMAEMA (positive zeta potential),[20] 

the influence of the range of electrostatic interactions, i.e. the influence of ionic strength was 

investigated first. For this purpose, the polymer was dissolved in aqueous solutions containing 0, 5, 

100 and 500 mM NaCl, respectively. Subsequently, DLS was performed and the count rate as well as 

the apparent number weighted hydrodynamic radii are shown in Figure 7. Count rate measurements 

showed that the addition of low amounts of NaCl has no significant effect on the LCST (35 °C). 

Increasing the ionic strength to 100 mM led to a shift to lower temperatures of around 30 and 25 °C 

at 500 mM NaCl. This is primarily due to the screening of charges that reduces the solubility of the 

PDMAEMA segments. Moreover, a decrease in count rate was observed at 500 mM NaCl above 60 

°C, due to precipitation and sedimentation of the block copolymer. Under such high values of ionic 

strength, the electrostatic repulsion, which often ensures colloidal stability, is strongly diminished, 

resulting in aggregation. In this case, also a strong hysteresis could be observed, which is due to a 

rather slow redissolution upon cooling after precipitation. Even if the ionic strength influences the 

transition temperature, the impact on the hydrodynamic radii of the vesicular structures is rather 

small. In all cases, constant radii between 20 and 30 nm were obtained above the TCP and also the 

(second) reordering did not show any impact on size, except for 500 mM NaCl, where larger 

aggregates are formed. A support of these findings by zeta potential measurements was not possible, 

as the high ionic strength leads to zeta potentials close to zero and high currents in the cell during 

the measurement. 
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Figure 7: (A) Count rate and (B) DLS measurements of the apparent hydrodynamic radius (NNLS algorithm) of 
PDMAEMA51-b-PDEGMA49 at varying temperature and ionic strength (NaCl concentration). 
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The influence of the ionic strength on the self-assembly behavior of PDMAEMA51-b-PDEGMA49 was 

also investigated by AF4-MALLS-DLS. Here, the sample was dissolved in water, containing the 

corresponding amount of NaCl, which was also used as eluent for fractionation. In pure water, no 

fractionation was possible, due to strong interactions between the polymer and the membrane, 

indicated by a very low recovery (< 40%) and irregular elution at all temperatures.[44] At 5 mM NaCl, 

fractionation at temperatures below 60 °C could be realized. Below 35 °C, a fractogram similar to 

Figure 2B was obtained. The elution time of the peak was slightly reduced and could be identified by 

MALLS as block copolymer unimer. AF4 measurements between 35 and 65 °C showed an elution 

profile similar to previous experiments with a slight shift to lower elution times, too. The obtained 

(online) Rh and Rg values also scale in the range of 20 to 25 nm with shape ratios, Rg/Rh, of around 1, 

indicating the presence of vesicular structures. For 100 mM NaCl (Figure 5), AF4 and offline DLS were 

in excellent agreement except for 30 °C, where AF4 detected block copolymer unimers, while offline 

DLS already indicates the presence of colloidal structures. This difference close to the TCP is again 

attributed to the lower sample concentration during AF4 separation, which is connected to a higher 

transition temperature. A reduced recovery of around 60 to 70% was obtained at all temperatures 

with 500 mM NaCl, most probably due to the high ionic strength and the resulting screening of 

electrostatic forces within the sample and between sample and membrane. Nevertheless, elution 

profiles similar to experiments in 100 mM NaCl were obtained, with a slight shift to higher elution 

times. Online DLS detection gave radii of around 27 nm, which is in excellent agreement with offline 

measurements below 60 °C. Above 60 °C, AF4 showed no increase in size or aggregation as observed 

by offline DLS (Rh around 600 nm). To prove whether this is an artefact of the AF4 measurements or a 

concentration dependent effect, we diluted the sample for offline DLS measurements to around 0.04 

mg·mL-1, which is similar to the concentration in the AF4 channel during elution (peak maximum). 

Obtained (offline) hydrodynamic radii of around 30±4 nm, with PDI values below 0.15 showed that 

this aggregation is a concentration dependent effect. It further critically illustrates the necessity to 

consider the AF4 eluent as well as the difference in concentration in the channel, when results are 

interpreted and compared with offline experiments. Moreover, the strong dependency of the cloud 

point on the polymer concentration limits its applicability for drug delivery applications and thermo-

induced release. On the other hand, this effect might be used for encapsulation of substances at 

higher polymer concentrations (e.g. TCP below 37 °C), which are released during dilution (e.g. TCP 

above 37 °C). 

Influence of the pH value on the LCST and the self-assembly behavior 

Due to the fact that the solubility and the LCST of PDMAEMA can easily be adjusted by the pH value, 

we also investigated PDMAEMA51-b-PDEGMA49 at varying pH values. Therefore, we used different 
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buffer system with a total concentration of 25 mM: Acetate buffer at pH 4 and 5.6, phosphate buffer 

at pH 7.2 and ammonia buffer at pH 8.3 and 10. First, DLS measurements were performed to 

investigate the influence on the cloud point (Figure 8). At pH 4, no transition could be detected over 

the complete investigated temperature range. Due to the high degree of protonation of the 

PDMAEMA segments (pKa around 6), the polymer is highly soluble and shows no TCP in aqueous 

solution.[26] From pH 5.6 to 8.3, one transition could be identified with an increasing TCP from 30 °C at 

pH 8.2 to 40 °C at pH 5.6. This increase of TCP with decreasing pH value is also based on a higher 

degree of protonation of PDMAEMA, leading to increased hydrophilicity. Heating above TCP at pH 10 

(around 30 °C) led to precipitation of the polymer, due to the reduced solubility of the PDMAEMA 

block at basic pH, when nearly all amine groups are deprotonated. The variation of count rate above 

30 °C is a result of the sedimentation of these precipitates. Here, also hydrodynamic radii of several 

m are obtained, which is above the reliable measurement range of DLS and, therefore, indicated as 

> 1,000 nm in Figure 8B. 

Self-assembled structures in the range of 20 to 30 nm were observed for samples at pH 5.6 to 8.3 of 

all temperature above TCP (until 65 °C), except for pH 5.6 at 40 °C. Here, a Rh of around 60 nm was 

obtained. Currently, we assume that this effect is based on the higher degree of protonation of the 

PDMAEMA segments. Compared to earlier data at pH 4, the charge density is not sufficient to ensure 

solubility over the whole temperature range but electrostatic repulsion results in the formation of 

larger, probably less compact, structures. The cloud point can also be observed by measurements of 

the zeta potential (Figure 9A). As the measured zeta potential depends on the ionic strength of the 

buffer solution, the ionic strength of all buffers was depicted in Figure 9A. At pH 5.6 and 8.3, one 

transition can be seen, which is in good agreement with DLS measurements. As the ionic strength in 

both solutions was quite similar, the absolute difference in zeta potential can be attributed to the 

lower degree of protonation of the PDMAEMA block at basic pH. At pH 7.2, the zeta potential is close 

to zero at all temperatures, which is due to the high ionic strength of phosphate buffers (trivalent 

anion) and the resulting reduction in range of electrostatic contributions, masking possible 

transitions. A zeta potential close to zero is obtained at pH 10 in a low ionic strength buffer. This is 

attributed to the deprotonation of PDMAEMA and the slight variation of zeta potential above TCP has 

to be considered carefully, as precipitation and sedimentation occur at these temperatures. At pH 4, 

the zeta potential is nearly constant over the whole temperature range and no transition could be 

observed, which is in agreement with the offline DLS data. 
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Figure 8: (A) Count rate and (B) DLS measurements of the apparent hydrodynamic radius of PDMAEMA51-b-PDEGMA49 at 
varying temperature and pH values. 
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Figure 9: (A) Zeta potential of PDMAEMA51-b-PDEGMA49 at varying temperatures and pH values. (B) AF4-MALLS-DLS 
fractograms (light scattering trace at 90°) of PDMAEMA51-b-PDEGMA49 at pH 7.2 and representative temperatures with 
indicated hydrodynamic radii obtained by online DLS. 

The influence of the pH value on the self-assembly of PDMAEMA-b-PDEGMA was also investigated by 

AF4. At pH 7.2, below 35 °C the free polymer chain was observed at around 11 min (Figure 9B). With 

increasing temperature, less block copolymer unimers were detected and the peak is shifted to lower 

elution times due to the increase in diffusion coefficient caused by the higher temperature. Above 

the TCP, a second population with an Rg and Rh of 23 nm could be observed, which corresponds to the 

formed vesicles. Until 65 °C, their size decreases slightly to 19 nm. The obtained AF4 and offline DLS 

data are in good agreement. Furthermore, in all experiments at pH 7.2, a small fraction of large 

aggregates was observed, which was found to be due to membrane interactions based on the 

phosphate buffer. Nevertheless, their amount is rather small as they were not detectable by online 

DLS or UV. An increase of the pH value enhances these adsorption effects as the block copolymer 

becomes more hydrophobic. This results in a very low recovery (< 60%) for measurements at pH 8.3 

and 10 at 20 °C. At temperatures above the transition temperature, the recovery is reduced to < 30% 

at pH 8.3, which prevents any meaningful determination of hydrodynamic radii. At pH 10, the 

formation of large precipitates led to a blockage of the backpressure tubing, which is in good 
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accordance with DLS measurements, where also large aggregates were observed. At pH 4 and 5.6, 

recovery rates above 80% were obtained. At all investigated temperatures at pH 4, one peak was 

observed, whose elution time decreases with temperature and which corresponds to block 

copolymer unimers, as indicated by MALLS detection. Results at pH 5.6 (elution time and size) were 

similar to pH 7.2, more specific the observation of block copolymer unimers at 20 °C and vesicular 

structures (Rh 21 nm) at 65 °C. In contrast to pH 7.2 and offline DLS, no vesicles could be detected at 

45 °C. This could be explained with the lower concentration in the AF4 channel as already described 

above. DLS measurements at dilutions similar to concentrations in the AF4 channel (0.04 mg·mL-1) 

revealed that the cloud point at this concentration and pH value is increased to around 47 °C. These 

results demonstrate that by variation of the pH value the phase transition of the copolymer can 

easily be adjusted in a broad temperature range, without changing the particle’s size or shape. 

Conclusion 

In this study, we present a detailed investigation on the thermo-induced self-assembly of PDMAEMA-

b-PDEGMA with varying block ratios. By combination of turbidimetry, DLS, LDV, DSC, and AF4-MALLS-

DLS up to two structural transitions could be identified in dependence on the block ratio. Thereby, 

only the first cloud point corresponds to an actual phase transition. To our current knowledge, the 

second change is associated with a reordering of the internal structure of the formed vesicles, most 

probably, the formation of unilamellar vesicles out of multilamellar structures. This is due to the 

collapse of PDMAEMA segments and a migration of more polar PDEGMA groups back to the surface. 

This is supported by 1H NMR and cryo-TEM experiments of a previous study[20] as well as zeta 

potential measurements. For PDMAEMA51-b-PDEGMA49, the influence of ionic strength and pH value 

was further investigated. It was found that the cloud point can be decreased by an increase in ionic 

strength or pH value as this reduces the range of electrostatic interactions and the protonation of the 

PDMAEMA block. This enables an exact control of the phase transition by adjusting the solution 

parameters over a wide temperature range and, subsequently, the application as soluble polymeric 

sensors for pH value, temperature and salt concentration. 

Furthermore, AF4 could be successfully applied for temperature dependent investigations on 

thermo-responsive polymers. Thereby, two restricting factor have to be considered. First of all, the 

eluent used for AF4 should be identical with the solution used for other studies, as the cloud point of 

materials containing a polyelectrolyte block is highly sensitive against changes in pH value or ionic 

strength. This might lead to problems during AF4 fractionation, as strong repulsive or attractive 

interactions can result in (irreversible) adsorption on the membrane or an irregular elution behavior. 

The second issue is related to the concentration in the AF4 channel, which is usually considerably 
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lower than the concentrations used for offline techniques. Therefore, the transition temperature 

detected by temperature dependent AF4 was in the present case higher than by other methods. Also 

the trend for aggregation might vary with concentration. Nevertheless, AF4 was confirmed to be a 

powerful tool to obtain detailed insights into the size and shape of colloidal structures. In case of 

PDMAEMA-b-PDEGMA, the self-assembly into vesicular structures for PDMAEMA51-b-PDEGMA49 and 

micelles for PDMAEMA64-b-PDEGMA36 could be confirmed by the shape ratio (Rg/Rh). For (offline) 

DLS, where different algorithms and differently weighted datasets are available, which renders 

interpretation of bi- or multimodal distributions sometimes difficult, coupling to AF4 represents a 

promising alternative. 
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Abstract 

The synthesis of poly(2-oxazoline)-based block copolymers consisting of a cationic and a 

hydrophilic segment is described. The self-assembly of these macromolecules in organic 

solvents results in the formation of micelles and vesicles, respectively, depending on the 

solvent used. To transfer the systems into water, cross-linking using glutaraldehyde was 

applied, followed by the consumption of excessive aldehyde functions by either diethylamine 

or 6-aminofluorescein (6AF). The cross-linked assemblies were analyzed regarding their size 

and shape by electron microscopy and light scattering methods, as well as for their chemical 

composition by solid state NMR spectroscopy. 6AF associated samples were examined with 

respect to their absorption and fluorescence behavior in aqueous environment, revealing a 

fluorescence even at a pH value of 4, bypassing the intrinsic pH dependency of the 

fluorescence of fluorescein. The toxicity of the presented nanostructures against mouse 

fibroblast cell line L929 was examined by XTT assay and was found to be low for 

concentrations up to 2.5 mg mL-1. The efficient concentration and time dependent cellular 

uptake of micelles and vesicles was investigated by flow cytometry and fluorescence 

microscopy. Additionally, the internalization and precise intracellular localization of the 

nanostructures suggests a future potential applicability of the material as drug carrier and 

fluorescent probe. 
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Introduction 

Cancer remains one of the most important health problems, still constituting one of the 

leading causes of death and, thus, representing one of the biggest challenges for modern 

medicine.  Chemotherapy, i.e., the administration of cytostatic drugs such as cis-platin or 

doxorubicin, is frequently accompanied by massive side effects for the patient, mostly rooted 

in the poor tissue specificity of anti-cancer drugs.  A second problem, limiting the applicable 

dose of some therapeutic agents, is their poor water solubility. This issue creates another 

significant challenge as approximately 40% of all newly developed drugs are water 

insoluble.  

Nanomedicine constitutes a promising field of research to eventually overcome both issues. 

It addresses the delivery of small molecules to the site of action using nanoscale objects such 

as liposomes, nanoparticles, and dendrimers, as well as polymeric micelles which in an ideal 

case (i) protect the drug against degradation, (ii) deliver it to the tumor site, and (iii) release it 

in this specific region in a preferably homogeneous manner.  

Passive targeting of nano-sized drug delivery systems is attributed to the enhanced 

permeability and retention (EPR) effect.  This principle relies on the leaky architecture and 

the lack of lymphatic drainage most tumors exhibit due to their rapid growth rate. This may 

result in an accumulation of nano-scaled objects in cancerous tissue, if their circulation time 

in the blood is sufficiently long. The size of the carrier plays a key role in this context 

because objects smaller than 10 nm are cleared from the blood stream by renal filtration 

within a relatively short time. On the other hand, larger structures (>150 nm) lack the 

required diffusion behavior to distribute homogeneously over the tumor tissue.  Furthermore, 

the nanocontainer have to be shielded from interaction with blood components or the vascular 

walls, which is often achieved by endowing the periphery of the carriers with anti-fouling 

properties.  
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Stability represents another important issue since the carrier has to remain intact until it 

reaches the cancerous tissue and, at the same time, has to prevent the drug from being 

released spontaneously into the blood stream. Polymeric micelles display an excellent basis 

for the development of cancer specific drug delivery systems. They are formed via the self-

assembly of block copolymers consisting of hydrophilic and hydrophobic segments in 

aqueous solution.  While the hydrophilic shell protects the system against interaction with 

non-cancerous tissue and blood components, the hydrophobic core contains and protects the 

therapeutic molecule.  

Lammers and co-workers recently reviewed polymeric micelles as drug carriers and 

propose three major requirements:  (1) Cross-linking to prevent premature disassembly, (2) 

(reversible) covalent drug attachment to keep the drug within the carrier until delivery, and 

(3) attachment of active targeting entities, including folate,  aptamers,  transferrin,  

sugars,  antibodies  and peptides.  

There are several examples of polymeric micelles based on poly(ethylene glycol) (PEG) 

with core-forming blocks, such as poly(lactic acid) (PLA),  poly(aspartic acid),  

poly(glutamic acid),  and poly(lactic-co-glycolic acid),  which are already in different 

phases of clinical trials. Although these systems exhibit significant beneficial properties for 

the administration of drugs compared to the pure administration, they fulfill none of the 

above mentioned requirements. The critical micelle concentration (CMC) of polymeric 

micelles is rather low (10-6 to 10-7 mol L-1) as compared to surfactant based nanocarriers (10-3 

to 10-4 mol L-1).3 However, even above their CMC a component exchange or a disassemble is 

possible. Additionally, the drug is not covalently linked to the structures but immobilized via 

hydrophobic interactions with the core.  

Most of the literature on polymeric micelles for drug delivery applications focuses on PEG 

as hydrophilic component. While PEG has numerous positive properties with respect to the 
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physiological applicability, there are also drawbacks, such as its non-biodegradability, the 

induction of hypersensitive reactions or the toxicity of its side products.  In addition, PEG 

suffers from a rather elaborated synthesis set-up and difficulties to introduce functionalities 

into the structures. Poly(2-oxazoline)s (POx) represents a potential alternative for biomedical 

applications. Such as PEG, poly(2-methyl oxazoline) (PMeOx) and poly(2-ethyl-2-oxazoline) 

(PEtOx) are highly water and organo soluble polymers, which exhibit stealth properties.

The cationic ring-opening polymerization (CROP) of 2-oxazolines provides access to 

multifunctional polymers with a wide range of possible structural variations, using different 

functional initiators, terminating agents and functional monomers.22, 23 This versatility in 

combination with the possibility to combine different monomers in distinct architectures, 

including statistical, gradient or block copolymers, renders the CROP a powerful toolbox for 

the production of functional polymers for biological applications.

To date, PEtOx and PMeOx have been described as hydrophilic segments in amphiphilic 

copolymers, which were studied for their self-assembly in aqueous solution, including block 

copolymers,25-27 gradient28, brush,29, 30 and star shaped polymers.  Moreover, triblock 

copolymers have been reported, such as ABA,  and ABC systems.  The influence of 

the substituent in 2-position of the 2-oxazoline on the cellular uptake was investigated in 

detail by Luxenhofer et al. covering a wide range of di- and triblock copolymers.   

However, up to date, only a limited number of reports described the synthesis and potential 

of cross-linked POx aggregates. The type of cross-linking reaction is of central interest for 

designing drug delivery systems with sufficient stability and the ability of the resulting 

nanocarriers to release their cargo on demand.  Covalent cross-linked POx micelles, 

stabilized by thiol-yne chemistry,  UV mediated cross-linking41, 42 as well as electron beam 

irradiation43, 44 are described. However, to best of our knowledge only one systems using a 

reversible linker (disulfide bridge) is reported.45 
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microwave irradiation (see reference48 for optimized polymerization conditions). After close 

to full conversion (ln([M]0/[M]t = 4) of the first monomer, the living polymer was chain 

extended with 2-(4-((tert-butoxycarbonyl)amino)butyl)-2-oxazoline , the Boc-

protected precursor of the cationic AmOx segment, which was deprotected after termination 

of the polymerization using trifluoroacetic acid (TFA) and Amberlyst A21 solid phase 

catalyst to remove trifluoroacetate salts. By changing initiator-to-monomer ratios and 

polymerization times, block copolymers of different compositions were prepared, as 

summarized in Table 1. To determine the length of the polymer chains, 1H NMR 

investigations were conducted directly after polymerization and the integral of the initiator 

tosylate peaks was compared to the integral of the polymer backbone revealing total degree 

of polymerization (DP) values of around 100 for all macromolecules. The block ratios were 

calculated from the 1H NMR spectra before and after deprotection, respectively (Supporting 

information. Figure S1 and S2). The difference in the calculated values can be explained by 

the overlap of peaks originating from the EtOx-CH3-group and the Boc signal, which limits 

the accuracy of the determination. After deprotection, the Boc signal disappears and the 

peaks of the AmOx side chain, as well as the CH3 signal are baseline separated. Thus, we 

refer in the following to the values obtained from the latter calculation. Size exclusion 

chromatography (SEC) measurements of protected polymers indicated Mn values around 

10,000 g mol-1. Low dispersity (Ð) values prove a narrow molar mass distribution of the 

synthesized block copolymers. After deprotection, SEC measurements of the block 

copolymers were performed in N,N-dimethyl acetamide (DMAc), a non-selective solvent for 

both blocks, showing an increase in Mn and Ð. However, due to the lack of cationic SEC 

standards a precise determination of in Mn and Ð is hardly possible. The comparison of the 

SEC derived Mn and Ð values of the PEtOx homopolymer (which increases when changing 
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the solvent to DMAc) indicated a similar size and uniformity of the protected and the 

deprotected polymers. 

As a consequence, to gain further information about the size distribution of the cationic 

P(EtOx-b-AmOx) copolymers, asymmetric flow field-flow fractionation (AF4) investigations 

were performed. The measurements were carried out at a low pH value (3.5) to ensure a 

neutral or cationic charge of the membrane resulting in an electrostatic repulsion of the 

cationic samples to reduce adsorption phenomena. The obtained size values fit well with the 

expected values based on the monomer-to-initiator ratio and the Mn values derived from the 

1H NMR experiments. Since the determination of the molar masses was carried out using a 

multi-angle laser light scattering detector (MALLS) to obtain absolute molar mass values, the 

AF4 results are more reliable than the data derived from SEC measurements without 

available cationic calibration standards. Again, small Ð values indicate narrow size 

distributions of the block copolymers. Nevertheless, the molar masses obtained by AF4 might 

be slightly overestimated as most probably some low molar mass fractions are washed out 

through the membrane (Nominal cut-off 10,000 g mol-1). This is supported by a recovery rate 

of around 75 to 85% (Supporting information. Table S1). 
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Table 1. Analytical data and composition of the prepared block copolymers. 

Sample Composition 
NMR SEC (CHCl3) SEC (DMAc) AF4 Co-

monomer 
[%] Mn 

[g mol-1] 
Mn 

[g mol-1] Ð Mn 
[g mol-1] Ð Mn 

[g mol-1] Ð 

1 P(EtOx104) 10,300 9,900 1.11 20,600 1.17   0 

2 P(EtOx112-b-BocOx6) 12,600 7,700 1.18     5 

3 P(EtOx92-b-BocOx10) 11,600 7,400 1.16     10 

4 P(EtOx85-b-BocOx15) 12,100 8,900 1.20     15 

5 P(EtOx84-b-BocOx20) 13,200 8,900 1.17     20 

6 P(EtOx70-b-BocOx22) 12,300 7,600 1.18     22 

7 P(EtOx113-b-AmOx5) 12,000   14,500 1.34 11,700 1.10 5 

8 P(EtOx92-b-BocOx10) 10,600   16,800 1.23 9,200 1.14 10 

9 P(EtOx72-b-BocOx18) 9,700   16,100 1.22 13,300 1.10 18 

10 P(EtOx82-b-BocOx23) 11,400   18,100 1.23 13,600 1.09 22 

11 P(EtOx64-b-BocOx26) 10,100   15,600 1.30 12,500 1.26 29 

 
 

Lower critical solution temperature (LCST) behavior 

In a recent publication we described the formation of cationic hydrogels originating from 

statistical copolymers P(EtOx-stat-AmOx) with comparable compositions, which were 

formed due to phase separation during the gelation leading to micron-sized hydrogel beads.  

This behavior was observed under strong basic conditions (5 wt% aqueous NaOH) at 

elevated temperatures (50 °C). As a consequence, the prepared P(EtOx-b-AmOx) block 

copolymers were investigated regarding their LCST behavior at the conditions described 

earlier, revealing a similar phase transition (Supporting information. Figure S3). However, 

also a PEtOx homopolymer was included into the study and showed a lower Tcp than any of 

the copolymers. This leads to the conclusion that PEtOx is the segment which phase separates 

upon heating, which can be explained by a chaotropic influence of the high hydroxyl ion 

concentrations in solution.50, 51 
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Self-assembly of block copolymers 

To induce the self-assembly of P(EtOx-b-AmOx), the diminished solubility of the cationic 

block in organic solvents was exploited. First, the self-assembling behavior of P(EtOx-b-

AmOx) (7-11) was screened in three organic solvents (MeOH, iPrOH and CHCl3) using 

dynamic light scattering (Supporting information. Figure S4). The results of these 

measurements are summarized in Table 2. As expected, pure PEtOx showed no aggregation 

in these solvents. All block copolymers however formed structures in the range between 4 

and 112 nm depending on the solvent and the composition. Surprisingly, the ratio between 

the two blocks did not influence the size of the aggregates as much as the polarity of the 

solvents used. All samples assembled in CHCl3 formed structures with radii between 4 and 

17 nm, which can be addressed to objects with a micellar character. In iPrOH, size 

distributions between 68 and 105 nm were detected, which indicates the formation of 

vesicular assemblies and MeOH led to structures with even larger radii (77 to 113 nm). 

 

Table 2. DLS screening of the self-assembling behavior of the block copolymers in organic 

solvents (5 mg mL-1; size indication in radius; number plot; no size value is specified, if the 

number weighted plot shows only the polymer precursor). 

Solvent 
0% AmOx (1) 5% AmOx (7) 10% AmOx (8) 18% AmOx (9) 22% AmOx (10) 29% AmOx (11) 

Size 
[nm] PDI Size 

[nm] PDI Size 
[nm] PDI Size 

[nm] PDI Size 
[nm] PDI Size 

[nm] PDI 

MeOH - - - - - - 113 0.334 83 0.646 77 0.335 

iPrOH - - 71 0.550 105 0.714 99 0.561 92 0.509 68 0.111 

CHCl3 - - 4 0.360 8 0.217 16 0.256 13 0.376 17 0.048 

 

A possible explanation for this trend is a swelling of the selective block in dependence of 

the polarity of the solvent. While the amine group has a potentially cationic charge, the side 

chain and the backbone of the block can be readily solubilized by organic solvents resulting 
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in stoichiometric amounts, a sufficient number of free amine and aldehyde groups remained 

to cross-link the structures among each other. As demonstrated by Lecommandoux and co-

workers, the amount of cross-linked amine groups for such reactions is only about 35%, when 

aiming for a full conversion.  To overcome this drawback, low molar mass amines have to 

be added in large excess after the cross-linking step to consume the residual aldehydes. This 

strategy, in turn, does not only enable the stabilization of the self-assembled structure but also 

allows the simultaneous incorporation of drug molecules or fluorescence labels into the 

system. Here, diethylamine (DEA) and 6-amino fluorescein (6AF), respectively, were used to 

quench the cross-linking process. After this treatment the assembled structures could be 

transferred into aqueous solution. 

Table 3. Characterization data for cross-linked nanostructures (DLS: 5 mg mL-1, size 

indication in radius). Polymer 11 served as precursor for all assemblies. The content of 

fluorescein was determined by the absorbance at 470 nm.  

Sample 
Solvent 
for self-

assembly 

Capping 
agent 

DLS in solvent DLS in water AF4 Content of 
capping agent 

(wt%) Size, r 
[nm] PDI Size, r 

[nm] PDI Zeta 
[mV] Rg Rh  

12 
CHCl3 

DEA 
17 0.048 

17 0.093 + 7 - 19 < 0.8 n. d. 

13 6AF 15 0.199 + 17 - 20.0 < 0.8 29 

14 
iPrOH 

DEA 
68 0.111 

59 0.246 + 17 41 37 1.11 n. d. 

15 6AF 50 0.179 + 23 40 40.0 1.00 29 

 

Characterization of self-assembled structures by light scattering 

To purify the systems from unbound amine or cross-linker molecules, the crude products 

were precipitated in diethyl ether and dialyzed in a water/methanol mixture (4:1), where 

methanol acted as a solubility mediator for 6AF, which is barely soluble in water. A first 

indication of successfully cross-linked structures was provided by DLS experiments, which 

indicated distributions in the same size range as observed in organic solvents (Table 3, 

Supporting information. Figure S5). The PDI values of the locked systems increased slightly, 
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which suggested an agglomeration caused by unconsumed aldehyde groups in the core. 

However, the values are still in a good range for synthetic nano-sized objects. The zeta 

potential of all cross-linked assemblies was found to be positive, indicating the presence of 

free amine groups in the core. 

A further investigation of size and uniformity was conducted using asymmetric flow field-

flow fractionation (AF4) measurements. Utilizing this technique it is possible to separate the 

samples by the diffusion coefficient and to determine the hydrodynamic radius (Rh, by online 

DLS measurements) and the radius of gyration (Rg, by multi-angle laser light scattering( 

MALLS) measurements). The data depicted in Table 3 (Graphs in supporting information: 

Figure S6) are similar to the values obtained by DLS measurements. For samples originating 

from iPrOH the obtained offline DLS values are significantly smaller than the collected sizes 

from the AF4-DLS measurements, which can be attributed to the AF4 separation technique. 

While DLS investigations provide a radius comprising also aggregates, after separation by 

AF4 single micellar or vesicular structures are examined. An additional information provided 

by this analysis is a measure of the particle shape by the comparison of both, hydrodynamic 

radius and radius of gyration, expressed in the ratio  (  = Rg/Rh). For particles assembled in 

CHCl3, the Rg value could not be determined since they were too small for detection with the 

MALLS detector (limit around 15 nm).  This indicates a Rg below 15 nm and, hence, a  

ratio less than 0.8, which is characteristic for hard spheres and, therefore, supports the 

assumption of a micellar architecture of the assembled particles.  Larger ratios (around 1) as 

obtained for iPrOH derived structures indicate less dense and soft or hollow sphere structures, 

such as vesicles.  Considering the block architectures of P(EtOx-b-AmOx) and the fact that 

a fully stretched polymer chain is with roughly 32 nm length (calculated from the bond 

length; C-C = 154 pm, C-N = 135 pm under consideration of the bond angles) shorter than 

the radius of the assemblies, a vesicular morphology of these samples is most likely. 
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Determination of 6AF loading  

For samples which were loaded with 6AF, the amount of covalently bound dye was 

determined using its absorption and fluorescence properties. The absorption and emission 

spectra of 6AF-containing samples were measured in water at a pH value of 7 in order to 

compare the data to pure 6AF, which was measured in the presence of a 100-fold excess of 

GA to ensure a quantitative conversion to the imine form (Figure 2). While 6AF shows the 

typical absorption and emission spectra of the lacton derivative at a pH value of 7 (low 

absorption, maximum at 440 nm), both, micelles as well as vesicles absorb and emit similar 

to the ring-opened di-anionic carboxy isomer state of the dye (Figure 2A). This behavior 

seems best explained by the high density of amine groups in the core of the assemblies 

leading to a locally increased pH value, which, in turn, causes the formation of the di-anionic 

species characterized by a strong absorption at 490 nm.  A closer look at the photochemical 

behavior of the nano-assemblies shows that even at a pH value of 4 still a significant amount 

of 6AF emits. A direct comparison with pure 6AF is not possible due to the diminished 

solubility of the dye in this pH range. However, for the labelling of the nanostructures, this 

effect is highly advantageous as the micelles or vesicles, respectively, show a high 

fluorescence intensity even at low pH values as for instance present in the lysosome 

compartment of cells rendering the system efficient fluorescent probes. 
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solid state NMR spectroscopy was employed for a more detailed characterization. Both, 

micelles and vesicles yield non-turbid solutions in solvents ranging from water to chloroform. 

In the liquid state 1H NMR spectra (Supporting information. Figure S7), solely signals of the 

PEtOx block are visible, probably as they represent highly mobile groups once they are in 

contact with the solvent. In contrast, cross-linking of the core is likely to physically link the 

mobility of individual core components to the overall rotational correlation time of the 

vesicle/micelle, thereby increasing the relaxation rate of the core components significantly 

and, hence, leading to an absence of signals attributable to the AmOx side chain, GA and 

DEA or 6AF, respectively.  

To qualitatively assess the cross-linked system, natural abundance CP MAS solid state 

13C NMR spectroscopy was employed (Figure 3). We assigned the prominent signals (1) to 

the carbonyl function and (3) to the backbone, respectively, and signals (5) and (7) to the side 

groups of the PEtOx. Furthermore, the resonance (4) detectable at ~30 ppm represents the 

central methylene groups of the AmOx side chain as well as of the GA spacer. The presence 

of the AmOx part is further supported by a resonance at 60 ppm (2) and the shoulder at 

20 ppm (6), both of which are attributed to the outer methylene groups of the AmOx spacer 

which, in turn, are the least abundant groups. However, a quantitative assessment via 

integration of signals of the individual chemical groups, as typically performed in liquid state 

NMR, is not reliable due to the non-uniform efficiency of the cross-polarization transfer (CP) 

step in the ssNMR experiment. The comparably low intensity of signal (2), however, 

suggested an under-representation of the core, which might be due to a conformational 

heterogeneity with concomitant line broadening in the cross-linked region.  
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experiments) and a residual proportion of amorphous 6AF, the latter giving rise to the signals 

at 155, 100 to 120 and 80 ppm, respectively. 

 

Cytocompatibility of self-assembled structures 

The evaluation of the biocompatibility is one of the first steps to assess the applicability of 

the micellar/vesicular structures presented herein for potential biomedical applications. 

Hence, adverse effects on the cellular metabolism upon incubation with 6AF labeled micelles 

(sample 13) and vesicles (sample 15) were evaluated using the established L929 cell line, 

which is characterized and documented by its sensitivity towards cytotoxic agents.  

The in vitro cytotoxicity experiments were performed via a XTT assay according to the 

German standard institution guideline DIN ISO 10993-5 as a reference for biomaterial 

testing. After 24 h of incubation with different micelle/vesicle concentrations (0.005, 0.05, 

0.5, 2.5 and 5 mg mL-1) the metabolic activity of the treated cells was found to be at the level 

of the untreated controls, with the exception that only the highest concentration of micelles 

(5 mg mL-1) led to a significant reduction of cell viability (50%). The reason for this effect at 

this dosage is not understood by now and requires further investigation. Interestingly, the 

vesicular structures did not show any cytotoxic potential even at the highest concentration 

(Figure 4 top). One possible explanation for this behavior could be related to the size of the 

vesicles. The larger diameter of the structures in comparison to micelles leads to a smaller 

surface/volume ratio. Furthermore, related to the vesicular architecture, half of the surface 

faces the inside of the nano-assembly. However, the micelle concentrations which did not 

show an overt toxicity effect were more than adequate for potential applications. 
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caused by a diffusion of the micelles through the leaky membrane of the dead cells (Figure 4, 

A3 and A4). 

These results confirm the low cytotoxicity generally observed for PEtOx-based materials 

with different molar masses and PEtOx-containing block copolymers, which were evaluated 

before.58 

 

Flow cytometric (FC) investigations on time and concentration dependent uptake 

The time and concentration dependent uptake of the fluorescein containing 

micelles/vesicles was quantified by FC measurements. For this purpose, cells were incubated 

either with different concentrations (0.05, 0.1, 0.25, and 0.5 mg mL-1) of the materials for 

24 h at 37 °C or with one concentration (0.5 mg mL-1) for different time scales (0.5, 1, 3, 12, 

and, 24 h; 37 °C). Following the incubation, the excess of micelle/vesicle material was 

removed by washing with PBS. Subsequently, the cells were trypsinized and subjected to FC 

analysis.  

The fluorescence intensity distributions (histogram plots in Figure 5) clearly display a 

concentration-dependent right-shift to higher fluorescence intensity for both, the micellar and 

vesicular structures indicating a concentration-dependent uptake. Interestingly, the increase in 

fluorescence intensity was more pronounced for the vesicle samples, suggesting an increased 

cellular accumulation/association as compared to micelles. 
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This becomes evident in quantitative terms when the mean fluorescence intensities (MFI) 

of the cell populations are evaluated as depicted in the bar charts (Figure 5). An up to three-

fold uptake of the vesicles was obtained as compared to micelles with the same 

concentration. These results were also confirmed by fluorescence microscopic observations 

of the treated cell populations (Supporting information. Figure S9). Interestingly, the 

proportion of “positive cells” having associated micelles or vesicles did not only increase at 

higher material concentrations but was also higher for vesicular compared to micellar 

samples, e.g. at 0.05 mg mL-1 83 to 13% and at 0.5 mg mL-1 98 to 88% (data not shown).  

For the time-dependent uptake trends similar to the concentration-dependent internalization 

were observed. The cellular accumulation of material proceeds over time for both the 

micelles and vesicles without reaching a plateau after 24 h. Additionally, the cellular uptake 

of the vesicular formulation exceeds the internalization rate of the micelles by a factor of 3 

and, again, supports the interpretation of a higher cellular internalization of the vesicles. It 

should be noted that the initially conducted fluorescence measurements of the micelle and 

vesicle suspensions at equivalent concentrations (weight/volume) demonstrated that both 

show similar fluorescence values (Figure 3). Therefore, the observed increase in cell 

associated fluorescence can clearly be attributed to an enhanced vesicle uptake. 

The different cellular internalization efficiency could be caused by a slower sedimentation 

rate of the small micelles in comparison to the larger vesicles leading to a delayed contact and 

interaction of the substances with the cellular plasma membrane and, hence, a later 

internalization.  Additionally, the cellular uptake mechanism could play a critical role in the 

internalization rate of the substances. It is known that very large particles enter cells by 

phagocytosis, whereas, in the case of nanoparticles, most internalization occurs via various 

endocytotic pathways, which can be different with regard to the nature of the surface and the 

structural properties of nanoparticles (e.g. clathrin or caveolin dependent pathways). 
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Depending on the particular pathway and also its energy dependent or independent nature, 

different internalization rates are achieved  – this could also impact the uptake efficiency of 

the presented micelles and vesicles. To elucidate these phenomena further investigations are 

required, e.g. by assessing or blocking certain uptake pathways using specific inhibitors. 

 

Internalization and co-localization with cellular compartments 

The cellular internalization and intracellular localization of micelles and vesicles in L929 

cells was further elucidated by epifluorescence and confocal laser scanning microscopy 

(CLSM) investigations. For this purpose, the cells were incubated for 24 h with 0.5 mg mL-1 

of the respective substance at 37 °C and, in order to assign the localization of the fluorescent 

micelles/vesicles to cellular compartments, the living adherent or suspended cells were 

stained with specific dyes for the cell plasma membrane (Cell Mask Orange), the nuclei 

(Hoechst 33342 or SytoRed59) or the acidic late endosomes and lysosomes (LysoTracker), 

respectively. 

A representative distribution of fluorescent vesicles in the context of cellular structures in 

adherent cells is presented in Figure 6. The epifluorescence images suggest an intracellular, 

cytoplasmatic localization of the vesicles, since no green fluorescent signal (from the 6AF 

labeled structures) is detectable at the outer cell membrane, which would be the case when 

vesicles are adsorbed to, but not transported through the membrane (Figure 6: A2, A3, A5). 

Additionally, no vesicles were observed within the nuclear compartment: They were rather 

associated with distinct outer nuclear membrane regions (Figure 6: A5). Hypothesizing that 

internalization of the vesicles/micelles proceeds via endocytotic pathways, an appearance of 

the internalized structures in the late endosomes or lysosomes was very likely. Indeed, co-

localization of stained acidic lysosomes and fluorescent vesicles was observed (Figure 6: B2, 

B3 and B5). 
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functionality of 6AF and the cationic core components might lower the release rate of the 

dye. For potential drug delivery applications micelles should be preferred over vesicles since 

their uptake is less efficient enabling a passive targeting via the EPR effect. As fluorescence 

probes, vesicular structures should be considered, owing to their faster and more efficient 

uptake and lower toxicity. 

 

Conclusion 

We described the microwave-assisted synthesis of block copolymers consisting of 

hydrophilic EtOx and BocOx, a 2-oxazoline monomer with a Boc-protected amine group in 

the side chain. Subsequent deprotection led to P(EtOx-b-AmOx), a block copolymer with 

both, a neutral hydrophilic and a cationic hydrophilic segment. The content of the amine 

containing block was varied from 5 to 29% and AF4 as well as SEC investigations revealed 

narrow size distributions for all copolymers. The self-assembly behavior of these polymeric 

precursors was investigated in different organic solvents by dynamic light scattering, 

revealing structures with radii between 4 and 112 nm depending on the block ratio and the 

applied solvent. In order to transfer the systems into aqueous solution, cross-linking of 

selected assemblies was carried out using glutaraldehyde. The remaining aldehyde groups 

were quenched using diethylamine or 6-aminofluorescein as covalently bound model cargo. 

Size and uniformity of the nanostructures was investigated using DLS and AF4 

measurements, indicating a micellar architecture for samples derived from chloroform and a 

vesicular structure for systems assembled in iso-propanol. Size and shape of the 

nanostructures were confirmed by electron microscopic methods supporting the assumption 

of a vesicular architecture of the iso-propanol derived samples. The chemical composition 

was confirmed via solid state NMR spectroscopy and 6AF loading was quantified by 
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measurement of the absorbance and fluorescence of the dye revealing a good fluorescence 

even at a pH value of 4. 

Regarding the behavior of the self-assembled structures in a cellular environment, in vitro 

experiments documented their non-toxicity within a relevant concentration range. This 

cytocompatibility was not elicited by an inert character as, e.g., shielding from cell contacts: 

In contrary, they readily interact with the cellular plasma membrane and are subject to an 

efficient cellular uptake and accumulation within the lysosomal compartment.  

The systems presented in this contribution bear several advantages as to potential drug 

delivery or sensing applications. The architecture of the nanocarriers exposes the 

biocompatible PEtOx constituent resulting not only in an excellent solubility but also in a low 

cytotoxicity, while the positive zeta potential generated by remaining amine functions 

facilitates an efficient cellular uptake. The difference of the internalization efficiency between 

vesicles and micelles can be used to generate nanomaterials with defined cellular interactions 

exploiting passive and active targeting effects, respectively. Future studies will show if 

alterations of the degree of cross-linking can further modulate their uptake characteristics. 

An additional advantage is the covalent nature of loading and cross-linking preventing a 

premature disassembly or a loss of cargo by diffusion. In principle, all drugs bearing an 

amine group can be attached to the core of such nanostructures rendering them a highly 

versatile platform. Furthermore, the reversible nature of the cross-linking could lead to an 

intracellular disassembly, particularly because the micelles/vesicles are exclusively located in 

the lysosome where they are exposed to an acidic pH value. However, due to the strong pH 

dependence of the solubility of 6AF, this release cannot be investigated with the present 

systems. Future studies using different cargo molecules will investigate the drug delivery 

potential of these nanostructures. 

 



 29

Supporting information 

Materials and instrumentation; NMR and SEC plots of polymers (Figure S1 and S2); cloud-

points of P(EtOx-b-AmOx) (Figure S3); AF4 data of polymers (Table S1); DLS plots for 

nanostructures in organic solvent (Figure S4) and water (Figure S5); AF4 plots of cross-

linked structures (Figure S6); NMR of assembled structures (Figure S7); solid state NMR of 

6AF (Figure S8); epifluorescence pictures of cells for FC analysis (Figure 9); co-localization 

studies of micelles using epifluorescence (Figure S10) and CLSM (Figure S11). 

 

Experimental section 

 

Information about materials and instrumentation can be found in the supporting 

information. 

 

Block copolymers of 2-ethyl-2-oxazoline (EtOx) and 2-(4-((tert-

butoxycarbonyl)amino)butyl)-2-oxazoline (BocOx) (P(EtOx-b-BocOx)), (2-6) 

In a microwave vial, EtOx (606 L, 6 mmol), MeOTos (12.1 L, 0.08 mmol) and 

acetonitrile (2.9 mL) were mixed under inert conditions. After heating in the microwave 

synthesizer at 140 °C for 28 min, a solution of BocOx (500 L, 2 mmol) in acetonitrile 

(1.5 mL) was added through a syringe and the mixture was heated again in the microwave 

synthesizer (140 °C, 22 min). The solution was precipitated in cold ( 80 °C) diethyl ether. 

The white precipitate was filtered and dried in high vacuum (994 mg, 92%). 

1H NMR (CDCl3, 300 MHz) (6):  = 7.67, (d, 8.1 Hz, 0.018 H, tosylate), 7.14 (d, 8.21 Hz, 

0.018 H, tosylate), 3.46 (s, 4 H, backbone), 3.10 (s, 0.5 H, CH2-CH2-NH (BocOx)), 2.50-2.15 

(m, 1.96 H, CH2 (EtOx)/CH2-CH2-NHBoc), 1.62 (s, 0.46 H, CH2-CH2-CH2 (BocOx)), 1.52 
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(s, 0.46 H, CH2-CH2-CH2 (BocOx)), 1.42 (s, 2.1 H, CH3 (BocOx)), 1.21 (s, 2.1 H, CH3 

(EtOx)) ppm.  

Size exclusion chromatography (SEC) (6) (eluent: CHCl3/iso-propanol/NEt3, PS-standard): 

Mn = 7.600 g mol-1, Mw = 9.000 g mol-1, Ð = 1.18. 

 

Deprotection of P(EtOx-stat-BocOx) (P(EtOx-stat-AmOx), (7-11)  

Exemplarily, P(EtOx-b-BocOx) (6, 500 mg) was dissolved in TFA (5 mL) and heated to 

60 °C for 1 h. After stirring for 12 h at room temperature, the mixture was diluted with 10 mL 

methanol and precipitated in 200 mL of cold ( 80 °C) diethyl ether. The precipitate was re-

dissolved in methanol (100 mL) and stirred with Amberlyst A21 for 48 h. Subsequently, the 

solvent was removed, the polymer was dissolved in de-ionized water and freeze dried 

( 80 °C, 0.003 mbar). The polymer was obtained as white powder (456 mg, 91%). 

1H NMR (N,N-dimethyl formamide (DMF)-D7, 300 MHz) (11):  = 5.37 (s, 1.7 H, 

NH2),3.69 (s, 4 H, backbone), 3.23 (s, 0.55 H, CH2-CH2-NH2), 2.78-2.45 (m, 2.1 H, CH2 

(EtOx)/CH2-CH2-CO (AmOx)), 2.06-1.72 (m, 1.1 H, CH2-CH2-CH2-CH2 (AmOx)), 1.2 (s, 

2,5 H, CH3 (EtOx)) ppm. 

SEC (11) (eluent: DMAc/LiCl, PS-standard): Mn = 15,600 g mol-1, Mw = 20,300 g mol-1, Ð 

= 1.30. 

 

 Determination of cloud point behavior in aqueous sodium hydroxide solution 

To investigate the cloud point behavior P(EtOx-b-AmOx) was dissolved in an aqueous 

solution of sodium hydroxide (5 wt%) in concentrations varying from 2.5 to 20 mg mL-1. The 

turbidity was recorded as a function of the temperature which was modulated between 2 and 

98 °C in three cycles (1 °C min-1). The cloud point was determined at 50% transmission. 
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Cloud points were measured in a Crystal 16 from Avantium Technologies connected to a 

chiller (Julabo FP 40) at a wavelength of 500 nm. 

 

Self-assembly and cross-linking 

To create nanostructures, the block copolymer (11, 150 mg, 0.015 mmol, 0.39 mmol of 

amine) was dissolved in the respective solvent (MeOH, iPrOH or CHCl3, 5 mg mL-1) and 

stirred for 3 h. Subsequently, glutaraldehyde (19.5 mg, 0.195 mmol, 0.5 eq. per amine) was 

added and the solution was stirred another 3 h. With proceeding reaction time the color of the 

solution changed from colorless to yellow. To quench the excess aldehyde function, 

diethylamine or 6-amino fluorescein was added, respectively, and stirred for 12 h. 

Subsequently, the amount of solvent was reduced under an argon stream and the residual was 

precipitated in 100 mL cold diethyl ether ( 80 °C). To purify the self-assembled structures 

from residual amine and cross-linker, dialysis in MeOH/water (1:4) was applied using a 

membrane with a molar mass cut off of 3,500 g mol-1 (Roth Zellutrans). After the extraction 

was finished, the dialysis medium was changed to pure water and the aqueous solution was 

freeze dried to yield an orange powder (140 mg). The size distribution of all intermediate 

steps was examined by dynamic light scattering (DLS) measurements.  

 

Determination of dye loading content by absorbance/fluorescence 

The absorbance/fluorescence of nanostructures was investigated under basic conditions 

(1 mol L-1 NaOH in water) in diluted solution (0.1, 0.05 and 0.025 mg mL-1). The absorbance 

was determined at a wavelength of 490 nm and compared to a dilution series of 6AF in the 

same aqueous NaOH solution. To the 6AF stock solution a 100 fold excess of glutaraldehyde 

was added to ensure that only the imine species of 6AF is present. Emission was detected at 

an excitation wavelength of 450 nm. Micellar samples, as well as 6AF calibration exhibit an 
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emission maximum at 510 nm. All measurements were carried out in a 96 well-plate format 

with 200 L per well and double determination for each measuring point. The read out was 

accomplished using a Tecan M200 Pro fluorescence micro plate reader (Crailsheim, 

Germany). DEA loaded nanostructures served as a reference for all measurements. 

 

Cytotoxicity assay 

For the cytotoxicity screening, the mouse fibroblast cell line L929 was purchased from a 

commercial cell bank (Cell line service, Eppelheim, Germany). The cells were routinely 

cultured as follows: Cell culture media Dulbecco's modified eagle's medium (DMEM) was 

supplemented with 10% fetal calf serum, 100 U mL-1 penicillin, and 100 g mL-1 

streptomycin (all components from Biochrom, Berlin, Germany) at 37 °C in a humidified 

atmosphere with 5% (v/v) CO2. The cytotoxicity was determined using a XTT assay 

following the ISO/EN 10993 part 5 protocol: Cells were seeded in 96-well plates at a density 

of 1 × 104 cells/well and grown as monolayer cultures for 24 h. The cells were subsequently 

incubated separately with different concentrations of the micelles and vesicles (from 0.005 to 

5 mg mL-1) for 24 h. Control cells were incubated with fresh culture medium. After 

incubation, the cells were washed once with PBS and a mixture of 100 L fresh medium and 

50 L of a XTT solution, prepared according to the manufacturer’s instructions were added 

to each well. After 4 h at 37 °C, 100 L of each solution were transferred to a new micro titer 

plate and the optical density (OD) was measured photometrically. The control was 

standardized as 0% of metabolism inhibition and referred as 100% viability. Cell viability 

below 70% was considered indicative of cytotoxicity. Data are expressed as mean ± SD of six 

determinations. 
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Photometrical and microscopical methods 

For the photometric absorbance measurements, a TECAN Infinite M200 PRO plate reader 

(TECAN, Crailsheim, Germany) was used to measure the absorption of samples from the 

XTT cytotoxicity assay (570 nm with a background correction of the optical density (OD) at 

690 nm). Each well containing the sample was measured in four different spots each with 25 

flashes per scan.  

The evaluation of micelles/vesicles uptake was performed by flow cytometry (FC) 

measured on a Beckmann Coulter Cytomics FC-500 equipped with Uniphase Argon ion 

laser, 488 nm, 20 mW output and analyzed with the Cytomics CXP software. For time 

dependent uptake, cells (L929) were incubated between 30 min and 24 h with micelles 

(13)/vesicles (15) at a concentration of 0.5 mg mL-1, whereas the concentration dependent 

uptake was investigated over an incubation time of 24 h using micelle/vesicle concentrations 

in the range between 0.05 and 0.5 mg mL-1. Cells incubated with culture medium only served 

as control. Data are expressed as mean ± SD of three determinations. To visualize the 

viability of cells after incubation with the micelles/vesicles as well as for the 

time/concentration dependent kinetic studies on cellular uptake, the blue/red/green 

fluorescence signal of cells cultured in a 96 well plate and stained with Hoechst 33342 and 

propidium iodide (PI) was observed on a Cell Observer Z1 fluorescence microscope (Carl 

Zeiss, Jena, Germany) equipped with a mercury arc UV lamp and the appropriate filter 

combinations for excitation and detection of emission. Images of a series were captured with 

a 40 × objective using identical instrument settings (e.g. UV lamp power, integration time, 

camera gain) and cell-spots in the 96 well plate were addressed using an automated XY table. 

For CLSM analysis of uptake and co-localization with cell organelle, the nuclei, late 

endosomes/lysosomes and cell membranes were either stained with SYTO®Red 59, 

LysoTracker Red or Cell Mask Orange. CLSM images were acquired using a Zeiss LSM 510 
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META (Carl Zeiss) with excitation wavelengths/emission filters of 633 nm/LP 650 nm for 

SYTO®Red and 543 nm/BP 585 to 615 nm for LysoTracker Red and Cell Mask Orange 

respectively.  

Images were captured with a Plan-Apochromat 63 × objective and in multitrack mode, 

enabling single excitation and emission of fluorescence dyes. Co-localization was visualized 

in overlay images of the multiple channels. 

 

Microscopic evaluation of cell viability 

In addition to the above described measurement of the metabolic cell activity by the XTT 

assay, viability of the cells after exposure to the micelles and vesicles was examined 

microscopically using a propidium iodide (PI)/Hoechst staining assay. After incubation with 

the test substances, the cells were washed once with PBS, submerged with medium 

containing PI (10 g mL-1) and Hoechst 33342 (10 g mL-1) and incubated for 10 min at 

37 °C. During that time, PI enters into the nuclei of dead cells via the leaky cell membrane, 

whereas the dye is kept outside of viable cells. Hoechst dye is capable of fluorescently 

labeling nuclei of dead and viable cells and was used to tag the entire cell collective. The blue 

(Hoechst), red (PI), and green (6AF labeled vesicles and micelles) fluorescence signals of 

cells were captured on a fluorescence microscope. 

 

Fluorescence microscopy for kinetic studies on cellular uptake of micelles (13)/vesicles 

(15) 

For kinetic investigations concerning a concentration dependent uptake, the cells, growing 

as a semiconfluent cell layer in 6 well plates, were incubated separately with different 

concentrations (0.05, 0.1, 0.25 and 0.5 mg mL-1) of micelles and vesicles for 24 h at 37 °C 

under 5% CO2 atmosphere. Control cells were incubated with fresh culture medium. After 
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incubation, the solutions were aspirated from the wells and any excess materials were 

removed by washing the cell layer three times with PBS. For flow cytometry, the adherent 

cells were detached by trypsin treatment and 10.000 cells were analyzed using gates of 

forward and side scatters to exclude debris and cell aggregates. For microscopic analysis, the 

adherent cells were additionally stained with Hoechst 33342 (10 g mL-1) and immediately 

subjected to fluorescence imaging. 

For kinetic investigation concerning a time dependent uptake, cells were treated with 

0.5 mg mL-1 of micelles or vesicles for 0.5 h, 1 h, 3 h, 12 h and 24 h at 37 °C under 5% CO2 

atmosphere. Subsequent analysis was performed as mentioned above. 

 

Co-localization study 

In order to analyze the micelle/vesicle uptake and co-localization with cell organelle, 

adherent cells were treated with 0.1 mg mL-1 of micelles/vesicles for 24 h at 37 °C under 5% 

CO2 atmosphere. Subsequently, the nuclei, late endosomes/lysosomes and cell membranes 

were stained with Hoechst 33342 and LysoTracker Red or Cell Mask Orange according to 

manufactures instructions (all dyes from Life Technologies, Darmstadt, Germany) and the 

adherent cell populations were, subsequently, subjected to microscopic investigation 

immediately using an epifluorescence microscope. In order to prove an effective 

internalization of the fluorescent micelles (13)/vesicles (15) and to exclude a false positive 

fluorescence signal by a simple adsorption on the extracellular leaflet of the cell membrane, 

CLSM was utilized to perform an optical z-sectioning through the cells. For that purpose, 

adherent cells were enzymatically detached after the above mentioned incubation with the 

micelles/vesicles. The nuclei, late endosomes/lysosomes and cell membranes were stained 

with SYTO®Red 59, LysoTracker Red or Cell Mask Orange according to manufactures 

instructions and, subsequently, fixed with 4% paraformaldehyde dissolved in PBS. Aliquots 
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of the cell suspensions were then transferred onto microscopic slides, decorated with 

coverslips and subjected to CLSM analysis. 
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I  Materials and instrumentation 

Chemicals and solvents were purchased from Sigma-Aldrich, Merck, Fluka, and Acros. 2-

Ethyl-2-oxazoline (EtOx) and methyl tosylate (MeOTos) were distilled to dryness prior to use. 

EtOx was dried using barium oxide before distillation. 2-(4-((tert-Butoxycarbonyl)amino)butyl)-

2-oxazoline (BocOx) was synthesized as described in a previous publication.1 

The Initiator Sixty single-mode microwave synthesizer from Biotage, equipped with a non-

invasive IR sensor (accuracy: 2%), was used for polymerizations under microwave irradiation. 

Microwave vials were heated overnight to 110 °C and allowed to cool to room temperature under 

argon atmosphere before use. All polymerizations were carried out under temperature control. 

Size-exclusion chromatography (SEC) of protected polymers was performed on a Shimadzu 

system equipped with a SCL-10A system controller, a LC-10AD pump, a RID-10A refractive 

index detector and a PSS SDV column with chloroform/triethylamine (NEt3)/iso-propanol 

(94:4:2) as eluent. The column oven was set to 50 °C. SEC of the deprotected statistical 

copolymers was performed on a Shimadzu system with a LC-10AD pump, a RID-10A refractive 

index detector, a system controller SCL-10A, a degasser DGU-14A, and a CTO-10A column 

oven using N,N-dimethyl acetamide (DMAc) with 2.1 g L-1 LiCl as the eluent and the column 

oven set to 50 °C. Poly(styrene) (PS) samples were used as calibration standards for both solvent 

systems. Proton NMR spectroscopy (1H NMR) measurements were performed at room 

temperature on a Bruker AC 300 and 400 MHz spectrometer, using CDCl3 or N,N dimethyl 

formamide (DMF)-D7 as solvents. The chemical shifts are given in ppm relative to the signal of 

the residual non-deuterated solvent. 

Batch dynamic light scattering (DLS) was performed on a Zetasizer Nano ZS (Malvern 

Instruments, Herrenberg, Germany). All measurements were performed in folded capillary cells 
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(DTS1071, Malvern Instruments, Herrenberg, Germany). After an equilibration time of 180 s, 

3 × 30 s runs were carried out at 25 °C (  = 633 nm). The counts were detected at an angle of 

173°. Each measurement was performed in triplicate. Apparent hydrodynamic radii, Rh, were 

calculated according to the Stokes–Einstein equation. 

Laser Doppler velocimetry was used to measure the electrokinetic potential, also known as 

zeta potential. The measurements were performed on a Zetasizer Nano ZS (Malvern Instruments, 

Herrenberg, Germany) in folded capillary cells (DTS1071). For each measurement, 15 runs were 

carried out using the fast-field and slow-field reversal mode at 150 V. Each experiment was 

performed in triplicate at 25 °C. The zeta potential ( ) was calculated from the electrophoretic 

mobility ( ) according to the Henry Equation.  The Henry coefficient, f(ka), was calculated 

according to Ohshima.3

Cryo-TEM investigations were conducted with a FEI Tecnai G2 20 at 200 kV acceleration 

voltage. Specisms were vitrified by a Vitrobot Mark V system on Quantifoil grids (R2/2). The 

blotting time was 1 s with blotting force offset of 0. The amount of solution was 7 L. Samples 

were plunge frozen in liquid ethane and stored under liquid nitrogen until transferred to the 

Gatan ncryo-holder and brought into the microscope. Images were acquired with a 4k × 4k CCD 

Eagle camera. 

 

Solid state (ss) NMR spectroscopy 

One-dimensional (1D) natural abundance 13C cross polarization magic angle spinning ssNMR 

spectroscopy was carried out using a Bruker Avance II spectrometer operating at 1H (13C) 

frequencies of 500 (125) MHz and using a 3.2 mm triple resonance probe. Sample temperature 

was 293 K at 20 kHz spinning frequency. Cross polarization contact time was 1.5 ms, and 1H 
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decoupling was performed using 90 kHz decoupling field strength. Final spectra were collected 

with 295006 scans and a 2 s recycle time, processed (exponential window function; line 

broadening 20 Hz) and evaluated with Bruker Topspin. Referencing was relative to Adamantan 

setting the methine line to 29.46 ppm relative to neat trimethylsilane.  

 

Asymmetric flow field-flow fractionation (AF4) 

Asymmetric flow field-flow fractionation (AF4) was performed on an AF2000 MT System 

(Postnova Analytics, Landsberg, Germany) coupled to an UV (PN3211, 260 nm), RI (PN3150), 

MALLS (PN3070, 633 nm) and DLS (ZetaSizerNano ZS, 633 nm) detector. The eluent is 

delivered by two different pumps (tip and focus-flow) and the sample is injected by an auto-

sampler (PN5300) into the channel. The channel has a trapezoidal geometry and an overall area 

of 31.6 cm². The nominal height of the spacer was 500 m and a regenerated cellulose 

membrane with a molar mass cut-off of 10,000 g mol-1 was used as accumulation wall. All 

experiments were carried out at 25 °C. For molar mass determination of the polymers, the eluent 

was composed of 25 mM acetate buffer at a pH value of 3.5 and 20 mM NaCl. The detector flow 

rate was set to 0.5 mL min-1 for all samples and 50 L (5 mg mL-1) were injected with an 

injection flow rate of 0.2 mL min-1 for 7 min. For all samples the cross-flow was set to 

1.8 mL min-1. After the focusing period and a transition time of 1 min, the cross flow was kept 

constant for 3 min and then decreased under a power function gradient (0.4) to 0 within 15 min. 

Afterwards, the cross-flow was kept constant at zero for at least 20 min to ensure complete 

elution. For characterization of the colloidal structures, the eluent was 0.025% NovaChem 

Surfactant 100 detergents mix. The detector flow rate was set to 0.5 mL min-1 for all samples and 

20 L (5 mg mL-1) were injected with an injection flow rate of 0.2 mL min-1 for 7 min. For all 

samples the cross-flow was set to 1.0 mL min-1. After the focusing period and a transition time of 
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Figure S3. Cloud-points of P(EtOx-b-AmOx) in dependency of the concentration. 
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Polymer-based carriers, in particular polycations, represent an interesting alternative to viral vectors, as

they form so-called polyplexes with nucleic acids by entropic driven, electrostatic interactions. In this study,

we investigate in detail polyplexes based on small interfering RNA (siRNA), the delivery of which into

eukaryotic cells represents an attractive route for treating genetic diseases by inhibition of harmful gene

expression. Although plasmid DNA (pDNA) based polyplexes are well characterized, we show that not all

knowledge can be adopted from pDNA, as siRNA is around 250 times smaller and shows a higher rigidity.

The used polymer component is the polycation branched poly(ethylene imine) (B-PEI) of a high range of

molar masses (0.6, 1.8, 10, 25 kDa), which are further analyzed by potentiometric titration and cytotoxicity

tests. The formation, size, and net-charge of the polyplexes are examined at different ratios of nitrogen of

the different polymers and phosphates of the RNA (N/P). Moreover, the stability of siRNA polyplexes

against heparin and time was investigated. The obtained physicochemical parameters were then

correlated to the cellular internalization of polyplexes. A strong dependency of the molar mass on the

polyplex characteristics of the used B-PEI was found. Thereby, high molar mass B-PEI ¢ 10 kDa forms

smaller polyplexes of around 50 nm radius with zeta potentials. 25 mV, increased long-term stability, and

enhanced cellular uptake compared to low molar mass ones. To gain deeper insight into the differences

and characteristics of siRNA based polyplexes, the characterization by analytical and preparative

ultracentrifugation (AUC, PUC) is applied on siRNA polyplexes for the first time and referred to

conventional characterization methods such as DLS. AUC was also used to identify non-complexed PEI in

the polyplex solutions. A virtual N/P of 1.3 for siRNA was measured, independent of the used molar masses

of B-PEI. Additionally, differences in cellular uptakes of siRNA and pDNA based polyplexes were found. The

results of this study will help to understand the properties of siRNA-based polyplexes and could lead to

more efficient polymer design.

Introduction

Since the discovery of the RNA interference mechanism by Fire
et al. in 1998,1 siRNA delivery represents an attractive route for
treating genetic diseases by inhibition of the expression of
harmful genes. Compared to the delivery of pDNA, siRNA only
needs to be delivered into the cytoplasm of the cells but not
into the nucleus, which avoids the need for transport of the
delivered molecules across the nuclear membrane. There are,
however, two serious limitation of siRNA as a therapeutic
agent. One of them is its high negative net-charge, which
renders its delivery through the also negatively charged cell

membrane difficult.2 Beside this, genetic material, in parti-
cular siRNA, is not stable under physiological conditions but
will be rapidly degraded by RNAses.3 Thus, the half-life time of
siRNA in blood serum varies from several minutes to an hour.4

Both problems make the application of siRNA for in vitro and
in vivo gene delivery challenging. To overcome them, non-viral
polymeric carriers, in particular polycations, can be applied for
the delivery of the genetic material into the cells and the
subsequent expression of foreign genes,5–7 as has been shown
by recent intense research.8–10 Although the transfection
efficiencies of polymeric vectors, the so-called polyplexes, are
lower compared to viral vectors, they have substantial
advantages,11,12 as their easy large-scale production, their
safety for clinical uses,13,14 and their potential for chemical
modifications.15–17 Among the polymers applied, the commer-
cially available poly(ethylene imine) (PEI), which is intensively
characterized in literature, is the most popular one and is
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widely investigated for the delivery of pDNA as well as
siRNA.18–22 Despite the broad interest, the polyplex formation
of siRNA and PEI and their characteristics are only partially
understood and not yet investigated in detail.

The primary driving force for complexation of nucleic acids
by PEI is entropy. The ionic interactions between the negative
phosphates in the nucleic acids and the protonated amine
groups in the polymer induce a release of counter ions, which
leads to an increase of translational entropy.12,23 The gain of
entropy is of course significantly smaller for siRNA than for
pDNA, due to its shorter chain length. This results in a weaker
binding in the polyplexes. The complexation is influenced also
by other factors, like the 3-D structure of the polymers (linear
or branched),24 their molar mass,25 or further intermolecular
forces e.g. hydrophobic interactions. While linear PEI (L-PEI)
contains mainly secondary amines, branched PEI (B-PEI)
consists of primary, secondary, and tertiary amines. The
resulting degree of protonation is essential for polyplex
formation and for the release of the polyplexes from the
endosome according to the postulated proton sponge effect.5

Non-complexed PEI also influences the transfection efficien-
cies of polyplexes as well as the toxicity.26 Besides the polymer
itself, also the complexation conditions, e.g. buffer compo-
nents, pH value, or ionic strength play an important role.
Added salts can interact with the polyplexes or screen
electrostatic forces. It was shown that, e.g., low ionic strength
promotes the formation of smaller pDNA polyplexes.27

An efficient gene carrier has to combine two features. On
the one hand, the complexation has to be sufficiently strong to
protect against degradation and to transport the siRNA
through the cell membrane. On the other hand, the cellular
uptake should be promoted and the release of the genetic
material from the polyplex in the cytosol has to be possible.
The development of polymers that offer a balance between the
two features is an important goal. Above all, of course, the
perfect gene carrier should be non-toxic.

For the detailed biophysical and physicochemical charac-
terization of nanoparticles in general, different techniques and
methods were established, in the first place light scattering (in
particular dynamic light scattering) for measuring the transla-
tional diffusion coefficient and the hydrodynamic radius,
respectively. Other hydrodynamic methods, e.g., analytical
ultracentrifugation (AUC), were up to now not used for
analyzing siRNA-based polyplexes. AUC is well-known as a
means for the characterization of the molar mass and size of
proteins28–30 but can be also applied for studying nanoparti-
cles and synthetic polymers.31–33 The efficiency of gene
delivery depends on the molar mass of the polymer applied.
For B-PEI, the best results for transfection of pDNA were
obtained up to now with molar masses of 25 kDa.34 Beside
this, an increase in the molar mass of B-PEI and various other
polymers often caused higher cytotoxic effects.35,36 However,
with siRNA 25 kDa B-PEI did not yield an efficient delivery of
the nucleic acid, without any obvious reason.34 This accent-
uates the importance of a detailed understanding of the
polyplex properties.

Herein, the importance of a wide range of molar masses of
B-PEI used for siRNA delivery will be presented. Therefore, the
influence of the polymer on the formation, stability, size, and
net-charge of the polyplexes at different N/P ratios (ratio of
nitrogen in the polymer and phosphates in the RNA) will be
elucidated in detail. As the knowledge of siRNA polyplexes
based on results obtained with pDNA, we also focus on the
differences of both genetic materials concerning their stiff-
ness, amount of free PEI, and cellular uptake behavior. In
addition, AUC will be applied for the characterization of such
polyplexes and the obtained results compared to the revealed
data by conventional methods. The potential of this powerful
technique for detailed analysis of free and complexed PEI will
be demonstrated.

Experimental

Materials

B-PEI of molar masses of 0.6, 1.8, and 10 kDa was purchased
from Polysciences (Eppelheim, Germany), and 25 kDa B-PEI as
well as heparin were purchased from Sigma Aldrich
(Steinhausen, Germany). B-PEI was dissolved in sterile 20
mM 4-(2-hydroxethyl) piperazine-1-ethanesulfonic acid
(HEPES) and 5% (w/w) glucose buffer (HBG, pH 7.2) to obtain
stock solutions of 0.2 mg mL21. The quality of B-PEI was
checked by dynamic light scattering and analytical ultracen-
trifugation to exclude an influence on the polyplex experi-
ments later on. Control siRNA duplex negative control with
19 bp and Cy3 labeled siRNA was obtained from Eurogentech
(Cologne, Germany). Stock solutions of siRNA were prepared
by dissolving solid siRNA in sterile RNase free water to yield a
concentration of 20 mM. Ethidium bromide solution 1% was
purchased from Carl Roth (Karlsruhe, Germany). AlamarBlue
and YOYO-1 was obtained from Life Technologies (Darmstadt,
Germany). Cell culture materials, cell culture media, and
solutions were obtained from PAA (Pasching, Austria). All
other chemicals were purchased from Sigma Aldrich and are of
analytical grade or better and used without further purifica-
tion.

Polyplex preparation

Polyplexes of siRNA and B-PEI were prepared by mixing stock
solutions of siRNA and B-PEI at a certain N/P ratio. The
indicated amounts of B-PEI were added to a certain volume of
20 mM siRNA solution. Subsequently, the solutions were
vortexed for 5 s at 2500 rpm. After incubation at room
temperature for 20 min the mixture was diluted with HBG to a
total volume of 1 mL and an overall siRNA concentration of
15 mg mL21.

Potentiometric titration

For potentiometric titration, 6 mg B-PEI were dissolved in
6 mL pure water. Titration experiments were performed using
a Metrohm 765 Dosimat (Filderstadt, Germany) and a
Greisinger GMH 3530 pH meter (Regenstauf, Germany), using
0.1 M hydrochloric acid or 0.1 M sodium hydroxide as titrant.
The titration was started at pH . 11. For this, a defined
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amount of 0.1 M sodium hydroxide solution was added. Then,
the solution was titrated against 0.1 M hydrochloric acid. The
titration was stopped at pH 2. Each experiment was carried out
in triplicate at 25 uC as described in the literature.37

Ethidiumbromide quenching assay (EBA)

The polyplex formation of siRNA and B-PEI was detected by
quenching of the ethidium bromide (EB) fluorescence as
described previously.38 Briefly, 15 mg mL21 siRNA in a total
volume of 100 mL HBG was incubated with EB (0.4 mg mL21)
for 10 min at room temperature, and then polyplexes with
increasing amounts of B-PEI were formed in black 96-well
plates (Nunc, Langenselbold, Germany). The samples were
equilibrated for 20 min before the fluorescence was measured
using a Tecan Genios Pro fluorescence microplate reader
(Tecan, Crailsheim, Germany); the excitation and emission
wavelength were 525 and 605 nm, respectively. A sample
containing only siRNA and EB was used to calibrate the device
to 100% fluorescence against a background of 0.4 mg mL21 of
EB in HBG solution. The percentage of dye displaced upon
polyplex formation was calculated using eqn (1):

RFU~
Fsample{F0

FsiRNA{F0

(1)

Here, RFU is the relative fluorescence and Fsample, F0, and
FsiRNA are the fluorescence intensities of a given sample, the
EB in HBG alone, and the EB intercalated into siRNA alone.

Heparin dissociation assay

To investigate the release of siRNA from polyplexes, the
heparin dissociation assay was used.24 For this purposee, 15 mg
mL21 siRNA were incubated for 10 min with EB (0.4 mg mL21)
in a total volume of 100 mL HBG before polyplexes at N/P 10
were formed. After 15 min the polyplexes were transferred into
black 96-well plates and heparin at the indicated concentra-
tions was added. The solution was mixed and incubated for
further 30 min at 37 uC. The fluorescence of EB (Ex 525 nm/Em
605 nm) was measured, and the percentage of intercalated EB
was calculated as described before (1).

Dynamic light scattering

Dynamic light scattering (DLS) was performed on an ALV-CGS-
3 system (ALV, Langen, Germany) equipped with a He–Ne laser
operating at a wavelength of l = 633 nm. The counts were
detected at an angle of 90u. All measurements were carried out
at 25 uC after an equilibration time of 120 s. For analyzing the
autocorrelation function (ACF), the cumulant analysis and the
CONTIN algorithm39 were applied. Apparent hydrodynamic
radii were calculated according to the Stokes–Einstein
Equation (eqn (2)):

RH~
kT

6pgD0
(2)

Here, RH is the hydrodynamic radius, k the Boltzmann
constant, T the absolute temperature, g the viscosity of the
sample, and D0 the translational diffusion coefficient.

Electrophoretic light scattering

Electrophoretic light scattering was used to measure the
electrokinetic potential, also known as zeta potential. The
measurements were performed on a Zetasizer Nano ZS
(Malvern Instruments, Herrenberg, Germany) by applying
laser Doppler velocimetry.40 For each measurement, 20 runs
were carried out using the slow-field reversal and fast-field
reversal mode at 150 V. Each experiment was performed in
triplicate at 25 uC. The zeta potential (f) was calculated from
the electrophoretic mobility (m) according to the Henry
Equation (eqn (3)) with f(ka) = 1.5 (Smoluchowski model):

f~
3gm

2ef kað Þ (3)

Here, g is the viscosity of the solution, e the dielectric
constant, and f(ka) the Henry constant.

Analytical and preparative ultracentrifugation

Analytical ultracentrifugation was performed on a Beckman
XL-I analytical ultracentrifuge (Krefeld, Germany).
Experiments were carried out in double-sector aluminum
centerpieces with optical path length of 12 mm in a four holes
rotor setup. Each cell was filled with 0.42 mL of solvent (HBG)
and 0.4 mL of sample. A rotor speed between 1000 to 40 000
rpm was used, depending on the sample. The system was
equilibrated for 40 min at 25 uC in the centrifuge.
Sedimentation data were recorded by absorbance or inter-
ference optics, depending on the sample. Data analysis was
done by the Sedfit software.41 For c(s) analysis of sedimenta-
tion data, the partial specific volume of the compound was
determined via AUC using the ‘‘density variation method’’ as
described by Mächtle.42 The partial specific volume (u) of pure
siRNA was taken from the literature.43 For calculating the
hydrodynamic radius (RH) and the molar mass (M), the
Svedberg equation was transformed into eqn (4) and (5),
respectively.44

RH~
3

2
2 s½ �uð Þ1=2 (4)

M~9p
ffiffiffi
2

p
NA s½ � f

fsph

� �� �3
2

u
1
2 (5)

Here, NA is Avogadro’s constant, [s] the intrinsic sedimenta-
tion coefficient, f the frictional coefficient of the solute, and
fsph that of a hard sphere. Preparative ultracentrifugation
(PUC) in combination with photometric detection of PEI by
forming a copper complex was used to determine the amount
of non complexed PEI. Therefore the polyplex solutions were
formed in a volume of 2.5 mL at the stoichiometry of N/P 10
and centrifuged at 20 000 rpm for 2 h on a Beckmann Optima
L-XP to remove the polyplexes. Afterwards the supernatant was
collected. The concentration of PEI was determined by mixing
of 100 mL supernatant and 100 mL copper acetate solution
(20 mM) in a clear 96-well plate and determination of the
absorbance at 285 nm of the copper–PEI complex.45 The
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concentration was determined from a calibration, which was
recorded in the same way as the samples. Each measurement
was repeated three times.

Cytotoxicity

For L929 cells (CCL-1, ATCC), the cytotoxicity assay was
performed as described by ISO10993-5. In detail, cells were
seeded at 10 000 cells per well in a 96-well plate and incubated
for 24 h. No cells were seeded in the outer wells. Afterwards,
polymers at the indicated concentrations were added, and the
cells were incubated at 37 uC for further 24 h. Subsequently,
the medium was replaced by D-PBS and AlamarBlue as
recommended by the supplier. After incubation for 4 h, the
fluorescence was measured at Ex 570/Em 610 nm, with
untreated cells on the same well plate serving as controls.

Cellular uptake studies

For cellular uptake HEK-293 cells (CRL-1573, ATCC) were
seeded at 105 cells per mL in a 12-well plate with 500 mL growth
media (RPMI 1640 media, 10% fetal calf serum (FCS), 100 mg
mL21 streptomycin, 100 IU mL21 penicillin, and 2 mM L-
glutamine). The cells were cultured at 37 uC in a humidified
5% CO2 atmosphere for 24 h. The media was changed by
OptiMEM 1 h before polyplexes were added. Polyplexes
containing siRNA were prepared at a final Cy3 labeled siRNA
concentration of 15 mg mL21 in HBG as described before. The
labeling of pDNA was realized 1 h before polyplex formation.
Therefore, 0.026 mL YOYO-1 (1 mM) per 1 mg pDNA were mixed
in a small amount of pure water. Afterwards, HBG was added
to a final concentration of 15 mg mL21 pDNA Polymers were
added at the indicated N/P ratio, and the polyplex solution was
treated as described before and added to the cells. After 4 h of
incubation, the cells were harvested and 10% trypan blue was
added to quench the outer fluorescence of cells and identify
only cells, taken up the genetic material. To determine the
relative uptake of NPs, 10 000 cells were quantified by flow
cytometry using a Cytomics FC 500 (Beckman Coulter).

Statistical analysis

Group data are reported as mean ¡ SD. To determine the
significance of more than two groups of data, ANOVA was
used.

Results and discussion

Cytotoxicity of the polymers used

As cationic polymers are known to cause toxic effects, the
influence of the B-PEI molar mass on the cytotoxicity was
investigated. The current ‘‘gold standard’’ for transfection of
pDNA is 25 kDa PEI.5 Here, the investigated polyplexes were
formed with siRNA that is 250 times smaller compared to
pDNA; therefore the use of PEIs with molar masses much
lower than 25 kDa seemed to be adequate. The toxicity was
tested in a worst case scenario, where only the polymers were
used instead of the less toxic polyplexes. The polymers were
incubated for 24 h and analyzed by AlamarBlue.46 The relative
viability of cells incubated with PEI compared to non-treated
cells is shown in Fig. 1, where a strong correlation between

molar mass and toxicity can be seen. The IC50-value (the
concentration of polymer where only 50% of the cells are
viable) distinctly decreases with higher molar mass, meaning a
toxic effect at lower compound concentration. Furthermore,
the smallest B-PEI (0.6 kDa) shows no significant toxicity up to
360 mg mL21 (ANOVA). The investigated concentration range
of PEI is adequate, keeping in mind that 360 mg mL21 PEI
corresponds to a N/P ratio above 200 (15 mg mL21 siRNA) and
all experiments were carried out below this ratio. It should be
noted that all polymers investigated by us are not toxic (.80%
viability) at N/P ratios up to 20. Polyplexes of B-PEI with molar
masses higher than 25 kDa will not be investigated here, due
to their high toxicity which makes them unsuitable for in vitro
and in vivo studies.47

Potentiometric titration of branched PEI

One of the major postulated advantages of PEI as gene carrier
is its high buffer capacity, which leads to osmotic swelling
under the acidic conditions in the endosome and the release
of the polyplexes into the cytosol.48,49 Beside this, the degree of
protonation can also have an impact on the stability and
formation of the siRNA polyplexes. To study the influence of
molar mass on the pKa and the degree of protonation, titration
curves of all four B-PEIs, at the same nitrogen (monomer unit)
concentration, were measured by potentiometric titration. It
must be mentioned that the titration behavior as well as the
pKa values strongly depend on the ionic strength and the
polymer concentration itself, as reported first by Suh et al.37

The data shown in Fig. 2 represents only apparent values, due
to the fact that at lower pH value the protonated amines
electrostatically suppress further protonation of neighboring
amines. The corresponding apparent pKa values were listed in
Table 1. Values of pKa

b correspond mainly to protonation of
secondary amines, whereas pKa

a is probably based on
protonation of tertiary ones.50 It was found that the titration
behavior as well as the pKa values of 10 and 25 kDa B-PEI do
not differ significantly, whereas the protonation of 0.6 and 1.8
kDa B-PEIs differ (Fig. 2, Table 1). Both pKa values decrease
with increasing molar mass from 5.7 to 4.8 and 9.8 to 8.3,
respectively, which is in good accordance with values reported
by others for PEI polymers.6,18 Even if there are small

Fig. 1 Cytotoxicity of B-PEI with different molar masses at increasing concen-
tration. The IC50 of 1.8, 10 and 25 kDa B-PEI was 335 mg ml21, 140 mg ml21 and
62 mg ml21, respectively.
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differences in the pKa values, this probably does not influence
polyplex formation. One reason is that these values only
represent apparent ionization data as mentioned above. In
addition, the buffer capacity at pH 7.2, where the polyplexes
were prepared, is very similar for all commercial B-PEIs as well
as the ratio of primary, secondary, and tertiary amines as
reported in the literature.47 It is, however, not known which
nitrogen atoms of the branched polymer are accessible for
siRNA interaction during polyplex formation.

Polyplex formation and binding affinity

Polyplexes can be formed in different buffer solutions or non-
buffered 150 mM NaCl. It was reported that the kind of buffer
used has an influence on the polyplex characteristics, e.g.
size.51 Therefore, the polyplexes were always prepared in HBG
(20 mM HEPES, 5% (w/v) glucose) to circumvent any influence
due to changes of the solution conditions, like ionic strength
or adsorption of ions. In contrast to saline buffers or
physiological NaCl, the ionic strength is relatively low, which
minimizes electrolysis during electrophoretic light scattering.
The sugar content provides the physiological osmolarity for
biological applications. A dependence of the results on the
mixing protocol was not observed (data not shown).
To characterize the polyplex formation of siRNA and PEI, the

ethidium bromide quenching assay (EBA) was used. The
fluorescence intensity of ethidium bromide (EB) increases
significantly when it intercalates into the double stranded
siRNA.52 After complexation of the siRNA with polymers like
PEI, EB is excluded from the nucleic acid, which leads to a
decrease of the fluorescence signal, as seen in Fig. 3. This
displacement is probably caused by electrostatic and hydro-

phobic interactions of the polymer and the genetic material.
Polyplex formation was observed for all B-PEIs, as indicated by
RFU (eqn (1)) below 35%. At small N/P ratios (,2), 0.6 kDa and
1.8 kDa B-PEI show a higher affinity to siRNA compared to the
10 and 25 kDa analogues. Between N/P ratios of 2 and 5, no
significant differences between data for different molar
masses of B-PEI could be found. At N/P . 5, a constant
fluorescence level is reached for all B-PEIs, indicating a
complete complexation of the siRNA with the polymers. The
fluorescence for higher molar mass B-PEI is slightly lower
(Fig. 3B), indicating that the binding affinity increases with
increasing molar mass of B-PEI. The dependency of binding
affinity on the molar mass of B-PEI is stronger if pDNA was
used as genetic material.
From these results, it can be concluded that a N/P ratio of 5

or higher is necessary for a complete complexation of the
siRNA. The binding affinity of the polyplexes seems to
increases with increasing molar mass of the polymer. A
slightly decreased affinity of a 0.8 kDa B-PEI in comparison to
the 25 kDa analogue was also reported in the literature;24,25

this tendency was confirmed here over a wide range of molar
masses.

Surface charge density-electrokinetic potential

As siRNA is negatively charged, it needs to be complexed by
cationic polymers to be transported through the negatively
charged cell membrane. The electrokinetic potential, also
known as zeta potential, can serve as an indicator of the
surface charge density of the complexes; it is one of the
characteristics measured by electrophoretic light scattering
and can be calculated from it by applying the Henry equation.
We have used it for measuring the net-charge of the siRNA/B-
PEI polyplexes at different N/P ratios. The results are shown in
Fig. 4. At N/P ratios,1, no zeta potential could be measured as
there was no detectable Doppler shift during the experiment.
Binding between siRNA and B-PEI could, however, be detected
even at low N/P ratios by EBA. This could indicate the
formation of rather small polyplexes or the formation of a
loosely bound network. All polyplexes at small N/P ratios (1 to

Fig. 2 Titration curves of 1 mg ml21 B-PEI of indicated molar mass in water
against HCl.

Table 1 pKa values determined by potentiometric titration against HCl

Polymer pKa
a pKa

b

0.6 kDa 5.7 9.8
1.8 kDa 5.3 9.5
10 kDa 4.9 8.2
25 kDa 4.8 8.3

a protonation of tertiary amines. b protonation of secondary amines.

Fig. 3 Binding affinity of siRNA to B-PEI according to EBA (n = 3). A: different
molar masses of B-PEI at different N/P ratios. B: binding affinity at N/P 20. The
fluorescence of pure siRNA (N/P 0) is normalized to 100%.
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3) show a negative zeta potential, ranging from 250 to
225 mV. At a N/P ratio of around 4, the zeta potential
increases and shifts to positive values. At N/P 5, a nearly
constant positive value of 35, 50, 12, and 5 mV for 25, 10, 1.8,
and 0.6 kDa B-PEI polyplexes is reached, respectively.
Obviously, a higher molar mass of the B-PEI leads to a higher
zeta potential. A zeta potential of around 25 mV indicates
stable polyplexes with positive charge density, whereas at
10 mV the complexes seem to be less stable. Higher values of
the zeta potential are, however, difficult to interpret since the
Helmholtz–Smoluchowski model is not valid any more.40

Nevertheless, there is no further significant change in zeta
potential at N/P . 5. These findings are in agreement with the
binding affinities, where also a constant plateau is reached at
those N/P ratios.

Investigation of polyplex size by DLS

It is well-known that the uptake of nanoparticles53 as well as
polyplexes54 is influenced by their size. The internalization
route resulting in successful gene expression therefore
depends not only on the cell line but also on the PEI polyplex
type.55 Large polyplexes interact with the membrane, but the
uptake is rather inefficient. Because of the importance of
polyplex size for biological applications, the hydrodynamic
radius of the polyplexes was analyzed in detail by DLS.
The hydrodynamic radii of polyplexes made of siRNA and

the four different B-PEIs studied, at different N/P ratios, are
presented in Fig. 5. For the calculations, the CONTIN
algorithm was used. Radius measurements were unsuccessful
for polyplexes at N/P ratios,1 due to a counting rate too small
for application of the CONTIN algorithm, probably caused by
the presence of very small polyplexes or of a loosely bound
network only (see above). At N/P ratios from 1 to 3,
hydrodynamic radii ,100 nm were found: 30 to 50 nm for
0.6, 10, and 25 kDa B-PEI, and 60 up to 90 nm for 1.8 kDa
B-PEI polyplexes, respectively. An increase in the B-PEI
concentration and, thus, in the N/P ratio causes an increase
in the hydrodynamic radius for all B-PEIs used. At N/P ratios of
approximately 4 ¡ 0.5, maxima were observed: at 350 nm for
0.6 kDa, 600 nm for 1.8 kDa, .1000 nm for 10 kDa, and

450 nm for 25 kDa B-PEI polyplexes. At N/P ratios ¢5, again a
constant value was reached. For polyplexes of high molar mass
B-PEIs (10 and 25 kDa), the hydrodynamic radius decreases to
around 40 nm and 50 nm for 25 and 10 kDa B-PEI,
respectively. The 0.6 and 1.8 kDa B-PEI formed larger
polyplexes, with radii at around 350 nm and 500 nm,
respectively. Taking all facts together, smaller polyplexes were
formed using high molar mass B-PEI. As the uptake of large
polyplexes into cells is less efficient, this could be one reason,
why low molar mass B-PEI is less efficient for gene delivery.56

Fig. 6A–D shows, analogous to Fig. 5, the distributions of the
hydrodynamic radii (linear number weighted) versus N/P. It
should be noted that, according to Fig. 6, for all B-PEIs and
investigated N/P ratios also some larger aggregates with high
polydispersity are present besides the main polyplex popula-
tion. For polyplexes of 0.6 kDa B-PEI, the amount of aggregates
increases at higher N/P ratio (Fig. 6A). In addition, the radius
of the aggregates increases from around 100 nm (N/P 2) to
above 400 nm at N/P ratio 3. Polyplexes of 1.8 kDa B-PEI
(Fig. 6B) show a similar behavior. For polyplexes of 10 kDa
(Fig. 6C) and 25 kDa (Fig. 6D) B-PEI, the results are more
complex. At N/P , 4, the behavior is comparable to that
described above, which means that the amount of aggregates
increases with increasing N/P ratio. At N/P 4 ¡ 0.5, only large
aggregates (around 1000 nm for 10 kDa B-PEI, 400 nm for 25
kDa B-PEI) are present, whereas at N/P ratio of ¢5 also
polyplexes with small hydrodynamic radii (,50 nm) and only a
low amount of aggregates with a radius of around 150 nm were
observed. This confirms the previous results that N/P ¢ 5 is
necessary for complete complexation of the siRNA and the
formation of compact nanocomplexes. In general, this is in
accordance with literature, but it has to be kept in mind that
often different buffers, concentrations and N/P ratios were
investigated.25

Furthermore, the pure B-PEI polymers were also measured
by DLS at concentrations between 5 to 20 mg mL21. For 25 and
10 kDa B-PEI a hydrodynamic radius of around 4 and 2 nm
was found, respectively. For 1.8 and 0.6 kDa B-PEI no DLS
measurements could be performed as the molar mass of the

Fig. 4 Zeta potential of siRNA and B-PEI of different molar masses at different
N/P ratios (n = 3).

Fig. 5 Apparent hydrodynamic radius of the main population of polyplexes
containing B-PEI of different molar masses at different N/P ratios, as obtained by
CONTIN analysis. Radii larger than 1000 nm are presented as ‘‘.1000’’, due to
the fact that the values determined are outside the reliable measuring range (n
= 3).
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polymer, or to be more precisely, oligomer, is too low to yield
any reliable data. At the concentrations, used for formation of
polyplexes, no autocorrelation function could be obtained for

all B-PEI samples. Therefore, an influence of the free PEI on
the DLS results of the polyplex solutions can be excluded.
A comparison of zeta potential and hydrodynamic radii of

the polyplexes reveals a good correlation. At N/P ratios ,3,
where the zeta potential is highly negative, small radii for
polyplexes of all four tested B-PEIs were observed. Large
aggregates occur for all B-PEI polyplexes at N/P ratio of 4 ¡

0.5, where the zeta potential is around 0 mV. At higher N/P
ratios, the radius decreases for polyplexes of higher molar
mass B-PEI (10, 25 kDa), whereas the zeta potential reaches
high positive values (.25 mV). In addition, polyplexes formed
of low molar mass B-PEI (0.6, 1.8 kDa) showed only low
positive zeta potentials (,15 mV) and a high tendency to form
larger aggregates. From the results, it becomes clear that the
electrostatic repulsion, indicated by the zeta potential,
dominates the polyplex size and stability in solution. High
repulsive interactions stabilize the polyplexes which results in
small polyplexes with only low amounts of larger aggregates.
In contrast, the presence of low or no repulsive interactions
leads to fast aggregation and complexes with high hydro-
dynamic radius. Both, zeta potential and hydrodynamic radius
also correlate with the relative fluorescence of the EBA, where
a higher affinity for high molar mass B-PEI was found. To sum
up, the binding affinity, the zeta potential as well as the
hydrodynamic radius reaches a constant value at N/P ratio .5.
With increasing molar mass of B-PEI, smaller, more positively
charged polyplexes with a high binding affinity are formed.
These are all arguments that the stability of the polyplexes
increases with increasing molar mass of the used B-PEI. A
schematic visualization of this situation can be seen in
Scheme 1. It is assumed that with low molar mass B-PEI (left)
a network-like polyplex is formed, where the polymer acts as a
kind of linker. The result is a large, fast aggregating polyplex
with only a low excess of positive charges, indicated by low zeta
potential. In contrast, high molar mass B-PEI (right) forms
smaller polyplexes, and the high excess of positive charges
stabilizes the polyplexes electrostatically. Moreover, it becomes
also clear that not all nitrogen atoms in the polymer are

Fig. 6 Distribution of the hydrodynamic radii of siRNA/B-PEI polyplexes at
different N/P ratios. The CONTIN algorithm was used for analyzing the ACF. The
B-PEI molar masses were A) 0.6, B) 1.8, C) 10, and D) 25 kDa.

Scheme 1 Model of the polyplex formation by PEI of different molar masses.
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accessible to siRNA due to its rigidity in comparison with
pDNA and the branched structure of PEI.57 However, this first
assumption should be investigated further in future.

Long-term stability of polyplexes

For the qualitative comparison of the polyplex solutions, the
cumulant analysis and the z-average are powerful tools, since
the whole system can be described by one single parameter
which is sensitive to any changes occurring in the solution.
The correct calculation of distributions of the hydrodynamic
radius, as shown in Fig. 7, is more difficult. In this case, the
analysis of the autocorrelation function (ACF) requires
application of a multiple C algorithm (e.g. CONTIN). The
cumulant analysis would reflect the distribution very inaccu-
rately in this case, due to the strong influence of a relatively
low amount of aggregates on the obtained z-average and PDI
value.
In this study, the cumulant analysis of DLS measurements is

used to record the long-term stability of the polyplexes (Fig. 7).
It can be seen that the long-term stability of the polyplexes
increases with increasing molar mass of the B-PEI used. The
polyplexes of 0.6 and 1.8 kDa B-PEI, where already aggregates
are present in the solutions, further aggregate within a few
hours. Polyplexes of 10 kDa B-PEI are stable for approximately
24 h, whereas 25 kDa polyplexes are stable for more than 4
days. The time-dependent aggregation of the low molar mass
B-PEI polyplexes can also be due to their low zeta potential, but
this will not explain the aggregation of the 10 kDa B-PEI after
one day, since its zeta potential is comparable to that of the
25 kDa B-PEI polyplexes. Even if the stability of all polyplexes is
sufficient to carry out the physicochemical experiments, it is
questionable, if the stability is high enough for transfections.

Polyplex dissociation (heparin assay)

A suitable polymer for gene delivery should form stable and
small polyplexes but also release its genetic material inside the
cell. To investigate the dissociation of the polyplex and the
release of siRNA, the well-known heparin dissociation assay
was applied.24 Heparin is a sulfated glycosaminoglycan with
high negative charge density that is widely used in medicine as

anticoagulant. Due to its anionic character, heparin serves as
competitor to siRNA and interacts with the cationic polymer.
With increasing amount of heparin, the polyplexes of siRNA

and PEI dissolve. To measure the release of siRNA, again EB
was used as described before. The polyplexes were prepared at
N/P 10, because the polyplex is fully formed at this N/P ratio
(compare EBA, zeta potential and size measurements). Fig. 8
clearly shows that it was possible to dissociate all polyplexes
studied here. At heparin concentration of 30 U mL21 nearly
100% of the siRNA present is free. The low molar mass PEI
polyplex shows a higher stability against heparin at 10 U mL21

than the other ones. This can be explained be a weaker affinity
to anionic substances than the high molar mass ones. So,
B-PEI with a weak binding to anionic substances like siRNA, as
shown in the EB assay, should also show weaker binding to
heparin. Furthermore, no significant difference between B-PEI
of higher molar masses on the release of siRNA can be found.

Analytical and preparative ultracentrifugation experiments

AUC is a powerful technique for characterization of polymers,
both biological and synthetic, and of nanoparticles. To the
best of our knowledge, AUC has not been applied so far to
investigate the solution behavior of siRNA-based polyplexes.
As it is known, that for DLS the intensity of scattered light

scales with r6, the amount of aggregates is overestimated in
the intensity distribution. The calculation of number weighted
distributions tries to correct this effect, but the obtained
distributions cannot be interpreted quantitatively. Therefore,
we apply analytical ultracentrifugation to proof whether the
DLS results are precise.
At first, all polyplexes which were analyzed by DLS, were also

investigated by AUC to compare both methods. The distribu-
tion of hydrodynamic radii of polyplexes formed with 10 kDa
B-PEI at different N/P ratios is shown in Fig. 9. The results are
in good agreement with those obtained by DLS (Fig. 6C). At
N/P ratios below and above 4 ¡ 0.5, the polyplex radius is
around 30 to 50 nm; some larger aggregates are also present.
At N/P 3.7, the radius shifts to higher values of around 150 nm.
At N/P 4.5, it was not possible to obtain any reliable
sedimentation data. The reason for this is the formation of
large aggregates and their extremely fast sedimentation, even

Fig. 7 Time dependency of the z-average radius, as obtained by cumulant
analysis of polyplexes of siRNA and B-PEI of different molar masses at N/P 5.
Radii larger than 1000 nm are presented as ‘‘.1000’’ in the upper part of the
graphic, due to the fact that they are at the limit of the measurement range.

Fig. 8 Heparin-induced dissociation of polyplexes formed from siRNA and B-PEI
of different molar masses, at N/P 10.
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at a rotor speed of only 1000 rpm. This was also the case for
other polyplex solutions and explains why the fraction of larger
aggregates cannot be detected by AUC and why no reliable
sedimentation data could be obtained for most N/P ratios of
0.6 and 1.8 kDa B-PEI polyplexes.
Typical sedimentation profiles of polyplexes formed of 10

kDa B-PEI at N/P 3.7, together with the corresponding residual
plots, are shown in Fig. 10. The large contribution from noise
is mainly due to the high sedimentation velocity of the
particles. Consequently, the lowest possible rotor speed (1000
rpm) and a high radial step size (for each scan) of 0.1 mm had
to be chosen to obtain sufficient data (note: in AUC resolution
increases with speed58). With polyplex samples containing 10
and 25 kDa B PEI at N/P . 5, after sedimentation of the
polyplexes at 1000 rpm, the supernatants of the solution were
centrifuged at 40 000 rpm. This revealed the presence of a
second particle population. Its molar mass was calculated
according to eqn (5) as 10.9 and 25.6 kDa for 10 kDa B-PEI and
25 kDa B-PEI polyplex solutions, respectively; it thus repre-
sents free B-PEI. Free siRNA could not be detected in the
polyplex solution, which is in accordance with gel electro-
phoresis experiments in literature.16

As there are hints that free PEI is necessary for cellular
uptake26 the amount was quantified by preparative ultracen-
trifugation and photometrically determination of the copper
chelate complex. In principle the amount of excess PEI can
also be determined by AUC, but for the used N/P ratios and

concentrations, the amount of PEI was too low to give accurate
results. Nevertheless, quantification via the copper chelate
method45 shows that at N/P 10 around 85% of the PEI is free
and not complexed. This corresponds to a virtual N/P ratio of
around 1.3 for the polyplexes. Interestingly, this amount
depends not on the molar mass of the used polymer. This
correlates well to the small differences found in the EB assay
and support the theory that only few amine groups of the
polymer interact with the polymer whereas the other amines
are responsible for the positive surface charge and interaction
with other polyplexes.59 Even if all polyplexes contain the same
amount of positive charges, they have different zeta potentials
(surface charge densities). This is probably due to their
different radii and the different distribution of the charges
in the polyplexes (Scheme 1). These results highlight the
difference between complexation of siRNA and pDNA, where a
value of 2.5 was described.26 It is also known that polyplexes
containing siRNA are slightly larger than pDNA polyplexes.24,27

Both can be explained by a higher flexibility of pDNA
compared to the stiff siRNA. While pDNA consists of more
than thousand base pairs, siRNA has only 19 to 23 (y5 nm).
With respect to the persistence length of RNA (the length
where the chain behaves as a rigid rod) of y70 nm (260 bp),57

it becomes obvious that short siRNA cannot condense and
behaves as a rigid rod. Fitting of the frictional ratio f/fsph from
sedimentation velocity data (f/fsph ¢ 2, data not shown) also
indicates a rod-like molecule. For this structure it is more
difficult to become fully complexed. This can explain the
already mentioned high N/P ratios required for complete
complexation and lower virtual NP ratio of siRNA based
polyplexes compared to pDNA ones and shows that not all
insights gathered from pDNA can be adopted for siRNA.

Uptake study

The uptake behavior of the used B-PEIs of different molar
masses was investigated using a Cy3 labeled siRNA. Therefore,
the amount of internalized siRNA was detected with flow
cytometry after 4 h, as this time is common for changing the
transfection media to growth media during transfection
procedure. Here, two N/P ratios were studied, in detail 1.3
and 10, what represent the virtual N/P and fully complexed
siRNA (Fig. 3). For the virtual N/P ratio no significant uptake
was achieved for B-PEI at all molar masses (Fig. 11). Besides, a
significant uptake was detected using higher molar mass (10
and 25 kDa) B-PEI at N/P 10. This shows the potential of B-PEI
¢ 10 kDa and the necessity of an excess of polymer for cellular
uptake of polyplexes. Taken the previous results into account,
the inability of low molar mass PEI could be a consequence of
increased polyplex sizes within 4 h, next to less stability
indicated by lower zeta potentials, and lower pKa values.
Furthermore these results draw attention to the importance of
size and zeta potential for efficient uptake, next to the
potential of polymers to bind and release genetic material.
To gain deeper insights into the mechanism of siRNA delivery
in contrast to pDNA, the uptake of the latest was investigated
using YOYO-1 labeled pDNA (Fig. 11). Again, higher molar
masses at N/P 10 lead to a cellular uptake, but in comparison
to siRNA, also B-PEI ¢ 10 kDa at N/P 1.3 showed internaliza-
tion. This could be explained by the different molecular ratios

Fig. 10 Sedimentation velocity data of polyplexes of siRNA and 10 kDa B-PEI at
N/P 3.7 in HBG at 25 uC. Rotor speed was 1000 rpm; scans were collected every
minute. Top: Sedimentation profiles obtained by absorbance optics at 257 nm.
Bottom: Corresponding plot of the residuals.

Fig. 9 Distribution of the hydrodynamic radii calculated from the distribution of
sedimentation coefficents (eqn (4)) obtained by AUC of polyplexes of 10 kDa
B-PEI and siRNA in HBG at 25 uC.
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(polymer/nucleic acid). While around 54 molecules of 10 kDa
B-PEI for one pDNA molecule represents N/P 1.3, this ratio is
around 0.23 for siRNA (or 4.4 siRNA molecules per polymer)
due to its 250 times shorter length. Obvious, the complexation
of y4 siRNA molecules by one B-PEI molecule is more
difficult.
Additionally the question arises, how far the phosphates of a

stiff molecule like siRNA (in contrast to pDNA) are accessible
for branched PEI. Here, linear PEI with higher chain flexibility
might be more effective. Since, this issue concerning the
uptake and length/stiffness of the genetic material still
remains to be unclear, it will be part of further investigations.
However, using both genetic materials, the molar mass
showed a strong impact onto cellular internalization, indicat-
ing a critical molar mass for efficient polyplex formation and
therefore better cellular uptake.

Conclusions

In this study, the influence of the molar mass of B-PEI on the
stability, formation, and uptake of siRNA-based polyplexes was
investigated. We show that the stability of such polyplexes
strongly depends on the molar mass of the used B-PEI. Taking
the results from EBA, dynamic, and electrophoretic light
scattering into account, it becomes clear that complete
complexation of siRNA is reached at N/P . 5. No significant
differences in the binding affinity and release of siRNA were
observed using different molar masses of B-PEI. A high
correlation between net charge (zeta potential) and hydro-
dynamic radius of the polyplexes was found. At high values of
the zeta potential, regardless if negative or positive, small radii
occur, whereas at low zeta potential we observe large
aggregates. Small hydrodynamic radii and high values of zeta
potential were observed at N/P , 3 for all molar masses of
B-PEI and at N/P ¢ 5 for 10 and 25 kDa B-PEI.

For the first time, we have successfully applied AUC for the
characterization of siRNA polyplexes, suitable for polyplexes
with radii smaller than 150 nm. Limitations occur due to the

high sedimentation velocity of the polyplexes and the
aggregates which requiring low rotor speeds and limited time
for data collection only and, thus, leads to low resolution. To
assess the problem of accurate size distributions of polyplex
systems, containing different species, the establishment of
asymmetric flow field-flow fractionation for such samples is
currently under investigation.

Nevertheless, AUC represents a powerful technique for
characterizing polyplexes in detail, in particular since also free
PEI beside the polyplexes can be detected, which is not
possible by DLS. By using PUC, a virtual N/P ratio of 1.3 was
found. This decreased value compared to pDNA indicates
differences of siRNA based polyplexes compared to pDNA
based ones due to their shorter length and higher rigidity.
Further differences, regarding the genetic material used, were
found in cellular uptake. Whereas both, siRNA and pDNA, can
be efficiently delivered into cells using B-PEI ¢ 10 kDa at N/P
10, no siRNA uptake was detected at N/P 1.3. B-PEI with a
molar mass higher 10 kDa seems to be the most promising
candidates for siRNA-based polyplexes at N/P . 5, as the
resultant polyplexes show a positive net charge, complete
complexation of siRNA, a radius between 20 and 150 nm,
necessary for internalization by endocytosis, and a significant
cellular uptake.60,61 Unfortunately, in terms of biological
application these two polymers have higher toxicity than the
low molar mass ones. Whereas most previous studies used 25
kDa PEI and a single low molar mass PEI (,1 kDa), our work
shows the optimal molar mass is in between these values. E.g.,
the 10 kDa B-PEI, which was not investigated for gene
silencing before, is less toxic compared to the 25 kDa one
and forms stable polyplexes with optimal net-charge and size
for efficient cellular uptake. Furthermore, the influence of
branching can be elucidated in future studies by investigation
of linear, branched or star-shaped architectures of PEI.
Moreover, statistical copolymers of PEI and poly(2-ethyl-2-
oxazoline) might be interesting for gene delivery and polyplex
formation, regarding reduced cytotoxicity.

Not all of the insights gathered for pDNA-based polyplexes
can be adopted for siRNA, because of a 250 times lower molar
mass, a higher rigidity and less flexibility. This study high-
lights the importance of a detailed analysis of polyplexes in the
field of siRNA gene delivery as it not behaves identical as
pDNA in all aspects.
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Fig. 11 Mean fluorescence intensity of HEK cells transfected with Cy3 labeled
siRNA and YOYO-1 labeled pDNA after 4 h. Values represent mean ¡ S.D. n ¢
3; * indicate significant difference compared to control.
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T
he controlled delivery of genetic ma-
terial into eukaryotic cells has been
the focus of interdisciplinary scientific

activities during the last three decades.1,2

Within the field of nanomedicine, successful
nonviral gene delivery holds great promise
for the treatment of awidevarietyofdiseases,
as a suitable transfection agent,3 once identi-
fied, might be used in different approaches.
Besides evolutionary qualified and very effi-
cient viral transfection, nonviral delivery is of
high interest, reflected in the large number of
nonviral transfection agents being proposed.
Thereby, among polymeric materials, poly-
(ethylene imine) (PEI) represents the “gold
standard” for in vitro applications.4

The efficient protection of nucleic acids
like plasmid DNA (pDNA) during delivery
while maintaining utmost biocompatibility
is one of the key requirements for such
materials. In general, cationic polyelectro-
lytes are capable of forming polyplexeswith
negatively charged pDNA, the main driving
forces being electrostatic interactions and
a gain in entropy for the whole system.5,6

Polyplexeswith an excess ofpositive charges
support both protection against degradation
and uptake via the negatively charged cell
membrane. Several studies show that the
polymer architecture and the overall molar
mass have amajor influence on the transfec-
tion efficiency (TE).7,8 Nevertheless, it is still
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ABSTRACT The controlled nonviral delivery of genetic material using

cationic polymers into cells has been of interest during the past three

decades, yet the ideal delivery agent featuring utmost transfection

efficiency and low cytotoxicity still has to be developed. Here, we

demonstrate that multicompartment micelles from stimuli-responsive

triblock terpolymers, polybutadiene-block-poly(methacrylic acid)-block-

poly(2-(dimethylamino)ethyl methacrylate) (BMAAD), are promising can-

didates. The structures exhibit a patchy shell, consisting of amphiphilic

(interpolyelectrolyte complexes, MAA and D) and cationic patches (excess D),

generating a surface reminiscent to those of certain viruses and capable of

undergoing pH-dependent changes in charge stoichiometry. After polyplex

formation with plasmid DNA, superior transfection efficiencies can be

reached for both adherent cells and human leukemia cells. Compared to the

gold standard PEI, remarkable improvements and a number of advantages

were identified for this system, including increased cellular uptake and an improved release of the genetic material, accompanied by fast and efficient

endosomal escape. Furthermore, high sedimentation rates might be beneficial regarding in vitro applications.

KEYWORDS: multicompartment micelles . interpolyelectrolyte complexes . nonviral gene transfection . polyplexes .
human leukemia cells
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challenging to design systems comprising high TE
and low cytotoxicity for gene delivery applications, as
in the case ofmost cationic polymers, like PEI, high TEs
are accompanied by increasing cytotoxicity. The use
of poly(ethylene glycol) (PEG) as, e.g., biocompatible
shell is one straightforward approach to decrease the
cytotoxicity but usually leads to lower TE.9,10

In addition, up to now most nonviral transfection
agents fail in case of suspension cells, e.g., Jurkat T cells,
a model cell line for human leukemia cells. This has
been attributed to the fact that 3D cultivation de-
creases the contact probability between cells and
polyplexes in general, if compared to the mechanism
proposed for the transfection of adherent cells.11,12

Hence, designing polymers that are capable of efficient
gene transfer into suspension cells would allow target-
ing immune cells for the therapy of immune defects
(e.g., HIV), for cancer (e.g., leukemia), or to improve
transient transfection in biotechnological approaches.13

All these issues are further impeded by the fact that
the underlying transfection mechanism for pDNA in
contrast to siRNA (short interfering RNA) is far from
being completely understood, rendering the design of
efficient transfection agents for this purpose extraordi-
narily difficult.14,15

Here, we demonstrate for the first time the advan-
tage of pH-responsive multicompartment micelles
formed via self-assembly of a stimuli-responsive triblock
terpolymer, polybutadiene-block-poly(methacrylic acid)-
block-poly(2-(dimethylamino)ethyl methacrylate)
(BMAAD, PB800-b-PMAA200-b-PDMAEMA285; the sub-
scripts denote thedegrees ofpolymerization; theoverall
molar mass of BMAAD is 105 300 g/mol), as promising
transfection agents for pDNA.Multicompartment struc-
tures represent a unique class ofmaterials where either
core, shell, or corona are further subdivided. Several
strategies have been used to induce compartmentaliza-
tion in block copolymer derived materials, including
combinations of highly incompatible segments, kinetic
control, or stepwise self-assembly by applying solvent
mixtures.16�18 Although multicompartment architec-
tures have been in the focus formore than twodecades,
applications have been scarcely demonstrated. One
very elegant example, however, was shown by Lodge
and co-workers, where the segregated domains within
micellar cores could be used to store two different hy-
drophobic guest molecules.19 Regarding pH-responsive
micellar carriers as gene delivery vehicles, pioneering
work was performed by Kataoka and co-workers.
For example, they used ABC triblock terpolymers with
two cationic segments of different pKa, facilitating
the disruption of the endosome upon decrease of the
pH20 or, in another example, segments which under-
went charge conversion during the uptake process.21

Also, the use of pH-sensitive linkers between unlike
segments of AB diblock copolymers has proven to be
advantageous.22

The aim of this work was to investigate how the
rather heavy and voluminous BMAAD micelles can
be used as efficient and pH-responsive nonviral gene
transfection agents for adherent cells and human
T-lymphocytes. We were interested whether the pres-
ence of different surface patches, also known from
viral structures (e.g., alpha viruses),23�25 influences
important process bottlenecks such as cytotoxicity
or carrier/serum interaction. Further, insights into the
underlying mechanism for pDNA transfection (which
is far from being completely understood) by using
a combination of different analytical techniques in-
cluding asymmetric flow field-flow fractionation (AF4),
cryogenic electron microscopy (cryo-TEM), analytical
ultracentrifugation (AUC), and confocal laser scanning
microscopy (CLSM) are presented.

RESULTS AND DISCUSSION

In our case, for BMAAD (PB800-b-PMAA200-b-
PDMAEMA285), the hydrophobic PB forms the micellar
core, which, at low pH, is surrounded by a PMAA
shell and a PDMAEMA corona (Figure 1). Such micelles
are dynamic and show a strong pH-dependence con-
cerning their shape, size, and surface charge.26 At en-
dosomal pH (∼ 5), PMAA is uncharged, and PDMAEMA
forms a cationic corona (Figure 1a and d), whereas at
pH10,PDMAEMA isunchargedandpartially collapsed,and
merely PMAA now forms a negatively charged corona
(Figure 1b and e). Under physiological conditions (pH ∼
7.4) both blocks are charged, leading to the formation
of an intramicellar interpolyelectrolyte complex (im-
IPEC) shell (Figure 1c and f). Hence, themicellar surface
is patchy, featuring both charge neutral (im-IPEC) and

Figure 1. Cryo-TEM micrographs and schematic depictions
of BMAAD micelles at pH 5 (a, d), pH 10 (b, e), and pH 7.4
(c, f). Structure and block lengths of the used BMAAD
triblock terpolymer (g). Cryo-TEM images of pure BMAAD
(a, b, c) and schematic illustrations thereof (d, e, f).
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cationic domains (the DP of PDMAEMA is higher
than for the PMAA segment, resulting in an excess
positive net charge). These IPEC patches may lead to
an increased polycation density within parts of the
corona, and this in turn favors the formation of patchy
structures upon further complex formation.27

First, transfection studies of BMAAD with pDNA
under serum-reduced conditions as well as with
media containing 10% serum were performed with
adherent HEK293 cells, using linear PEI570 (25 kDa) and
PDMAEMA191 (30 kDa) as comparison. The BMAAD
micelles showed very high TE, even compared to PEI
(BMAAD: 70 ( 12% at N/P 20; PEI: 55 ( 8% at N/P 20)
under serum-reduced conditions (Figure 2a and
Figure S1, Supporting Information). In contrast, linear
PDMAEMA reaches only 12 ( 9% at N/P 15. This
increased TE for adherent cells by using BMAAD mi-
celles is in agreement with earlier studies on star-
shaped PDMAEMA or micelles with a PDMAEMA coro-
na.28 In the presence of serum even superior results
were obtained for BMAAD (74 ( 8% at N/P 30),
comparable to Lipofectamine 2000,29 whereas the TE
decreased significantly for PEI (43 ( 7% at N/P 30;
Figure 2b). The fact that BMAAD performs even better
under serum conditions is remarkable as in general
serum leads to unspecific interactions and lower TEs in
case of cationic polymers.28,30

As the next step, the transfection of Jurkat T suspen-
sion cells with pDNA was evaluated. Figure 2c shows
a TE of up to 19 ( 6% with polyplexes formed
from BMAAD and pDNA (N/P 20), whereas both PEI
and PDMAEMA show a significantly reduced TE,
which is in agreement with literature.31 The fact that
BMAAD micelles reach a 5-fold higher TE compared
to PEI highlights the potential of these structures as
powerful transfection agents. It should be noted that
the presence of PMAA within the im-IPEC shell does
not decrease the TE. Moreover, transfection experi-
ments under non static conditions (shaking) resulted in
similar transfection efficiencies (Figure S8, Supporting
Information).We also found no detectable cytotoxicity
of BMAAD using sensitive L929 cells (Figure 2d)
for concentrations up to 320 μg mL�1, in contrast to
PDMAEMA and PEI, which show IC50 values of 30 and
6 μg mL�1, respectively. Even polyplexes of PEI/pDNA
show lower values (IC50 ∼ 10 μg mL�1).32 We propose
that the PMAA block of BMAAD is responsible for
the decreased cytotoxicity, without decreasing the TE
in contrast to PEG.10,33 Hence, the patchy micellar
surface featuring cationic domains and neutral
im-IPECs might serve as leverage to circumvent what
is often called the “PEG-dilemma” (decreasing TE in the
presence of a shielding PEG corona). The outstanding
biocompatibility in combinationwith high TE values for

Figure 2. Transfection efficiencies of BMAAD, PEI570, and PDMAEMA191 for adherent HEK cells in serum-reduced (a) and serum-
containing media (b) and human leukemia cells (c) at different N/P ratios. An EGFP (pEGFP-N1) was used as reporter gene.
Cytotoxicity tests using L929 cells (d). Values represent the mean ( S.D; * represents a significant difference (p < 0.01).
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BMAAD is impressive, as generally increases in efficiency
are accompanied by higher cytotoxicity for transfection
agents.7,34 Thus, using an ampholytic triblock terpolymer
containingboth a cationic and ananionic segment allows
constructing efficient nonviral gene delivery agents even
though the cationic part, PDMAEMA, is usually regarded
as being not very efficient.35

As such an outstanding performance was not anti-
cipated for BMAAD, we were interested in the under-
lying mechanism. Therefore, all formed polyplexes
were investigated with an ethidium bromide exclu-
sion assay (EBA)36 and dynamic light scattering (DLS)
experiments. Both BMAAD and PDMAEMA show simi-
lar binding affinities to pDNA, but the values are lower
compared to PEI (Figure S2, Supporting Information).
This indicates the successful formation of polyplexes in
all cases, as EBA only provides a qualitative assessment.37

In addition, we performed a DNA gel migration assay,
confirming the successful pDNA complexation at N/P 5
as no free pDNA could be detected (Figure S3, Support-
ing Information).
All polyplexes investigated exhibit a positive net

charge at physiological pH, as shown in zeta-potential

measurements (Figure 3c).Hydrodynamic diameters of
64 nm (PEI), 237 nm (BMAAD), and 52 nm (PDMAEMA)
can be observed (Figure 3c). For BMAAD, the formed
polyplexes are of comparable size as the “bare” mi-
celles (212 nm),26 which can be explained by a rather
tight wrapping of pDNA around the particles.38

pH-dependent surface characteristics of BMAAD are
schematically presented in Figure 3a. At physiological
pH (7.4) most of the PDMAEMA forms im-IPECs
with PMAA (white), whereas a slightly positive surface
charge is caused by excess protonated PDMAEMA
(DP PDMAEMA > DP PMAA).26 At endosomal pH (∼5),
PDMAEMA is highly protonated and stretched,
whereas PMAA partially collapses. This is supported
by pH-dependent zeta potential measurements. The
appearance of neutral im-IPECs, cationic patches on
the polyplex surface, and strong changes as a response
to variations of the pH are also known from clusters of
viral particles.23�25

The results could also be confirmed by asymmetric
flow field-flow fractionation (AF4, Figure 3b), where an
Rg of 97 nm was obtained for BMAAD and 111 nm
for the corresponding polyplex; the obtained molar

Figure 3. Proposed surface characteristics of the BMAADmicelle (color code: red, positive charges/PDMAEMA; blue, negative
charges/PMAA; white, neutral im-IPEC domains; a). Detailed characteristics of BMAADmicelles obtained by asymmetric flow
field flow fractionation (AF4) at pH 7 (b, d). Sedimentation velocity, hydrodynamic diameter, and zeta potential of polyplexes
formed at N/P 20 (c). Mean fluorescence intensity (MFI) of cells transfected with YOYO-1 labeled pDNA for indicated time
points using BMAAD, PEI570, and PDMAEMA191 (e). Values represent the mean ( S.D; * represents a significant difference
(p<0.05) to PEI570 andPDMAEMA191; ** represents a significant difference (p<0.01) to PEI570 andPDMAEMA191,

# represents a
significant difference (p < 0.01) to PDMAEMA191. Transfection efficiencies using EGFP as reporter gene of BMAAD and PEI for
adherent HEK cells treated with Bafilomycin (f).
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masseswereMn = 3.87� 108 gmol�1 andMw = 4.36�
108 g mol�1 for the micelle (Figure 3b and d). From the
molar mass of the single triblock terpolymer (105 300
g mol�1) the aggregation number can be calculated
to roughly 3 700. Combining these resultswith theDLS
data, the general ratio Rg/Rh, which provides informa-
tion about the shape and the conformation of the
sample, can be calculated. Typical values are 0.775 for a
hard sphere, 1.0 for a soft sphere, or 1.78 for a mono-
disperse linear polymer chain in a good solvent.39 In
this study a value of 0.92 for themicelle and 0.94 for the
corresponding polyplex were obtained, which both fit
to the expected model of a soft sphere. With decreas-
ing pH, the zeta potential as well as the hydrodynamic
diameter increases from 16.5mV and 237nmto 30.3mV
and 420 nm (Figures 3c and 5). In addition, the stability
of the BMAAD polyplexes in the presence of serum
after 4 h was analyzed, and no significant changes
could be observed (hydrodynamic diameter 230 nm),
suggesting that no protein based aggregation takes
place.
To achieve successful transfection in case of human

leukemia cells, the binding affinity between polymer
and pDNA, size, and zeta potential of the polyplexes
is crucial. However, this has to be complemented by
an enhanced recognition and uptake by the cells. The
uptake is mainly influenced by the charge and a high
concentration of polyplexes at the cell surface.40 The
latter can be accessed via the sedimentation rate of the
polyplexes, as determined by analytical ultracentrifu-
gation (AUC). Presumably, larger particles with higher
sedimentation coefficients lead to an increased parti-
cle uptake in case of in vitro transfection.41,42 Indeed,
the trends observed from DLS studies (Figure 3c) can
be confirmed, as polyplexes from BMAAD micelles
revealed a higher sedimentation rate (6480 S) com-
pared to PEI (3140 S) and PDMAEMA (230 S), most
probably due to the rather dense PB core. This leads
to longer and more intensive interactions between
the cells and the polyplexes and, hence, an increased
internalization.
To investigate the time-dependent cellular uptake of

polyplexes, YOYO-1 labeled pDNAwas used (Figure 3e
and S8, Supporting Information). An enhanced uptake
can be clearly achieved with BMAAD micelles com-
pared to PEI or PDMAEMA. Already after 1 h the
majority of cells internalized the labeled polyplexes
with BMAAD, whereas 4 h are necessary in case of
PEI (Figure S8, Supporting Information). Even more
impressive, the overall amount of labeled pDNA taken
up by all viable cells (mean fluorescence intensity, MFI,
Figure 3e) is almost doubled for BMAAD at all indicated
time points, demonstrating the enormous potential of
these structures.
One previously identified bottleneck during trans-

fection studies is the endosomal escape of polyplexes.
For PEI, a rather high buffer capacity is known, causing

the so-called proton sponge effect.43 In contrast to PEI,
PDMAEMA has lower buffer capacities,26,44 which
might explain a lower TE of linear PDMAEMA but
not the high TE of BMAAD. Therefore, the behavior
of BMAAD at endosomal pH (∼ 5) was studied in more
detail.Here, a rather stretched PDMAEMA corona and a
partially collapsed PMAA shell can be anticipated.26

The increased amount of positive charges lead to
strong interactions with cellular membranes and, po-
tentially, destabilization. This was confirmed both for
the polymers and the polyplexes by a hemolysis assay
at different pH values (Figure 4a and Figure S7, Sup-
porting Information). While both PEI and PDMAEMA
did not exhibit any hemolytic activity (Figure S7,
Supporting Information), a strong pH-dependence
with up to 30 and 8% at pH 5was found for the BMAAD
micelles andpolyplexes, respectively. This supports our
assumption that BMAAD destabilizes the endosomal
membrane under acidic conditions and that the poly-
plex is released into the cytoplasm. The fact that this
endosomal disruption is pH-dependent demonstrates
the unique potential of such structures to react on
subtle environmental changes and thereby induce
endosomal escape.45 To confirm the endosomal up-
take and the necessity of acidification for an efficient
transfection using BMAAD, transfections with bafilo-
mycinwere performed. Bafilomycin is known to inhibit
the ATPases in the endosomes and therefore prevents
acidification. The TEs of BMAAD and PEI are significantly
decreased (Figure 3f) to 13 and 1%, respectively. It
supports our assumption that endosomal pH facilitates
destabilization and destruction of the endosomal
membrane by shape/surface charge changes of the
proposed BMAAD polyplexes. In addition, transfec-
tions were performed at 4 �C (Figure S8, Supporting
Information), also significantly reducing the TE. To
prove the fast and efficient endosomal escape, the
colocalization of transported pDNA was investigated
using confocal laser scanning microscopy (CLSM,
Figure 4c). Therefore YOYO-1 labeled pDNA (green,
Figure 4c) and LysoTracker Red (red, Figure 4c) were
used to visualize the polyplexes as well as the late
endosomes and lysosomes, respectively. Even after 1 h,
a strong correlation of pDNA from PEI and PDMAEMA
polyplexes and endosomes could be detected (yellow
signal, Figure 4c) in contrast to BMAAD-based poly-
plexes. To verify the uptake of the BMAAD polyplexes
via endocytosis, the colocalization of BMAAD poly-
plexes and early endosomes was demonstrated
(Figure S8, Supporting Information).
Once the polyplexes are released into the cytoplasm,

their dissociation is of great importance and was
investigated using heparin, a negatively charged poly-
saccharide (Figure 4b). Typically, heparin concentra-
tions of 10 U mL�1 are necessary to achieve a total
release of pDNA from PEI-based polyplexes,4 whereas
50 UmL�1 were needed for linear PDMAEMA, which is
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a reason for the lower TE. Although BMAAD and
PDMAEMA showed comparable binding affinities, the
addition of only 10 UmL�1 of heparin led to an almost
complete release of pDNA from BMAAD-based poly-
plexes. We attribute this to the PMAA block acting
as a competing polyanion. In addition, the dissocia-
tion assay performed at pH 5 (Figure S5, Supporting

Information) demonstrated a higher binding to pDNA,
and thus, no polyplex dissociation in the endosome
can be assumed.
The structure of the formed polyplexes was further

investigated using cryo-TEM measurements at differ-
ent pH-values (Figure 5). At pH7.4, the BMAADmicelles
are close to their isoelectric point,26 and polyplex

Figure 4. pH-dependent hemolysis assay of BMAAD of three different donators, each n = 3 (a). Dissociation assay of
polyplexes formed at N/P 10 with increasing heparin concentrations (b). CLSM images of HEK cells transfected with indicated
polymer based polyplexes and YOYO-1 labeled pDNA (green); late endosomes/lysosomeswere stainedwith LysoTracker Red
(red), and cell nuclei were stained with Hoechst 33342 (blue); each scale bar represents 20 μm; colocalization of pDNA and
endosomal compartments are depicted in yellow (c).

Figure 5. Schematic depiction of the proposed polyplex structure and the corresponding cryo-TEM micrographs at pH 7.4;
the black arrow indicates the presence of im-IPECs (a), pH 5 (b), and pH 7.4 (c). Zeta potentials (ZP) of BMAAD polyplexes at
pH 7.4 (16.5 mV) and pH 5 (30.3 mV). Color code: gray (PB), blue (PMAA), red (PDMAEMA), white (im-IPEC), and black
(pDNA-polyplex). Scale bars indicate 200 nm and 50 nm in the insets.
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formation with pDNA leads to rather homogeneous
structures of spherical shape (cryo-TEM, Figure 5a).
The observed clustering can be explained by the rather
low zeta potential of 16.5 mV. A decrease in pH
within the endosome was simulated by the titration
with diluteHCl until a pH of 5was reached. This leads to
full protonation and stretching of the PDMAEMA co-
rona (pKa ∼ 7.7, zeta potential of 30.3 mV). Afterward,
severe structural changes occur, as shown in Figure 5b:
parts of the micellar core are covered by collapsed
PMAA patches (blue), and in addition, the polyplexes
formed of PDMAEMA (red) and pDNA (black) appear
more dense and rigid, as seen in the protrusions
connecting several micellar structures.26

These observations support our assumption of
an endosomal burst occurring under these conditions
and the data provided by hemolysis (Figure 4a).
Subsequently, if the polyplex leaves the endosome,
the pHwithin the cytoplasm rises to approximately 7.4,
which was simulated for the same polyplex solu-
tion (Figure 5c). The cryo-TEM micrograph now shows
polyplexes with the combined characteristics of
Figure 5a and b: PMAA is resolubilized via deprotona-
tion, leading to a more homogeneous overall appear-
ance, and the rather rigid PDMAEMA/pDNA strands
are still present, interconnecting several micelles.

The latter can be explained by a closer look at the
linear homopolymer of PDMAEMA, showing a rather
strong binding between PDMAEMA and pDNA (linear
PDMAEMA in Figure 4b). Since the polyplex is formed,
neither an increase in pH (4 to 9, data not shown)
nor the addition of heparin facilitated an easy release
of pDNA. Hence, in the case of the BMAAD the nega-
tively charged PMAA block acts as a competing poly-
electrolyte, presumably reduces the binding between
PDMAEMA and pDNA, and enables the release of
genetic material in the cytoplasm. Comparable struc-
tural rearrangements induced by changes in pH have
been reported for the Sindbis virus.25

So far, the use of BMAAD led to high TE and was
accompanied by surprisingly low cytotoxicity and a
facilitated release of pDNA. To highlight the advantage
of this system, the proposed transfection mechanism
with respect to the biological hurdles was schemati-
cally illustrated in Figure 6. After polyplex forma-
tion with pDNA, the internalization of the resulting
structures crucially depends on the interaction with
proteins and the cellular membrane. As we observed
high transfection efficiency in the presence of serum
proteins (Figure 2b) and no protein dependent aggre-
gation, a good shielding behavior can be assumed.
On the other hand, extremely fast cellular uptake

Figure 6. Schematic illustration of the proposed transfection mechanism for BMAAD-based polyplexes, with respect to the
biological hurdles. The BMAADmicelle protects the genetic material (pDNA), prevents aggregation, and the cationic corona
enables a fast and efficient cellular binding and uptake. Inside the endosomes, a decrease in pH leads to a swelling of the
cationic corona and to a destabilizationof the endosomalmembrane. The release of the geneticmaterial inside the cytoplasm
is promoted by the middle block, PMAA, acting as a competing polyanion.

A
RTIC

LE



RINKENAUER ET AL. VOL . 7 ’ NO . 11 ’ 9621–9631 ’ 2013

www.acsnano.org

9628

(Figure 3e and S8, Supporting Information) is caused by
the presence of cationic surface patches, reminiscent
to the surface clusters of certain viruses.46,47After inter-
nalization via endocytosis, prompt escape of the poly-
plexes from the endosome is facilitated by an increase
in size and zeta potential due to protonation and
swelling of the PDMAEMA segments (Figure 3a and
Figure 5), avoiding both digestion and exocytosis
(Figure 4c). In the cytoplasm, the release of the genetic
material is supported by the presence of the middle
block, PMAA, acting as a competing polyanion, result-
ing in an efficient expression of the reporter gene.

CONCLUSION

The successful design of powerful gene delivery
agents imposes a range of bottlenecks,15 but research
efforts are justified by the potential applicationswithin
medicine and biotechnology.48 Here, we presented
a first study on the use of multicompartment micelles
from stimuli-responsive triblock terpolymers as a new
class of potential transfection agents.We propose that
this might be the first step of a paradigm change for
nonviral gene transfection agents as low cytotoxicity
can be combined with outstanding TE for both adher-
ent cells and rather hard-to-transfect human leukemia
cells. In particular in the latter case, remarkable im-
provements compared to PEI and linear PDMAEMA
were shown.
Detailed investigations of the underlying mechan-

ism revealed a number of advantages for this system:
the dense core of the BMAAD micelles leads to higher
sedimentation rates and a superior cellular uptake.
Furthermore, the interaction of two oppositely

charged weak polyelectrolytes (PMAA and PDMAEMA)
leading to im-IPECs and charge-neutral patches is
to our opinion responsible for the reduced serum
aggregation, unaffected viability, enhanced cellular
uptake, and an improved pDNA release. In addition,
under acidic conditions PDMAEMA provokes an in-
crease in size and zeta potential, responsible for mem-
brane destabilization and the release of the polyplex
from the endosome.
Moreover, we believe that our results may aid in

a profound understanding of the transfectionmechan-
ism of pDNA. Our mechanism was developed based
on a combination of hemolysis data, cryo-TEM
investigations (which provide structural insight into a
model system), and microscopic images. All this is
supported by pH-dependent zeta potential and size
measurements.
In consequence, these effects render BMAAD a

powerful advanced carrier for pDNA transfection stud-
ies, outperforming the “gold standard” PEI while main-
taining superior biocompatibility. This work shows
that by adopting certain design concepts from viruses
(defined and responsive surface patches23�25) via the
synthesis of well-defined block copolymers and the
corresponding self-assembled aggregates superior
control over (mainly) interface-dominated processes
can be achieved. Of course, the next step would be to
perform electron microscopy under cell culture condi-
tions at different stages of the transfection process.
To achieve this, we are currently working on strategies
targeting the in situ immobilization of cells during
different stages of transfection using fast gelation
processes in aqueous media.

METHODS

Materials. Linear 25 kDa PEI was purchased from Polysciences
(Eppelheim, Germany). Ethidium bromide solution 1% was pur-
chased from Carl Roth (Karlsruhe, Germany). AlamarBlue, cell
light early endosomes-RFP, BacMAM and YOYO-1 were obtained
from Life Technologies (Darmstadt, Germany). If not stated
otherwise, cell culture materials, cell culture media, and solutions
were obtained from PAA (Pasching, Austria). Plasmid pEGFP-N1
(4.7 kb, Clontech, USA) was isolated using Qiagen Giga plasmid
Kit (Hilden, Germany). All other chemicals were purchased from
SigmaAldrich (Steinhausen, Germany) andare of analyticalgrade
or better and used without further purification. 2-Cyano-2-butyl
dithiobenzoate (CBDB) was purchased from Aldrich and used
without further purification. Azobis(isobutyronitrile) (AIBN,
Aldrich) was recrystallized from methanol. 2-(Dimethylamino)-
ethyl methacrylate (DMAEMA) was purchased from Aldrich and
passed over a column filledwith inhibitor remover prior tousage.

Synthesis of BMAAD Micelles. Synthesis and characterization
of the BMAAD micelles were described previously.26 Briefly,
linear BTD triblock terpolymerswere synthesized via sequential
living anionic polymerization of the corresponding monomers
in THF at low temperatures using sec-BuLi as initiator. Prior
to the reaction, freshly distilled THF (600 mL) was treated with
sec-BuLi at �20 �C, followed by stirring overnight at room
temperature to produce alkoxides to stabilize the living poly-
butadienyl chain ends during the polymerization. In a typical
reaction, 1,3-butadiene (20.5mL, 13.3 g, 0.246mol) was initiated

with sec-BuLi (0.2 mL, 0.3 mmol) at �70 �C in THF and
polymerized at �10 �C for 8 h. After polymerization of the
first block, the living butadienyl chain ends were end-capped
with 1,1-diphenylethylene (0.11mL, 0.11 g, 0.6mmol) for 1 h at
�50 �C to attenuate the nucleophilicity. In this way, transfer
reactions upon addition of the second monomer, tBMA, could
be suppressed. Subsequently, tBMA (9.3 mL, 8.2 g, 0.057 mol)
was added to the reactionmixture via syringe and stirred for 1 h
at �40 �C. After polymerization of the second block, DMAEMA
(20.2 mL, 18.9 g, 0.12 mol) was added via syringe.

Hydrolysis of the PtBMA Block. The BTD terpolymers were
dissolved in dioxane at a concentration of 1 g L�1. A spatula
of the stabilizer 2,6-di-tert-butyl-p-cresol (BHT) anda10-foldexcess
of hydrochloric acid relative to the ester moietieswere added and
the reaction mixture was refluxed at 120 �C for 24 h. Afterward,
the excess of HCl was removed by dialysis against deionized
water. After dialysis, micellar stock solutions in deionized water
with concentrations of approximately 0.5 g L�1 were obtained.
From these stock solutions changes in pH or salinity were per-
formed by dialyzing against the corresponding buffer solutions.

Polyplex Preparation. Polyplexes of pDNA and polymers were
prepared bymixing stock solutions of pDNA and polymers at a
certain N/P ratio with 15 μg mL�1 of pDNA solution in HBG
buffer (20 mM 4-(2-hydroxethyl) piperazine-1-ethanesulfonic
acid (HEPES) and 5% (w/v) glucose, pH 7.2). Subsequently, the
solutions were vortexed for 10 s at maximal speed and incu-
bated at room temperature for 20 min.
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Transfection of Adherent and Suspension Cells. HEK-293 cells
(CRL-1573, ATCC) and Jurkat (TIB-152, ATCC) cells were main-
tained in RPMI 1640 culture medium, L929 cells (CCL-1, ATCC)
in DMEM culture medium. Both media were supplemented
with 10% fetal calf serum (FCS), 100 μg mL�1 of streptomycin,
100 IU mL�1 of penicillin, and 2 mM L-glutamine. Cells were
cultivated at 37 �C in a humidified 5% CO2 atmosphere.

For transfection of the adherent cell lines, cells were
seeded at a density of 105 cells per well in 12-well plates one
day before transfection. One hour prior to transfection, cells
were rinsedwith PBS and supplementedwith 1mL of OptiMEM
(Life Technologies) or fresh serum-containing growth media
(without antibiotics). Polyplexes (100 μL) were added to the
cells, and the plates were incubated for 4 h in the incubator.
Afterward, the supernatant was replaced by 1 mL of fresh
growth medium, and the cells were further incubated for
20h. For analysis, adherent cellswereharvestedby trypsinization.
In the case of the Bafilomycin experiments, 175 nM Bafilomycin
was added briefly before polyplex addition to OptiMEM.

For transfection of suspension cells (Jurkat), 0.25� 105 cells
were seeded in 0.25 mL of OptiMEM in 24-well plates, one
hour prior to transfection. The polyplex solutions (50 μL) were
added, and the plates were incubated for 4 h in the incubator.
Afterward, 0.25 mL of growth medium were added, and the
cells were incubated for further 20 h. For determination of
the viability during flow cytometry, dead cells were identified
via counterstaining with propidium iodide. The relative expres-
sion of EGFP fluorescence of 104 cells was quantified via
flow cytometry using a Cytomics FC 500 (Beckman Coulter).
For determination of the transfection efficiency viable cells
expressing EGFP were gated. The experiments were performed
independently three times. Confocal laser scanningmicroscopy
(CLSM) was performed using as LSM510 (Carl Zeiss).

Plasmid DNA Labeling. For labeling of 1 μg pDNA, 0.026 μL of
1 M YOYO-1 solution was mixed with pDNA in 20 μL of pure
water. The solution was incubated for 1 h at room temperature
protected from light, before HBG was added to the used pDNA
concentration described before. Polymers were added at the
indicated N/P ratio, and the polyplex solution was treated as
described before and added to the cells. After 4 h of incubation,
the cells were harvested and 10% trypan blue was added to
quench the outer fluorescence of cells and identify only those
cells, which have taken up the genetic material. To determine
the relative uptake of NPs, 10 000 cells were measured by flow
cytometry, and the amount of viable cells showing YOYO-1
signal were gated. For measuring the mean fluorescence in-
tensity, all viable cells were measured.

Cytotoxicity. The cytotoxicity was tested with L929 cells, as
this sensitive cell line is recommended by ISO10993-5. In detail,
cells were seeded at 104 cells per well in a 96-well plate and
incubated for 24 h. No cells were seeded in the outer wells.
Afterward, polymers at the indicated concentrations were
added, and the cells were incubated at 37 �C for further 24 h.
Subsequently, the mediumwas replaced by D-PBS and Alamar-
Blue as recommended by the supplier. After incubation for 4 h,
the fluorescence was measured at Ex 570/Em 610 nm, with
untreated cells on the same well plate serving as controls.
The experiments were performed independently three times.

Analytical Ultracentrifugation. Analytical ultracentrifugation
(AUC) was performed on a Beckman XL-I analytical ultracentri-
fuge (Krefeld, Germany). Experimentswere carried out in double-
sector aluminum centerpieces with an optical path length of
12 mm in a four holes rotor setup. Each cell was filled with
0.42 mL of solvent (HBG) and 0.4 mL of sample. A rotor speed
between 1000 to 10 000 rpm was used, depending on the sam-
ple. The system was equilibrated for 40 min at 25 �C in the
centrifuge. Sedimentation data were recorded by absorbance
optics. Data analysis was done by the Sedfit software.49

Asymmetric Flow Field-Flow Fractionation (AF4). Asymmetric flow
field-flow fractionation (AF4) was performed on an AF2000 MT
System (Postnova Analytics, Landsberg, Germany) coupled to
a UV (PN3211, 260 nm), RI (PN3150), and MALLS (PN3070,
633 nm) detector. The eluent is delivered by three different
pumps (tip, focus, cross-flow), and the sample is injected by
an autosampler (PN5300) into the channel. The channel has a

trapezoidal geometry and an overall area of 31.6 cm2. The
nominal height of the spacer was 500 μm, and a regenerated
cellulose membrane with a molar mass cutoff of 10 kDa was
used as accumulation wall. All experiments were carried out at
25 �C, and the eluent was degassed water containing 0.02%
NaN3 to avoid bacterial growth. To prevent attractive interac-
tions between the negative surface of the membrane and
the positive charges in the corona of themicelle, themembrane
surface was saturated by injection of 100 μg of pure
PDMAEMAwith the same procedure as for the micellar systems
described below. Twenty microliters of samples were injected
with an injection flow rate of 0.2 mL min�1 and a cross-flow
rate of 0.9 mL min�1 for 7 min (detector flow rate was set to
1 mL min�1). After a focusing step, the cross-flow rate was
reduced under an exponential gradient (0.3) within 15 min to
0.05 mL min�1 and kept constant for 25 min. Afterward the
cross-flow ratewas reduced to 0 mLmin�1 for 15 min to ensure
complete elution. The refractive index increment for BMAAD
was measured by manual injection of a known concentration
directly into the channel without any focusing or cross-flow.
Integration of the RI signal gives a dn/dc of 0.156 mL g�1. For
calculation of the molar mass and the radius of gyration the
Berry plotwas used.50 Allmeasurementswere repeated 5 times.

Cryo-TEM Measurements. For cryo-TEM, 5 μL of the sample
solution (in HBG) were applied to copper grids covered with a
holey carbon film (Quantifoil R3.5/1 Micro Tools GmbH, Jena,
Germany). The excess of the solution was automatically blotted
with a filter paper (1 s), and the grid was then plunged rapidly
into liquid ethane (�180 �C) in a cryobox (Carl ZeissNTSGmbH).
After removing excess ethane with a filter paper, the samples
were transferred with a cryotransfer unit (Gatan 626-DH, Gatan
GmbH, Munich, Germany) into the precooled cryoelectron
microscope operated at 120 kV (Philips CM 120, Eindhoven,
Netherlands) and viewed under low dose conditions with a
bottom-mounted 1k CCD camera.
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Experimental section

Synthesis of PDMAEMA
A solution of 1.54 mL DMAEMA (1.43 g, 9.1 mmol), 8.5 mg CBDB (0.03 mmol) and 1 mg AIBN (0.0061 mmol) in 

4 mL anisole was prepared in a microwave vial. The reaction vessel was capped, flushed with argon for 30 minutes and 
placed in an oil bath at 70 °C for 15 hours. Afterwards, the reaction solution was cooled down to ambient temperature and 
precipitated into 30 mL hexane to receive the final polymer. The dried polymer was characterized by size exclusion 
chromatography (SEC), providing its molar mass (Mn) of 27,600 and a PDI value of 1.28.

Size exclusion chromatography 
SEC was measured on a Shimadzu system equipped with a SCL-10A system controller, a LC-10AD pump, and a RID-

10A refractive index detector using a solvent mixture containing chloroform, triethylamine, and isopropanol (94:4:2) at a 
flow rate of 1 mL min-1 on a PSS-SDV-
67,500 g mol-1) and PMMA (2000 to 88,000 g mol-1) standards.



Ethidium bromide quenching assay
The polyplex formation of pDNA and polymers was detected by quenching of the ethidium bromide (EB) fluorescence as 

described previously.1 Briefly, 15 g mL-1 pDNA in a total volume of 100 L HBG were incubated with EB (0.4 g mL-1)
for 10 min at room temperature. Then, polyplexes with increasing amounts of indicated polymers were prepared in black 96-
well plates (Nunc, Langenselbold, Germany). The samples were equilibrated for 20 min before the fluorescence was 
measured using a Tecan Genios Pro fluorescence microplate reader (Tecan, Crailsheim, Germany); the excitation and 
emission wavelength were 525 and 605 nm, respectively. A sample containing only pDNA and EB was used to calibrate the 
device to 100% fluorescence against a background of 0.4 g mL-1 of EB in HBG solution. The percentage of dye displaced 
upon polyplex formation was calculated using equation (1):

(1)

Here, RFU is the relative fluorescence and Fsample, F0, and FDNA are the fluorescence intensities of a given sample, the EB 
in HBG alone, and the EB intercalated into pDNA alone.

Gel migration assay
The polyplexes were formed as described before in a volume of 50 L at the indicated N/P ratios and after 15 
minutes incubation 5 L loading buffer (0.25% Bromphenolblue, 40% saccharose) was added. Afterwards the 
solutions were loaded to an 1% agarose gel, electrophorese (Bio-Rad, Munich, Germany, Mini-Sub Cell GT 
System) was carried out with a current of 80 V (PowerPacTM Basic as power supply) for 1 h in TBE running 
buffer solution (107,8 g/L trise-base, 7,4g/L EDTA, 55g/L borate). Subsequently the agarose gel was incubated 
30 min in TBE containing ethidium-bromid.  

Heparin dissociation assay
To investigate the release of pDNA from polyplexes, the heparin dissociation assay was used. For this purpose, 15 g mL-1

pDNA were incubated for 10 min with EB (0.4 g mL-1) in a total volume of 100 L HBG (pH 7 and 5) before polyplexes at 
N/P 10 were formed. After 15 min in the dark the polyplexes were transferred into black 96-well plates, and heparin was 
added at the indicated concentrations. The solution was mixed and incubated for further 30 min at 37 °C in the dark. The 
fluorescence of EB (Ex 525 nm / Em 605 nm) was measured, and the percentage of intercalated EB was calculated as 
described before (1).

Hemolysis assay
The membrane damaging properties of the polymers were quantified by analyzing the release of hemoglobin from human 

erythrocytes. The hemolysis assay was performed as described before.2 Briefly, blood from sheep was centrifuged at 4.500 × 
g for 5 min and the pellet was washed three times with cold DPBS. The stock solutions were diluted in HBG of indicated pH, 
and polymer solutions were prepared in HBG buffer as well. 100 L of each solution were mixed and further incubated for 
60 min at 37 °C. The release of hemoglobin in the supernatant was determined at 580 nm after centrifugation (2,400 g for 
5 min). The absorbance was measured using a plate reader (Genios Pro, Tecan, Germany). For comparison, collected 
erythrocytes were washed with DPBS and either lysed with 1% Triton X-100 yielding the 100% lysis control value (A100) or 
resuspended in DPBS as reference (A0). The analysis was repeated with blood from at least six independent donors. The 
hemolytic activity of the polycations was calculated as follow (2):

 

  (2)

Here, Asample, A0, and A100 are the absorbance intensities of a given sample, erythrocytes incubated with DPBS, and 
erythrocytes lysed with Titon X-100.

Dynamic and electrophoretic light scattering
Dynamic light scattering (DLS) was performed on an ALV-CGS-3 system (ALV, Langen, Germany) equipped with a 

He- = 633 nm. The counts were detected at an angle of 90°. All measurements were 
carried out at 25 °C after an equilibration time of 120 sec. For analyzing the autocorrelation function (ACF), the CONTIN 
algorithm3 was applied. Apparent hydrodynamic radii were calculated according to the Stokes–Einstein equation.



Electrophoretic light scattering was used to measure the electrokinetic potential, also known as zeta potential. The 
measurements were performed on a Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany) by applying laser 
Doppler velocimetry.4 For each measurement, 20 runs were carried out using the slow-field reversal and fast-field reversal 
mode at 150 V. Each experiment was performed in triplicate at 25

rding to Oshima.5

Serum stability by DLS
Polyplexes were incubated with serum containing growth media in a micro-cuvette for 4h at 37°C under a CO2 atmosphere. 
Afterwards the cuvette was closed and directly transferred to the DLS device (Malvern Zetasizer). Measurements were done 
at 37 °C, detection at scattering angle of 173° and laser wavelength of 633 nm. Cumulant analysis and a non-negative least-
square algorithm were used to obtain distribution of hydrodynamic radius, z-average and PDI.



Results section

Flow Cytometer Analysis

The transfection efficiency was determined by measuring the amount of cells that express EGFP (encoded on the 
transported pDNA). Therefore, non-transfected cells serve as controls and were analyzed by flow cytometry. The histogram 
of control cells was used to define the amount of EGFP expressing cells (see Figure S1, control). The percentage of cells in
the specific area was defined as transfection efficiency in percentage.

Control BMAAD

Figure S1. Histograms of non-transfected cells (control) and HEK cell transfected with BMAAD (N/P20). FL1 Log 
represents green fluorescence by EGFP expression.  

Interaction between used polymers and genetic material

Indicated by the decrease of ethidium bromide fluorescence it is obvious that all polymers lead to a full complexation of 
the pDNA. Nevertheless, there are differences in the binding affinity. PEI shows a stronger interaction compared to 
PDMAEMA and BMAAD. The dependence of EBA on the chemical nature of the monomer was previously described.1

Figure S2. Ethidium bromide quenching assay of pDNA complexed with the indicated polymers. Binding of polymer to the 
pDNA results in a decrease in fluorescence intensity. The binding affinity was investigated dependent on the N/P ratio.

 

 



The agarose gel migration assay was performed with the BMAAD micelle to confirm the full complexation of the pDNA. 
The results confirm the previous investigations (Figure S2) of the EBA. At an N/P ratio of 5 the pDNA is fully complexed 
with BMAAD micelles and no free pDNA is detectable. 

Figure S3. Agarose gel migration assay. Polyplexes were formed at indicated N/P ratio with BMAAD and 15 g pDNA

 

 

NP 0 NP 1    NP 5     NP 10       



pDNA release at pH 5

To investigate the polyplex dissociation and, thus, the pDNA release both cryo-TEM investigations (at pH 5 and 7) and a 
heparin dissociation assay at pH5 were performed. 

Cryo-TEM

The polyplexes were formed as described at a N/P ratio of 20, after 10 min incubation heparin (10 U/mL) was added and 
incubated for another 10 min. As can be seen in the micrographs, at pH 5 the polyplex surface remains patchy (Figure S4b), 
although less protrusions can be observed. For pH 7, in both cases the polyplex surface is rather smooth.

a b

c d

Figure S4. Cryo-TEM micrographs of BMAAD polyplexes incubated without (a, c) and with 10 U/mL heparin (b, d) at pH 5 (a, 
b) and pH 7 (c, d).



Heparin dissociation assay 

Besides the cryo-TEM investigations a heparin dissociation assay was performed at pH 5. In contrast to the release assay 
at pH 7 no full decomplexation of the pDNA could be achieved. Moreover at heparin concentration of 2.5 U/mL no 
fluorescence changes compared to 0.5 U/mL heparin could be detected. Thus, the BMAAD micelles have a much higher 
binding to the pDNA at pH 5, indicating no polyplex dissociation in the endosome occurring.

 

Figure S5: Dissociation assay of polyplexes formed at N/P 10 in pH 5 with increasing heparin concentrations (n=2)

Polyplex stability in presence and absence of serum

To analyze the aggregation behavior of the BMAAD polyplexe in HBG, their size was investigated over several hours. 
As obvious no changes in size were detected and thus no aggregation occured.

Figure S6: BMAAD polyplex stability in HBG (pH7). The relative diameters are demonstrated over 15 h.  



pH dependent hemolysis assay of polyplexes

The hemolysis assay of the polyplexes confirms the results of the hemolysis assay using the single polymers. The 
BMAAD polyplexes shows, membrane-perturbing activity at pH 5 (endosomal pH), in contrast to physiological pH. PEI 
shows no dependency of pH, regarding its hemolysis activity.

a b

Figure S7. pH-dependent hemolysis assay of polyplexes (a) and single indicated polymers (b). Polyplexes of BMAAD, 
PDMAEMA, and PEI were formed at N/P ratio 20 and the values represent the mean of three different donators.



Analysis of polyplex uptake mechanism

To analyze the uptake mechanism of the BMAAD polyplexes in more detail the transfection were performed at 4 °C as 
endocytosis is energy dependent and should be reduced at this temperature (figure S8b)

a b

c d

Figure S8: Fraction of cells with Yoyo-1 labled pDNA for indicated time points using BMAAD, PEI and PDMAEMA (a). 
Transfection efficiencies with EGFP as reporter gen of BMAAD and PEI for adherent HEK cells performed at 4°C at N/P 
ratio 20 (b). Transfection efficiencies of Jurkat T cells under non-static conditions (c). CLSM images of HEK cells 
transfected with indicated BMAAD based polyplexes and YOYO-1 labeled pDNA (green), the early endosomes were stained 
by cell light early endosome BacMAM2.0 (red), and cell nuclei were stained with Hoechst 33342 (blue). Values represent the 
mean ± S.D; * represents a significant difference (p < 0.01).

The transfection efficiency of BMAAD as well as PEI is significant decreased when incubated for 4 h at 4 C°. This 
indicates an energy dependent uptake of BMAAD. The remaining TE of 25 % yielded with BMAAD can be explained by a
very efficient binding to the cellular membrane.
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Abstract 

Efficient delivery of short interfering RNAs reflects a prerequisite for development of 
RNA interference therapeutics. Here, we describe highly specific nanoparticles, 
based on near infrared fluorescent polymethine dye-derived targeting moieties 
coupled to biodegradable polymers. The fluorescent dye, even when coupled to a 
nanoparticle, mimics a ligand for hepatic parenchymal uptake transporters resulting 
in hepatobiliary clearance of approximately 95% of the dye within 45 minutes. Body 
distribution, hepatocyte uptake and excretion into bile of the dye itself, or dye-coupled 
nanoparticles can be tracked by intravital microscopy or even non-invasively by 
multispectral optoacoustic tomography. Efficacy of delivery was demonstrated in vivo 
using 3-hydroxy-3-methyl-glutaryl-CoA reductase siRNA as an active payload 
resulting in a reduction of plasma cholesterol levels if siRNA was formulated into dye-
functionalized nanoparticles. This suggests that organ-selective uptake of a near 
infrared dye can be efficiently transferred to theranostic nanoparticles allowing novel 
possibilities for personalized silencing of disease-associated genes.  

 

Introduction 

Drugs based on RNA interference (RNAi) reflect a promising class of therapeutics to 
interfere with virtually any protein-coding mRNA, thus opening up new treatment 
strategies for targets that are, at present, deemed not amenable to drug 
development1-4. In contrast to small molecules with a wide range of different 
physicochemical properties, the chemical similarity of short interfering siRNAs 
(siRNA) permits the development of platform technologies5-7.  

The most prominent obstacle in translating RNAi-based approaches into a new class 
of therapeutics is a specific delivery and release of siRNAs to the targeted cells, 
tissues and organs, particularly important when off-target effects need to be avoided8, 

9.  

siRNAs are negatively charged, hydrophilic molecules that must overcome the 
hydrophobic plasma membrane10, 11 to reach – in a multistep process – the RNA-
induced silencing complex as their presumed site of action12. Cationic lipids are 
described as potential carriers to overcome electrostatic repulsion by binding and 
neutralizing the negative charge of siRNAs simultaneously 13. In addition, polycationic 
derivatives can effectively condense nucleic acid cargo for transfer into cells, 
especially polyethylenimine (PEI) which can be considered a golden standard 
polymer owing to its high buffering ability for endosomal escape of siRNA to be 
delivered 14. Penetrating the cell membrane may be achieved by conjugating siRNAs 
to small chemical moieties, such as sugar moieties, peptides or lipids 11, 15, 16. These 
conjugation approaches enhanced the cellular entry of siRNAs, but confer organ 
selectivity only to a very limited extent16.  
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To fully exploit the potential of these strategies innovative delivery systems allowing 
“active targeting” are required, particularly if the systemic delivery of siRNA to internal 
organs is desired. Approaches previously applied to deliver siRNAs include viruses 
and non-viral vectors with inherent differing efficiency and toxicity17, 18, however these 
are far from satisfactory19. Depending on the application, target tissue, and disease, 
versatile delivery strategies are of the utmost importance. Ultimately, a theranostic 
approach20, 21 is desirable, whereby an upstream diagnostic test could account for 
any inter-individual variability in carrier and payload uptake such that the type and/or 
dose of the carrier can be individualized. 

Due to its broad metabolic repertoire, the liver, more specifically hepatocytes, 
constitute particularly important targets for siRNA delivery22, 23.  

A well-characterized way of delivering siRNA cargos utilizes liposomes that directly 
release the siRNA into the cytoplasm after fusing with the plasma or endosomal 
membrane24. This allows, albeit with limited cellular selectivity, delivery of siRNA into 
the liver25, 26. 

A higher selectivity could potentially be achieved by other uptake mechanisms, such 
as receptor-mediated endocytosis of polymer-based nanoparticles. Uptake 
transporters with organ-specific expression pattern are present in epithelial cells, e.g. 
organic anion transporting polypeptides (OATP)27, 28 found within the basolateral 
membrane of hepatocytes. Polymethine dyes, such as indocyanine green, which are 
ligands for these transporters, have been used for decades to assess hepatic 
excretory function29-32 .  

Here we report that polymethine dyes, which differ regarding their physicochemical 
characteristics, are eliminated with high selectivity via the hepato-biliary or renal 
route. These dyes can be covalently bound to polymers conferring selectivity for 
organ-specific uptake transporters to subsequently formed siRNA-loaded 
nanoparticles. As a result, the dye-nanoparticle conjugate (DY-[NP]) reflects an 
escort system, for which imaging strategies to monitor uptake and clearance can be 
developed. This could allow the design of a platform-technology for theranostic 
delivery of RNAi therapeutics to the liver and, potentially, the kidney.  

 

Results 

NIR fluorescent dyes for functionalization of nanoparticles  

We initially screened different polymethine dyes based on benzopyrylium or indolium 
salts with solubilizing groups, i.e. sulfonic residues. Whereas dyes containing 4 
sulfonic residues displayed preferential renal elimination, dyes containing only 1 
sulfonic residue were subject to hepatobiliary excretion (Fig. 1 a and Supplementary 
Tab. 1). Among the studied compounds, DY-780 and DY-635 were excreted 
preferentially via the bile. While the optical properties of DY-780 proved to be suitable 
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for imaging by multi-spectral optoacoustic tomography (MSOT), DY-635 revealed 
superior properties to monitor hepatobiliary clearance by intravital microscopy (Fig. 1 
b). Several more hydrophilic dyes, such as DY-704 showed promising 
pharmacokinetic properties to target renal tubular epithelia (Fig. 1 b).  

To develop a theranostic delivery system for liver parenchyma, we selected DY-635 
and characterized its affinity to basolateral transporters in a heterologous expression 
system. While DY-635 exhibited moderate affinity to several important transporters, 
such as the sodium-taurocholate cotransporting polypeptide NTCP, its affinity to 
OATP1B1 and OATP1B3 in transfected HEK cells substantially exceeded that of the 
FDA-proposed ligand for drug development, rifampicin(33, Fig. 1 c).  Finally, DY-635 
uptake by freshly isolated primary mouse hepatocytes was found to be rapid, 
temperature sensitive and inhibited dose-dependently by cyclosporine A with an IC50 

of 379 nM (Fig. 1d). 

 

Polymer-synthesis and formulation of nanoparticles 

DY-635 was covalently coupled to acid terminated poly-lactide-co-glycolic acid 
(PLGA) via 1-ethyl-3-(3-dimethylaminopropyl)carbodiimid hydrochloride (EDC) 
chemistry. Covalent coupling of copolymer and dye was confirmed by size exclusion 
chromatography (SEC) using UV/Vis and RI detectors (Supplementary Fig. 1 a) as 
well as UV/Vis spectroscopy (Supplementary Fig. 1 b). The calculated labeling 
efficiency for conjugation was 77%, meaning that every 130th (aimed: approximately 
every 100th) polymer chain bears a label. The subsequent nanoparticle formulation 
was accomplished by nanoprecipitation from pure PLGA (NP), PLGA with coupled 
dye (DY-635[NP], DY-704[NP]) and PLGA with coupled dye and loaded with 
additional dyes (DY-635[NP](DY-780), DY-635[NP](NileRed), DY-635[NP](ICG)). For 
in vivo gene silencing, siRNA was complexed with linear PEI of low molar mass (10 
kDa; obtained by hydrolysis of poly(2-ethyl-2-oxazoline)). This was then 
encapsulated by emulsion techniques into a polymeric shell of the respective polymer 
(Fig. 2 a). Particle surface fluorescence quenching was performed using trypan blue 
to demonstrate expression of the NIR dye on the particle surface, as this represents 
an essential feature for specific uptake. The investigations showed a decrease of 
fluorescence by nearly 75% (Fig. 2 b). This indicates strongly that the dye is exposed 
to the particle surface and supports the notion that the dye moiety is responsible for 
targeting properties. The formed NPs were further characterized in detail by different 
methods to investigate their size, shape and surface charge (Tab. 1). The siRNA was 
encapsulated achieving an efficiency of 87.4 ± 2.5% (Tab. 1) as determined by 
photometric phosphate quantification. Scanning electron microscopy (SEM) 
measurements (Fig. 2 c-e) showed no significant differences between [NP], DY-
635[NP](-) and DY-635[NP](siRNA). The zeta potentials, representing the surface 
charges of the nanoparticles, are shown in Figure 2c, indicating negative charge for 
pure PLGA, DY-635[NP]s and loaded DY-635[NP]s. 
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DY-635[NP](siRNA) were investigated in further detail using asymmetric flow field-
flow fractionation (AF4). A monomodal and nearly monodisperse distribution with low 
particle polydispersity index (PDI) (1.09) (Supplementary Fig. 1 c), a radius of 
gyration (Rg) of 70 nm and a hydrodynamic radius (RH) of 90 nm, which is in 
accordance to batch dynamic light scattering (DLS) measurements, could be 
determined. The shape ratio (Rg/RH) of 0.78 obtained by AF4 measurements 
(Supplementary Fig. 1 d) corresponds to the theoretical value of a hard sphere 
(0.775)34. To confirm that the siRNA-PEI complexes are encapsulated inside the 
nanoparticles and not aggregated onto their surface, individualized TEM (Fig. 2 f) as 
well as cryo-TEM measurements (inset Fig. 2 f) were performed. The PEI core of DY-
635[NP](siRNA) was counterstained with Cu2+ ions, demonstrating that the siRNA-
PEI complexes were located inside the nanoparticles. Furthermore, bio- and hemo-
compatibility were studied showing neither hemolysis nor aggregation of erythrocytes 
(data not shown), supporting the successful encapsulation of the siRNA-PEI 
complexes. We then tested whether DY-635 conjugated to NPs would retain 
selective uptake by primary hepatocytes. Similar to what was observed with free dye 
(Fig 1 d) DY-635[NP](-) was rapidly accumulated in a temperature sensitive manner 
by primary hepatocytes and dose-dependently inhibited by cyclosporine A with an 
IC50 similar to that observed for inhibition of uptake of the free dye (209 nM, Fig 2 g). 

 

Body-distribution and traceability of D-635[NP] 

Having demonstrated that organ specificity can be transferred to dye-functionalized 
nanoparticles, body distribution of DY-635[NP], carrying contrast agents as cargo, 
was analyzed regarding active versus passive targeting properties. Athymic Nude-
Foxn1nu mice bearing a highly vascularized MDA-MB-231 human breast cancer 
xenograft were injected with DY-635[PLGA](DY-780) and analyzed after cryoslicing 
by low-power fluorescence microscopy. While liver, gall bladder, and subsequently 
the intestinal lumen showed dye signal suggesting uptake by hepatocytes followed 
by biliary excretion, no dye signal was detected in the tumor (Fig. 3 a). This is 
indicative of primarily active targeting to liver parenchyma rather than passive 
targeting even in the presence of a highly vascularized tumor. Subsequently we 
tested whether the optical properties of DY-780 DY-704 would allow non-invasive 
imaging of organ distribution using MSOT in anesthetized, healthy CD1 mice. 
Consistent with the uptake pattern in nude mice, a DY-780-derived signal in liver 
parenchyma, biliary tree and gut could be detected by MSOT indicating that 
hepatocytes take up and secrete DY-780 into bile (Fig. 3 b,c). Further experiments 
were conducted to confirm the need for a hepatoselective dye to target liver 
parenchyma. MSOT confirmed unspecific uptake of all applied NPs in spleen and to 
a much lesser extent in the liver (Fig. 4 a). While NPs with DY-635 as targeting 
moiety were extensively accumulated by the liver, either absence of dye or 
functionalizing with DY-704, i.e. a dye that is not a substrate for hepatocyte 
transporters, failed to show active targeting to the liver. Moreover, in vivo laser 
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scanning microscopy indicated that bare NPs carrying nile red were taken up by the 
liver and found almost exclusively in sinusoidal lining cells (primarily Kupffer cells). In 
contrast, DY-635 functionalized NPs were taken up by hepatocytes with the nile red 
cargo retained in the cytoplasm and the DY-635 transported into the bile (Fig. 5 a,b). 
Thus, the nanoparticles maintain their affinity to hepatic uptake transporters and 
allow tracking of drug delivery by biophotonic strategies.  

  

Uptake mechanisms of DY-635 and DY-635[NP](-)  

A microfluidic-assisted organoid that mimics the sinusoidal anatomy enabling us to 
study uptake kinetics of a human hepatocellular cell line (HepaRG) in the presence of 
human umbilical vascular endothelial cells (HUVEC) under static or flow conditions 
was used to assess mechanisms of uptake (Supplementary Fig. 2). As shown in 
Figures 6 a and 6 b, uptake of DY-635[NP](-) was significantly increased under 
conditions of flow compared to static culture. In the presence of flow, the pressure 
gradient in the flow chamber results in efflux of perfusate (including nanoparticles) 
out of the “vascular” space into the space surrounding the HepaRG cells (analog of 
space of Disse in vivo) at the inflow and back into the vascular space at the outflow. 
In this way DY-635[NP] are delivered to the HepaRG cells similar to what occurs in 
the liver in vivo. In a co-culture of HepaRG and HUVEC cells we could also 
demonstrate selectivity of DY-635[NP](-) to hepatocytes and inhibition of nanoparticle 
uptake by cyclosporine A and Pitstop-2 supporting an OATP-dependent clathrin-
mediated endocytosis (Fig. 6 b,c). Basal uptake of NP made from unfunctionalized 
PLGA and loaded with NileRed for detection was not affected by cyclosporine A (Fig. 
6 d).  

 

Since high selectivity for hepatocytes was confirmed for DY-635[NP](-) and 
becauseliver parenchyma could secrete free DY-635 into bile32 , we performed in vivo 
pharmacokinetic measurements of DY-635[NP](-) to assess (1) plasma 
disappearance, (2) hepatocellular clearance and (3) appearance of the dye in 
collected bile. After central venous administration of DY-635[NP](-), plasma kinetics 
in arterial blood revealed a peak at 4 min after administration. Disappearance 
followed an exponential decay with biliary excretion reaching its maximum at 15 min 
(Fig. 7 a). Monitoring of parallel urine samples was consistent with almost exclusive 
secretion of DY-635 from DY-635[NP](-) via the hepatobiliary route. When biliary 
recovery of DY-635 was quantified, the ratio of secreted DY-635 to injected DY-635 
bound to DY-635[NP](-) exceeded 90% after 45 minutes (Fig. 7 b). A change in the 
relative fluorescence intensity decrease in the hepatocyte from an exponential decay 
(free dye) to an almost linear kinetic after injection of DY-635[NP](-) was observed 
supporting the assumption that DY-635 and DY-635[NP] are processed differently 
and that rate limiting intracellular reactions have to occur prior to secretion of the dye 
(Fig. 7 c). Sublobular distribution of DY-635[NP](-) with liver tissue, as shown in 
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Figure 7 d, confirmed the highest concentrations around central veins with a steady 
decrease toward the lobular periphery early upon injection (Figure 7 d, upper and 
middle panel). The fluorescence signal subsequently displayed a spreading towards 
the periportal region (Figure 7 d, lower panel). 

To assess the potential use of the free dye to predict uptake of DY-635[NP] in a 
theranostic system, we injected DY-635 and DY-635[NP](-) sequentially. After DY-
635 injection an increase in fluorescence intensity was observed followed by an 
exponential decay. Administration of DY-635[NP](-) 20 min after DY-635 injection 
resulted in a second peak with a linear decay as shown for the individual compounds 
(Fig. 7 e), whereas distribution of DY-635 and DY-635[NP] were similar (Fig. 7 f)  

Cell-type specific RNAi of hmgcrusing DY-635[NP](siHMGCR) 

Next, we performed functional analysis of DY-635[NP](siRNA) delivery of siRNA in 
Hepa1-6 cells. In comparison to untreated controls, we observed a decrease in 
hmgcr mRNA-levels of 75% after 16 h and of 60% after 24 h. In contrast, DY-
635[NP](siCtrl) loaded with a control siRNA showed some stimulatory effect on 
HMGCR mRNA at 16 h and 24 h after treatment so that the total (net) inhibitory effect 
of hmgcr RNAi was even more substantial in comparison to DY-635[NP](siCtrl) at 
both 16 h and 24 h (Fig. 8 a).  

As successful RNAi was critical to our therapeutic strategy, we next validated the 
RNAi effects directly at the protein level. We first demonstrated the knockdown of the 
catalytic domain of HMGCR fused to GFP and expressed under a CMV-promotor  
from vectors that additionally drive either specific RNAi or scrambled RNAi in 
HEK293 cells using quantitative immunoblotting (Fig. 8 b).  

Second, we directly assessed the knockdown of endogenous HMGCR by quantitative 
immunofluorescence analyses in HepG2 cells. Both RNAi constructs led to a 
significant reduction of anti-HMGCR immunosignals (Fig. 8 c; Supplementary Fig. 3).  
We then tested whether knockdown with DY-635[NP](siHMGCR) would be effective 
in vivo using a mouse model. After two injections via a venous port, liver tissue was 
analyzed. An absolute decrease of hmgcr mRNA of 70 % versus untreated animals 
was achieved (Fig. 8 d). This decrease in mRNA was functionally significant, as DY-
635[NP](siHMGCR) treatment-mediated decrease of hmgcr mRNA resulted in a 
significant reduction of plasma cholesterol compared to the controls (Fig. 8 e). Again 
it was observed that treatment with DY-635[NP](siCtrl) lead to an up-regulation of 
hmgcr accompanied by an increase in hmgcr mRNA (7d) and plasma-cholesterol 
levels (Fig. 8 e). This is likely the result of low level activation of lipid metabolic 
pathways known to be associated with transient penetrations of the cell wall35.   
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Discussion 

In this study, we characterized multifunctional nanoparticles generated by covalent 
conjugation of a fluorescent dye with known hepatobiliary clearance to a 
biodegradable polymer (PLGA) as a carrier system for PEI-complexed RNAi 
therapeutics36-39. The highly organ-selective uptake of the NIR dye was maintained 
after covalent binding to PLGA-NPs. Furthermore, the NIR dye moiety allowed 
monitoring of distribution, uptake and clearance using biophotonic approaches. 
Assessing the pharmacokinetics of DY-635[NP](-) confirmed hepatobiliary clearance 
exceeding 90% in less than one hour. The conjugate thus represents a 
fundamentally new class of theranostic delivery systems with a highly efficient active-
targeted delivery and the option, based on preceding injection of the free dye, to 
predict the tissues that will eventually take up a nanoformulated drug before it is 
administered. Since these dyes can be modified with regard to their physicochemical 
properties (as shown exemplarily for DY-704 which is eliminated primarily via the 
kidney), a platform technology to deliver dye-functionalized NPs to a variety of cells 
and tissues expressing these transporter systems seems feasible. We could identify 
organic anion transporter proteins as the transporters responsible for uptake of DY-
635. Their critical role in the active targeting of DY-635[NP](-) to achieve basolateral 
uptake into hepatocytes is supported by the observation of  cyclosporine A-sensitive 
uptake by HepaRG cells cultured under flow conditions. Our in vitro and vivo findings 
suggest a model where the DY-635[NP]s are immobilized at the cell surface of 
hepatocytes through interaction of DY-635 with OATPs followed by subsequent 
clathrin-mediated endocytosis. Due to their size (170nm), DY-635[NP](-) cannot be 
transported directly by the OATPs40  and endocytosis after immobilization via binding 
to the uptake transporters on the basolateral membrane is the likely mechanism. 
Dahlman et al have recently reported siRNA encapsulated in nanoparticles that 
specifically target vascular endothelial cells.41  The NP appear to be taken up via 
receptor mediated endocytosis, but this mechanism is distinct from the dye 
functionalized nanoparticles that we describe.  The vascular endothelium is in direct 
contact with the intravascular space and exhibits effective but not very specific 
endocytosis.  In contrast, hepatocytes are separated from the vascular space and our 
technology exploits recognition of transporters that are very specific to the 
hepatocytes.  Thus while the technology of Dahlman et al appears to be very 
effective for targeting vascular lining cells, it is not likely to be able to target 
nonvascular cells. 

Likewise, DY-635 labeled PLGA cannot be secreted directly into bile due to its molar 
mass (MW) of 12 kDa (non-modified polymer) and hydrophobicity. Based on the data 
in figure 5 a, showing hepatocyte uptake and excretion of both, nile red cargo and 
DY-635 as functionalizing moiety, degradation by intracellular esterases of PLGA 
with desorption of DY-635 and subsequent secretion into bile is likely. This is also 
supported by the observation that the decay of fluorescence followed an exponential 
function for the free dye, while it was delayed and almost linear for the DY-635[NP](-
)-associated signal. It would also be consistent with a multistep processing within the 
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endosome, with disruption and release of the payload into the cytosol, supported by 
the cationic polymer PEI42,43. Escape of siRNA from the endosome is a critical and 
rate-limiting step for delivery approaches44. Quantification of this delivery for lipid-
based nanoparticle (LNP) delivery has been previously determined to be in the range 
of 1-2% of the applied siRNA44. Thus, confirmation of uptake of nanoparticles does 
not necessarily imply functional delivery of the RNAi therapeutic. While assessment 
of the intracellular handling of the cargo is beyond the scope of the present study, we 
demonstrated a significant inhibition of cholesterol biosynthesis with encapsulation of 
a siRNA directed against hmgcr into DY-635[NP]. Hmgcr was chosen as an 
exemplary pathway that reflects a key metabolic function of the liver but also based 
on the observation that DY-635[NP](-) increased plasma cholesterol while toxicology 
screening otherwise revealed no unwarranted side effects. The observed increase in 
hmgcr and plasma cholesterol with the empty carrier is a phenomenon likely to be 
associated with the penetration of the cell membrane NPs leading to an adaptive 
increase of cholesterol biosynthesis as described for endocytosis45 or in response to 
pore-forming toxins35. This side effect may confer protection in the acute setting46 but 
is of concern if repeated administration seems required. The increase in plasma 
cholesterol could be blunted if siRNA directed against hmgcr was the cargo in non-
functionalized NPs, or substantially decreased if the same NPs were functionalized 
by DY-635 to target hepatocytes as a primary site of cholesterol synthesis. 

During degradation of DY-635[NP](siRNA) and the associated release of the siRNA 
into the cytosol, DY-635 is presumably desorbed from the polymer and secreted into 
bile. The zonal distribution of the dye during this process with primary uptake in the 
pericentral region and subsequent cell-to-cell transport to midzonal and periportal 
regions of the low molar mass dye (potentially also an RNAi therapeutic) is likely to 
explain the spreading of the fluorescence signal ostensibly through gap junctions47, 

48. 

Intravital microscopy also confirmed that uptake of DY-635[NP](-) was almost 
exclusively associated with hepatocytes, primarily in zone 3 of the acinus. No 
significant accumulation in non-parenchymal cells, most notably Kupffer cells that are 
primarily sited in zone 1 of the acinus and that take up significant portions of LNPs 49, 
was observed for DY-635[NP](-). This extends the concept of active targeting of the 
liver (with a high proportion of phagocytic and immunocompetent cells) to an active 
and highly specific targeting of liver parenchymal cells, i.e. the primary goal for 
targeted interventions into metabolic pathways.  

While fluorescence microscopy is a suitable tool to study these fundamental 
questions regarding uptake and fate of DY-635[NP](-), the ability to monitor body 
distribution non-invasively by MSOT provides new opportunities to guide the delivery 
of RNAi therapeutics. Theranostics, a linguistic blend of diagnostics and therapy, 
reflects an increasingly important concept in personalizing health care. This aims to 
explain inter-individual and population-to-population variabilities in health intervention 
outcomes using diagnostic tests such that either the type or extent of the intervention 
can be individualized20. Our present approach allows this concept to be applied to the 
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delivery of nano-formulated active drugs, in particular those with significant off-target 
effects, by predicting the targeted cells and tissues individually before administration 
of the carrier and cargo. 

In summary, the present study demonstrates that uptake receptors can be targeted 
very efficiently with polymethine dyes. Using DY-635, a dye with known hepatobiliary 
clearance, we demonstrate that this approach extends the concept of delivery to the 
liver, e.g. with LNPs to exclusive targeting of hepatic parenchymal cells. In addition to 
exploring a novel, well-defined uptake route the use of dyes to functionalize the NPs 
also enables their tracking, even non-invasively by MSOT50-52. This suggests that 
organ-selective uptake of a dye can be transferred to nanoparticles to generate 
theranostic drug carriers allowing fundamental novel options in personalized health 
care.  

 

 

Methods 

Animals 

Animal studies were conducted in accordance with animal welfare legislation under 
pathogen-free conditions in the animal facility of the Jena University Hospital or the 
Helmholtz-Center Munich. During all procedures and imaging methods, animals 
remained under deep general anesthesia using Isoflurane and pain-reflexes were 
assessed to gauge the depth of anesthesia.  

In vivo pharmacokinetics of various polymethine dyes   

Catheters were placed in the jugular vein, carotid artery, bladder and bile duct of 
male Wistar rats (300-400 g body weight (BW)). After i.v. administration of DY-635 
(13 pmol per g BW), DY-630 (13 pmol per g BW), DY-750 (13 pmol per gBW), DY-
751 (13 pmol per g BW), DY-731 (13 pmol per g BW), DY-777 (14 pmol per g BW), 
DY-682 (13 pmol per g BW), DY-704 (17 pmol per g BW), DY-732 (13 pmol per g 
BW), DY-754 (17 pmol per g BW), DY-678 (14 pmol per g BW), DY-778 (14 pmol per 
g BW) or 6.5 g DY625-[NP] per g BW, bile was collected every 5 min and 200 l 
arterial blood taken at defined times into heparinized tubes. DY-635 fluorescence in 
bile and plasma was measured in a spectrofluorometer (FluoStar Optima, BMG 
Labtech). Results are mean ± SEM of 3 biological replicates. 

Analysis of DY-635 interaction with human hepatic basolateral transporters.  

HEK293 cells were transfected with OATP1B1 (SLCO1B1, NM_006446), OATP1B3 
(SLCO1B3, NM_019844), OCT1 (SLC22A1, NM_003057.2), OAT2 (SLC22A7, 
NM_006672), NTCP (SLC10A1, NM_003049), NaDC3 (SLC13A3, AF154121) or the 
empty vector (pcDNA5).Transfected HEK293 cells were seeded at  2 × 105 cells per 
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well and cultured for three days. To determine the interaction of DY-635 with different 
transporters mock- and transporter-transfected cells were incubated with radio-
labeled substrates for OATP1B1 ([3H]estrone-sulfate, 30 nM), OATP1B3 
([3H]sulfobromphthalein, 50 nM), OCT1 ([3H] 1-methyl-4-phenylpyridinium iodide, 10 

M), OAT2 ([3H]cGMP, 10 M), NTCP ([3H]estrone-sulfate, 10 M) or NaDC3 
([14C]succinate, 10 M), in the absence and presence of 10 M DY-635 or an 
inhibitor for OATP1B1 (rifampicin, 20 M), OATP1B3 (rifampicin, 20 M), OCT1 
(decynium22, 50 M), OAT2 (indomethacin, 100 M), NTCP (cyclosporine A, 50 M) 
and NaDC3 (succinate, 100 M)..  

Hepatocyte Isolation 

. Male FVB/NRj were sacrificed using cervical dislocation, The abdomen was opened 
and the portal vein catheterized and perfused briefly  with pre-warmed Dulbecco’s 
PBS (DPBS) (Sigma Aldrich) containing 0.5 mM EGTA and 0.1 % 
Penicillin/Streptomycin at 6.5 ml per min.followed by 4 to 6 min perfusion using pre-
warmed DPBS containing 0.5 mg collagen per ml and 1 mM CaCl2 (pH7.4). The 
digested liver was transferred to Leibovitz- Buffer (Gibco, Life Technologies) and 
hepatocytes separated andcentrifuged at 50 x g for 5min at 4 °C. The pellet was 
rinsed through a 40 m cell and resuspended with 20 ml ice-cold hepatocyte wash 
media (Gibco, Life Technologies) containing 0.1 % Penicillin/Streptomycin. This was 
repeated seven times to yield highly purified hepatocytes. 80,000 hepatocytes per 
well were seeded using William`s Medium E (10 % FKS, 0.025% Insulin (v/v), 0.1 % 
Glutamaxx (2mM) (Gibco, Life Technologies), 0.1% Penicillin/Streptomycin). After 6-8 
h media was changed to remove non-attached hepatocytes.  

DY-635 and nanoparticle uptake by primary hepatocytes 

Murine primary hepatocytes isolated and cultured on collagen-coated 96-well- for 2 to 
3 days were used to measure the uptake of DY-635 (amino-terminated), DY-
635[NP](NileRed) and [NP](NileRed) in absence and presence of cyclosporine A. 
Hepatocytes were washed with PBS before a 2x inhibitor solution containing Krebs-
Henseleit Buffer (KHB, Biochrome), 2% fetal calf serum and 2x cyclosporine A was 
added. This was then diluted 1:1 (v/v) with either 400 nM DY-635 (amino-terminated) 
or 10 g NP in KHB. After 2 min (DY-635) or 30 min (NP) incubation at 37°C or 4°C 
media was removed and cells were washed twice with ice-cold PBS containing 50 

M cyclosporine A. Cells were lysed  in 5 % Acetonitril and 0.1 % Tween-20. Lysates 
were analyzed on a Tecan plate reader (Exitation: 488±09 nm, Emission 530±20 
nm). A NileRed-standard curve allowed calculation of intracellular NileRed-
amounts.A correction factor was calculated from serial dilutions of the NP to correct 
for different NileRed concentration in [NP](NileRed) and DY-635[NP](NileRed). Data 
were normalized to cellular protein (Bradford).  

Polymer labeling  
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Conjugation of acid terminated poly-lactide-co-glycolic acid (PLGA, 50:50) and 
amino-terminated DY-635 or DY-704 was performed via EDC chemistry (to label 
every hundredth polymer chain). 0.95 g -COOH terminated PLGA (Sigma-Aldrich, 
Mw = 7 000 to 17 000 g mol-1)) and 0.52 mg (2.72 mol) EDC were reacted in 20 ml 
dried methylene chloride for 1 h at room temperature. Subsequently, 1 mg 
(1.36 mol) NH2 terminated DY-635 (C40H53N4O5SCl, Dyomics GmbH, Jena, 
Germany), in 1 ml DMF was added and stirred at room temperature for 12 h. The 
solvent was evaporated under reduced pressure and the solid residue dissolved in 
acetone. The resulting PLGA-DY-635 or PLGA-DY-704 was precipitated (very fast) in 
cold water to generate a dispersion and this was further purified by dialysis against 
water using a Spectra/Por 3 dialysis membrane (Spectrumlabs, 3,500 g mol-1 cut-off). 
Finally, the product was filtered and lyophilized. The calculated labeling efficiency for 
conjugation was 77%. Size-exclusion chromatography (SEC) was performed on a 
Shimadzu system equipped with a SCL-10A system controller, a LC-10AD pump, a 
RID-10A refractive index detector, a UVD SPD-10AD UV/Vis detector and a PSS 
SDV linear S, 5 m column (8  × 300 mm) with chloroform/triethylamine/2-propanol 
(94:4:2) as eluent at 1 ml min-1, and the column oven was set to 40 °C. A calibration 
with low polydispersity polystyrene standards (ranging Mn from 380 to 128000 g 
mol 1) was used. 

 

UV/Vis spectroscopy  

UV/Vis absorption spectra were recorded using a UV/Vis spectrometer Specord 250 
(Analytik Jena AG) in a 1 × 1 cm quartz sample cell. The labeling efficiency for 
conjugation was estimated via UV/Vis spectroscopy using the molar extinction 
coefficient of the dyes and calculated via equation (1) :  

      (1) 

 

Scanning electron microscopy (SEM) 

Nanoparticle suspensions were diluted with deionized water. One droplet was placed 
on a mica surface and lyophilized for 3 h. Finally, the samples were coated with 
platinum (5 nm), using a BAL-TEC SCD005 sputtering device (Balzers, 
Liechtenstein). SEM measurements were performed on a Zeiss (LEO) 1530 Gemini 
FESEM operating at 8 to 10 kV using the InLens detector. 

 

Dynamic light scattering 

Batch dynamic light scattering (DLS) was performed on a ZetaSizer Nano ZS 
(Malvern, Herrenberg, Germany) equipped with a He–Ne laser operating at a 
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wavelength of 633 nm. Counts were detected at an angle of 173°. All measurements 
were conducted at 25 °C after an equilibration of 120 sec in triplicate. For analyzing 
the autocorrelation function (ACF), the cumulative analysis and a NNLS algorithm 
(non-negative least-squares) were applied. Apparent hydrodynamic radii were 
calculated using to the Stokes–Einstein Equation (equation 2): 

     (2) 

where, Rh = hydrodynamic radius, k = Boltzmann constant, T = absolute temperature, 
 = viscosity of the sample, and D = apparent translational diffusion coefficient.  

Electrophoretic light scattering 

Electrophoretic light scattering (ELS) was used to measure the electrokinetic 
potential (zeta potential). Measurements were performed on a Zetasizer Nano ZS 
(Malvern Instruments, Herrenberg, Germany) by applying laser Doppler velocimetry. 
For each measurement, 10 to 30 runs were carried out using the slow-field reversal 
and fast-field reversal modes at 150 V. Each experiment was performed in triplicate 
at 25 °C. The zeta potential ( ) was calculated from the electrophoretic mobility ( ) 
according to the Henry Equation (equation 3) with f(ka) = 1.5: 

         (3) 

where  = dielectric constant, and f(ka) = Henry constant. 

Nanoparticle formulation  

siRNA or ICG encapsulated in particles ([NP](siRNA), DY-635[NP](siRNA), [NP](ICG) 
or DY-635[NP](ICG)) were prepared by the double emulsion water/oil/water (w/o/w) 
evaporation, as described53. siRNA encapsulation polyplexes of linear 
polyethylenimine (L-PEI) and siRNA (Supplementary Tab. 2) were prepared in pure 
water. L-PEI with a degree of polymerization of 200 was synthesized as previously 
described54. L-PEI and siRNA were diluted in pure water to a stock concentration of 
1 mg*ml-1. Polyplexes were formed of 8 g siRNA and 9.8 g L-PEI in a total volume 
of 250 l, vortexed briefly, and incubated for 20 min at room temperature. A total 
mass of 100 mg PLGA or PLGA-DY-635 were diluted in 5 ml ethylacetate (20 mg*ml-
1). The polyplex solution was added and the mixture immediately sonicated for 20 sec 
(Sonics VibraCell VC505; 500 Watt) with a replaceable 1/8" tapered microtip, and 
30% amplitude for 20 sec. An aqueous solution of 3% (w/v) poly(vinyl alcohol) (PVA, 
MW = 67,000 g mol-1, 86.7 to 88.7 mol% hydrolyzed, Sigma Aldrich) (5 ml, PVA 
diluted in ddH2O) was then added to the first emulsion and sonicated as for the first 
emulsion. The double emulsion was added to 45 ml ddH2O. Ethylacetate evaporation 
was performed with stirring overnight. The particles were washed by centrifugation 
(14,000 g, 10 min) and twice resuspended in ddH2O. Particles were lyophilized and 
stored at – 20 °C until use. For encapsulation of DY-780 or Nile red, the polymer and 
dye were diluted in acetone to a final polymer concentration of 7.5 mg*ml-1 with 2 % 
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(w/w) of each dye. The polymer dye solution was transferred to a syringe and 
automatically injected (13.02 ml/h) into a 3-fold excess of ultra-pure water. To 
stabilize the formed nanoparticles and to enable lyophilization 1 g PVA was added to 
100 mg polymer. Finally the nanoparticle solution was lyophilized and stored at – 
20 °C until use.  

Asymmetric flow field-flow fractionation 

Asymmetric flow field-flow fractionation (AF4) was performed on an AF2000 MT 
System (Postnova Analytics, Landsberg, Germany) coupled to an UV (PN3211, 260 
nm), RI (PN3150), multi-angle light scattering (MALLS, PN3070, 633 nm) and DLS 
(ZetaSizer Nano ZS) detector. The eluent was delivered by three different pumps (tip, 
focus, cross-flow) and the sample injected by autosampler (PN5300) into the 
channel. The channel has a trapezoidal geometry and an overall area of 31.6 cm². 
The nominal height of the spacer was 500 m. A regenerated cellulose membrane 
with a molar mass cut-off of 10 kDa served as accumulation wall. All experiments 
were carried out at 25 °C with pure water as eluent. 10 l of sample (1 mg*ml-1) was 
injected with an injection flow rate of 0.2 ml*min-1 and a cross-flow rate of 1.2 ml*min-1 
for 7 min (detector flow rate 0.5 ml*min-1, focus flow rate 1.5 ml*min-1). After the 
focusing step, the cross-flow rate was reduced under an exponential gradient (0.4) 
within 10 min to 0 ml*min-1. The cross-flow was kept constant at 0 ml*min-1 for 40 min 
to ensure complete elution. All measurements were in triplicate. 

Determination of siRNA content 

siRNA content of the nanoparticles was determined by determination of total 
phosphorus according to Chen et al55. 10 to 16 mg of freeze-dried nanoparticles and 
phosphorus standards (0 - 0.195 mol, KH2PO4, Sigma-Aldrich) were placed in 
separate tubes. After adding 0.45 ml of 8.9 N H2SO4, tubes were heated at 210 °C for 
25 min. After cooling to room temperature, 150 l H2O2 (30 wt. %) were added and 
samples were reheated at 210°C for 30 min. After cooling 3.9 ml deionized water and 
0.5 ml of ammonium molybdate (VI) tetrahydrate solution (2.5 wt. %) were added. 
After vortexing (20 sec), 0.5 ml of L-ascorbic acid solution (10 wt. %) was added and 
the tubes vortexed again for 20 sec. Tubes were capped and heated for 7 min at 
80°C. Absorbance of solutions was measured at 820 nm on a Specord 250 UV/Vis – 
spectrometer (Analytik Jena AG, Jena, Germany) in a 1 cm quartz cell. siRNA 
content was determined based on phosphorous content and number of base pairs in 
the siRNA.  

Multispectral Optoacoustic Tomography 

Multispectral Optoacoustic Tomography (MSOT) was performed as described56. 
Briefly, a commercial MSOT (iThera medical, Munich, Germany) with an array of 256 
cylindrically-focused transducers was disposed around the mouse and 
simultaneously collected signals from ann optical plane.. CD1 or athymic Nude-
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Foxn1nu mice bearing a MDA-MB-231 human breast cancer xenograft were placed 
inside the tomograph. Multispectral image stacks were taken from the whole 
abdomen immediately before and 20 min after injection of 7 g of either DY635-
[NP](DY-780), [NP](ICG), DY-635[NP](ICG) or DY-704[NP](-) per g BW.  DY-780 
could be only detected by MSOT after release from the nanoparticles. DY-780,DY-
704, and ICG signals could be spatially localized upon spectral unmixing of MSOT 
images and comparison with previously recorded DY-780 spectra. Animals were 
frozen immediately after the imaging experiment for validation by multispectral epi-
illumination cryoslice imaging57.  

Dynamic cell culture 

HUVEC and HepaRG cells were co-cultured using a microfluidic-supported chip. 
(Supplementary Fig. 2). HepaRG cells were cultured as described58. 2.7*104 cells per 
cm2 were seeded in William’s E medium supplemented with 10% fetal bovine serum, 
100 U*ml-1 penicillin, 100 g*ml-1 streptomycin, 5 U*ml-1 insulin, and 5*10-5 M 
hydrocortisone-hemisuccinate and cultured for two weeks. For HepaRG 
differentiation, cells were cultured with 2% dimethylsulfoxide (DMSO) for two more 
weeks. Differentiated HepaRG cells were seeded at 4,000 cells per mm2 at the 
bottom of the chip cavities beneath the membrane. 300,000 HUVEC (4,300 cells per 
mm2) were seeded above the membrane and co-cultured with differentiated HepaRG 
cells in for 24 h before the uptake experiments. Cells were perfused with 50 g*ml-1 
nanoparticles in Williams E medium. Three independent experiments to assess DY-
635[NP](-) uptake were done for each group (static and dynamic). For each time 
point three pictures were taken and 200 ROI per picture were analyzed. Images in 
figure 6 c were corrected by subtracting the mean local background intensity from the 
mean fluorescence intensity of a neighboring ROI.  

Intravital Microscopy 

For intravital microscopy (IVM) the jugular vein of male FVB/NRj mice (25 to 30 g 
BW) was cannulated and the liver exposed via a right lateral abdominal incision 70 
pmol DY-635 g-1 BW (in DMSO (1 M) and diluted to 20 M in 0.9% NaCl) or 7 g DY-
635[NP], DY-704[NP], DY-630[NP](NileRed) per g BW (1 mg*ml-1 in 5% glucose) 
were injected i.v..  Intravital microscopy was performed using an inverted 
epifluorescence microscope (AxioObserverR Z1; Zeiss, Jena, Germany) as 
described previously8, 30. DY-635 or DY-635[NP](-) were visualized at 633 nm 
(exposure time 40 ms). Co-localization of DY-635 or DY-635(NP) and liver tissue was 
performed using 8-bit, grey-value tiff-images and ImageJ with a pseudo color scale.  
For Figure 7 f pictures taken 8 min after injection of DY-635 and after 28 min (8 min 
after DY-635[NP](-) injection) were overlaid and colocalized pixels counted. This 
number was then corrected for the amount of colocalized pixel that might persist from 
the injection of free dye DY-635 using the following formula for DY-635 relative 
fluorescence decrease: FI(DY-635) [%] = 71.6-time/12.3 + 151,9-time/3.7(Fig. 7 c). 
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In vivo confocal laser scanning microscopy 

For in vivo confocal laser scanning microscopy a tail-vein catheter (30G) was placed 
in male FVB/NRj mice (25 to 30 g BW). The liver or/ and kidney was exposed and 
placed on a cover-slip. Images were acquired using a LSM-780 (Zeiss, Jena, 
Germany) using an air corrected 40x plan-apochromatic objective (NA: 0.95). Lasers 
and filters used are summarized in Supplementary Table 3 Nanoparticles or free 
dyes were injected in similar concentration as described above via the tail vein-
catheter.  

HMGCR-RNAi validation in vitro 

Hepa1-6 cells were cultured in DMEM with 10% FBS and penicillin-streptomycin..  
8*105 cells per well were seeded in 12-well plates 24 h prior to transfection. 
Lyophilized DY-635[NP](siHMGCR) were dissolved in OptiMem (Life technologies) to 
500 g*ml-1. Cells were washed twice in PBS and incubated with 1 ml DY-
635[NP](siHMGCR). After 4 h media were changed to normal growth media for a 
further 12 or 20 hours and hmgcr steady state transcript levels assessed by RT-
qPCR (Supplementary Tab. 4). To measure HMGCR-protein knockdown efficacy, 
HEK293 cells were transfected with pRNAT H1.1 vectors encoding the hmgcr-shRNA 
used for nanoparticle encapsulations (Supplementary Tab. 3) as well as mouse GFP-
HMGCR (419-887) instead of GFP (for plasmid and cloning information see 
Supplementary Figure 3). After 24 h cells were lysed and protein levels analyzed via 
anti-GFP immunoblotting59, 60.   

To confirm the heterologous hmgcr RNAi results by immunofluorescence analyses of 
endogenous HMGCR, anti-human HMGCR antibodies (Santa Cruz) were tested for 
recognition of purified recombinant HMGCR(aa419-887) fusion proteins of 
overexpressed murine GFP-HMGCR(aa419-887) and of endogenous HMGCR. For 
RNAi validations in HepG2-cells, cells transfected with GFP-coexpressing RNAi 
vectors were processed for fluorescence analysis using a Zeiss CellObserver with an 
apotome. 16 h after transfection Z-stacks were accumulated and integrated 
intensities of SUM-projections of the anti-HGCR signal were measured in ImageJ. 
Two independent cellular assays with n>16 cells were conducted.  

The effects of siHMGCR#2 on gene expression were assessed in 8*105 Hepa1-6 
cells incubated for 24 h with 2 ml full growth media (DMEM/F12, 10% FCS, 1% 
penicillin/streptomycin) at 37 °C, 5% CO2. Directly before transfection lyophilized DY-
635[NP](siHMGCR) or DY-635[NP(siCtrl) were dissolved in OptiMEM (Life 
Technologies) to a final concentration of 100, 200 or 500 g NP per ml. Growth 
Media were removed and the cells washed twice with PBS. 1 ml of the NP-solutions 
was added to the cells. Four h later the NP was removed and full growth media 
added.  Cells were harvested after an additional 14 or 20 hours for RT-qPCR.  See 
Supplementary Table 2 for primer-pairs. Results of 3 independent experiments with 3 
technical replicates were used for in vitro gene expression analysis. Data are mean ± 
S.E.M.  
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In vivo RNAi 

A venous access port was placed in male FCB/NRj mice at 5 weeks. The mice were 
treated with antibiotics for seven days to prevent infection. Fourteen days after the 
operation lyophilized [NP](siHMGCR), DY-635[NP](siHMGCR) or DY-635[NP](siCtrl) 
were dissolved in 5% glucose to a concentration of 1 mg NP per ml. 7 g NP (7 l) 
per g BW was administered twice i.v. within 24 h. 16 h after the second injection mice 
were sacrificed by and blood collected into heparinized tubes. Plasma and organs 
were frozen for subsequent analysis. Metabolites were analyzed from randomized, 
blinded samples of plasma (Fujifilm DRI-CHEM 3500i). Gene expression was 
analyzed in randomized tissue homogenates.  n =4-9 (individual number are in the 
legend for Figure 8). 

Statistics 

Data were tested for normal distribution and analyzed by appropriate ANOVA models 
as described in figure legends. Post-hoc analysis was performed using Dunnett’s test 
when comparing multiple groups to a single control or  Tukey test when performing 
post hoc pair-wise analysis.  
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Figure 1 Selection of polymethine dyes with organ-selective elimination (a) A variety of 
polymethine dyes with varying numbers of sulfonic residues were screened in rats regarding net 
organ-specific clearance by liver and kidneys and their applicability for biophotonic detection, e.g. by 
intravital microscopy; (n = 3; mean ± SE.M.;). (b) Structures of DY-635, a dye with preferential 
hepatobiliary clearance and DY-704 with preferential renal elimination and their cell-specific uptake as 
visualized by intravital laser scanning confocal microscopy in liver and kidney (scale bars 150 m). (c) 
DY-635 was further characterized regarding its affinity to transporters responsible for uptake of 
substrates into the liver in a heterologous expression system (HEK cells). While DY-635 exhibited 
moderate affinity to several transporters, its affinity to OATP1B1 and OATP1B3 exceeded that of 
rifampicin or cyclosporine A, i.e. the FDA-proposed competitors for drug development purposes. Bars 
show mean ± SE.M.; significance was tested by one-way ANOVA followed by Tukey’s test; * indicates 
p<0 .05 ** indicates p<0 .01 for uptake of substrate in the presence of DY-635 (hatched bars) or the 
FDA-proposed competitor (black bars) compared to substrate alone. 

† and ††
 indicate p<0.05 and 

p<0.01, respectively, for the comparison between DY-635 and the FDA-proposed competitor. (d) 
Uptake of DY-635 by primary murine hepatocytes is temperature sensitive and inhibited by 
cyclosporine A in a dose dependent manner with an IC50 of 379 nM. 
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Figure 2 Formation and characterization of nanoparticles (a) Dye-
functionalization of nanoparticles. PLGA is labelled with DY-635 via EDC coupling, 
siRNA is complexed with LMW PEI, and nanoparticles are formed by double 
emulsion procedure. (b) Surface fluorescence quenching of DY-635[NP](-) indicates 
that DY-635 is exposed at the NP surface (n=3, mean ± S.E.M.) (c-e) Electron 
microscopy of nanoparticles ([NP](-), DY-635[NP](-), DY-635[NP](siRNA) reveals 
regular round shape (scale bars 500 nm) (f) Higher power TEM of DY-
635[NP](siRNA) after treatment with Cu

2+
-ions (inset shows the corresponding cryo-

TEM image) suggests siRNA is encapsulated and not aggregated to the surface. 
(scale bars 100 nm) (g) Uptake of DY-635 functionalized nanoparticles is enhanced 
compared to non-functionalized NP and, unlike that of non-functionalized NP is 
inhibited in a dose-dependent manner by cyclosporine A with an IC50 of 209 nM, 
similar to the uptake of free DY-635. 
 



 27

Figure 3 Biodistribution of nanoparticles (a) Body distribution of dye-
functionalized nanoparticles with an infrared cargo (DY-635[NP](DY-780)) in an 
athymic Nude-Foxn1

nu
 mouse bearing a MDA-MB-231 human breast cancer 

xenograft (“T”) confirmed selective uptake and excretion via the hepatobiliary route 
as reflected in accumulation of the dye in the gall bladder (“G”).(b,c) CD1 mice 
injected with the same nanoparticle and assessed by Multispectral Optoacoustic 
Tomography acquiring image data from several wavelengths (690 nm, 710 nm, 750 
nm, 770 nm, 780 nm, 800 nm, 810 nm, 850 nm, 4 frames/ wavelength, 0.1 mm step 
size) over an abdominal area of 1.7 cm using a frequency of 54.55 kHz (scale bars 5 
mm).(b) Sections through the upper abdomen are single-spectral that elucidate 
anatomical structures (left panel; “I” intestines, “L” liver, “V” vertebral column, “M” 
autochthonous back muscles, “A” = aorta) or processed multispectrally to visualize 
the dye cargo (DY-780) immediately prior to injection (0 min) or during early uptake 
(20 - 30 min after injection). Far right panel: Corresponding cryosection of the upper 
abdomen; “G” indicates gall bladder containing the dye. (c) Subsequent sections 
through the lower abdomen processed for structural information (left panel; in 
addition the kidneys (“K”) and spleen (“S”) are visible) middle and right panels are 
processed to visualize the dye cargo. The IR dye is restricted to the upper abdomen 
and depicts liver and biliary tree.    
 

500 nm 500 nm 500 nm 
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Figure 4 Organ distribution of dye-functionalized NP  MSOT images of non-
functionalized NP or NP functionalized with DY-635 with ICG as cargo or 
functionalized with DY-704.  The dye-moiety (in case of DY-704) or ICG cargo (in the 
case of DY-635 or non-functionalized NP) were used for imaging by MSOT; NP are 
shown in green irrespective of the dye moiety.  All NP were identified in the circulation 
(V = retroperitoneal vessels) and showed uptake by spleen (S) indicating phagocytic 
clearance; however, only DY-635 functionalized NP showed significant uptake by the 
liver (L), whereas DY-704 functionalized nanoparticle had an increased accumulation 
in the kidneys (K)  (scale bars 5 mm)  
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Figure 5 Cell-type distribution of dye-functionalized NP (a) In vivo laser scanning 
confocal images of mouse liver (blue) 30 minutes following injection of bare PLGA-
nanoparticles containing nile red (red). These appear almost exclusively in sinusoidal 
lining cells (Kupffer cells, white arrow; scale bar 100 m), (b) NP functionalized with 
DY-635, in contrast, accumulate in hepatocytes where the nilered cargo (green) and 
DY-635 (red) are found either in bile canaliculi (orange arrows) or in hepatocyte 
cytoplasm (*) (scale bars 100 m). 
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Figure 6 Uptake of nanoparticles exposing DY-635 on their surface in vitro (a) A microfluidic-
assisted ‘organoid’ composed of co-cultured human hepatoma (HepaRG) and human vascular 
endothelial (HUVEC) cells demonstrates an increased uptake by the hepatocytes preferentially if cells 
are subjected to flow conditions (“dynamic”). Under flow conditions, this organoid better recapitulates 
the function of the liver in vivo by circulating fluid containing NP through the equivalent of the space of 
Disse. (b) Representative overlay of brightfield and fluorescence images of HepaRG cells 
differentiated to hepatocytes (stars) or endothelia like (arrow head) cells cultured under static or 
dynamic conditions reflect increased uptake of DY-635[NP](-) (red) after 90 min of incubation if cells 
are subjected to flow. This uptake can be inhibited by cyclosporine A as well as Pitstop-2. DY-
635[NP](-) uptake was assessed by epi-fluorescence microscopy (Cy5 channel); (scale bar  100 m). 
To characterize cell selectivity and uptake mechanisms, further experiments were conducted: (c) 
Uptake of DY-635[NP](-) is inhibitable by cyclosporine A, a ligand for OATPs and NTCP in HepaRG 
but not in HUVEC that do not express these transporters; inhibition by Pitstop-2 suggests clathrin-
mediated endocytosis as molecular mechanism of cellular uptake. (d) Cyclosporine A failed to affect 
the overall less pronounced basal uptake of [NP](nile red) that are not exposing DY-635 on their 
surface. For the statistical analysis a generalized mixed model was applied, taking into account 
dependent (time, flow condition) and independent (cell type) data.  Post hoc analysis was performed 
using Tukey’s test.  In panel (a) * indicates p<0.05 comparing respective static vs dynamic conditions; 
#
indicates p<0.05, 

##
indicates p<0.01 for the comparison between HepaRG and HUVEC.  In panel (c)† 

and ††indicate p<0.01 and p< 0.01 respectively, for the uptake of DY-635[NP](-) in HepaRG or HUVEC 
in the absence of a co inhibitor (w/o) compared to the uptake in presence of cyclosporine A or Pitstop-
2. 
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Figure 7 Pharmacokinetics of DY-635[NP](-) (a) Time course of arterial plasma concentration after 
central venous application of DY-635[NP](-) (left ordinate) at time “0” and appearance of the desorbed 
dye in bile (right ordinate) (n=3, mean ± SE.M. (b) Percentage of recovered free dye in bile and urine 
after administration of DY-635[NP](-). (c) Fluorescence decay over liver parenchyma in the Cy5 
channel after administration of unbound DY-635 or DY-635[NP](-) revealing exponential decay for the 
free dye and almost linear decay for DY-635[NP](-)-associated fluorescence (n=3 per 25 ROIs per n; 
mean ± SE.M.). (d) Intravital epifluorescence microscopy to visualize acinar distribution of DY-
635[NP](-). Upper panel background fluorescence of the liver (blue). Middle panel: Heatmap (blue: low 
intensity, red: high intensity) reflecting signal distribution which is associated with the pericentral region 
of the liver lobule early upon injection of DY-635[NP](-) and spreads toward midzonal and even 
periportal region over time. Lower panel: Corresponding false color images of association of DY-635-
associated fluorescence (red) with liver parenchyma (green): Fluorescence is restricted to the vascular 
compartment early upon injection (5 min); Yellow signal indicating colocalization of dye with liver 
parenchyma is increasingly observed over time. (scale bars 100 m) (e) Theranostic use of the free 
dye DY-635 to predict subsequent uptake of DY-635[NP](-). DY-635 was injected at time “0” followed 
by injection of DY-635[NP](-) at 20 min. (f) Intensity of fluorescence signal over liver parenchyma; right 
panel: signals obtained upon injection of free dye and dye-functionalized nanoparticles are correlated. 
(n=2, 20 ROIs per n; mean ± S.E.M.) (scale bar 100 m). 
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Figure 8 hmgcr RNAi using DY-635[NP] as carrier (a) A significant reduction in hmgcr 
gene-expression was achieved with a maximum at 16 hours after transfection in naive 
Hepa1-6 cells. In contrast to DY-635[NP](siRNA) an increase in hmgcr was observed after 
application of the carrier (DY-635[NP](siCtrl)). Mean ± S.E.M. * p< 0.05 compared to 
respective siCtrl by ANOVA and Tukey posthoc. (b,c) To validate siRNAs, the efficacy of two 
RNAi sequences (shRNA#1, shRNA#2) against hmgcr was analyzed in a heterologous 
expression model using western blot (b), and addressed by determining endogenous 
HMGCR levels in HepG2 cells using anti-HMGCR immuno-fluorescence analysis (c). A 
significant reduction in hmgcr protein could be achieved with both RNAis; for further RNAi 
experiments RNAi sequence#2 was selected. Mean ± S.E.M. * p<0.05 vs. control by ANOVA 
and Dunnett’s test. (d) In vivo RNAi results in mice injected with [NP](siHMGCR) (n=9) or 
DY-635[NP] loaded with siHMGCR (n=12) or a control RNA (siCtrl) (n=12); animals injected 
with the vehicle (5 % sterile glucose solution; n=4) served as sham controls. hmgcr gene 
expression was analyzed using relative quantification compared to untreated anminals (n=4) 
in RNA prepared from liver tissue by RT-qPCR. Consistent with the results of the cell culture, 
DY-635[NP](siCtrl) induced the hmgcr gene expression while [NP](siHMGCR) blunted this 
effect but failed to lower the hmgcr expression compared to untreated or sham animals. 
Using similar siHMGCR amounts encapsulated in DY-635[NP](siHMGCR), hmgcr expression 
was lowered by 75 % compared to untreated animals.Mean ± S.E.M.  * p<0.05 by ANOVA 
and Tukey test. (e) Altered gene expression of hmgcr was reflected in plasma-cholesterol 
levels of these animals.  Mean ± S.E.M. by ANOVA and Tukey test. 
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Table 1 Characterization of nanoparticles 
 

 
 
 
 

 

 
  

 targeting 
moiety 

active 
payload sizea (d in nm) surface char

geb (in mV) further data 

[NP](-) - - 210 ± 50 -7 ± 2  

[NP](siRNA) - siRNAe 190 ± 32 +78 ± 5  

[NP](NileRed) - NileRed 196 ± 24 -25 ± 18  

[NP](ICG) - ICG 145 ± 45 -24 ± 6  

DY-635[NP](-) + - 170 ± 5 -13 ± 5  

DY-635[NP](siRNA) + siRNAe 176 ± 22 -11 ± 6 0.78c, 87.4 ± 2
.5%d 

DY-635[NP](NileRed) + ICG 142 ± 18 -19 ± 7 2 wt%f 

DY-635[NP](ICG) + NileRed 151 ± 32 -63 ± 3 2 wt%f 

DY-704[NP](-) + - 155 ± 37 -42 ± 6  

a determined by DLS  d encapsulation efficiency 
b zeta potential  e complexed with LMW PEI, N/P10 
c Rg/Rh determined by AF4 f nanoprecipitation, indicated weight % 
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Supplementary Figure 1: Characterization of polymers and nanoparticles. (a) PLGA is labeled 
with DY-635 via 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) coupling. Successful coupling 
leads to a strong UV-Vis response in the SEC trace at 590 nm (dotted blue line). . (b) UV/Vis spectra of 
DY-635 and PLGA-DY-635 showing λmax at 653 nm. (c) The AF4 based Rg distribution of DY-635[NP](-
) show low polydispersity and uniformity of DY-635[NP](-). (d) AF4 measurements show a monomodal 
distribution (polydispersity index of 1.09) of spheric DY-635[NP](-). Rg,i represent the different averages 
of the root-mean-square radius. The hydrodynamic radius, Rh, represents the diffusion based radius. 
Furthermore, the calculated shape factor (Rg/Rh) indicates a spherical geometry of the analyte.  
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Supplementary Figure 2: Microfluidics-supported chip for coculture of HepaRG with 
HUVEC cells under flow conditions (“organoid”). 
(a) Structure of a microfluidic-supported chip, (b) scheme of the co-culture of HepaRG and 
HUVEC. Cells are separated by a porous membrane (pore diameter of 100 m). NP were 
perfused exclusively via the upper perfusion channel with direct contact to the HUVEC cells to 
mimic anatomy of liver sinosods regarding the architecture of endothelium, Disse space and 
hepatocytes.  

a b 
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Supplementary Figure 3:  
Anti-HMGCR characterization. 
(a) Antibody validation in HepG2 cells  
overexpressing GFP-HMGCR 419-877 or 
GFP as control. The anti-HMGCR 
antibody specifically recognizes  GFP-
HMGCR 419-877 and shows a weak 
endogenous HMGCR signal. Cells were 
additionally stained with Phalloidin to 
visualize untransfected cells. (b) 
Antibody validation via Western Blot. 
Distinct, different amounts of 
recombinant His(Trx) and His(Trx)-
HMGCR fusion protein were blotted and 
detected with anti-HMGCR and anti-
His(Trx) antibodies, respectively. The 
anti-HMGCR antibody detects specific 
bands within 500 ng to 10 ng HMGCR 
fusion protein. 

b 

a 

50 m

50 m
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Dye
1 Sulfonic 

residues Suggested 
polymers 

2 Target tissue Optical modality
3

DY-680 amine 1

Poly(D,L-lactide-co-
glycolide), acid 
terminated, 50:50  
(CAS Number 26780-
50-7 ) 
Poly(D,L-lactide) , acid 
terminated, 50:50 
(CAS Number 26680-
10-4 ) 
Polycaprolactone 
(CAS Number 24980-
41-4) 

Hepatocyte LSM, NIR-Imaging, MSOT, Epi

DY-780 amine 1 Hepatocyte NIR-Imaging, MSOT, Epi

DY-880 amine 1 Hepatocyte MSOT

DY-635 amine 1 Hepatocyte LSM, NIR-Imaging, Epi

DY-735 amine 1 Hepatocyte LMS, NIR-Imaging, MSOT, Epi

DY-835 amine 1 Hepatocyte NIR-Imaging, MSOT, Epi

DY-730 amine  1 Hepatocyte LSM, NIR-Imaging, MSOT, Epi

DY-830 amine 1 Hepatocyte NIR-Imaging, MSOT, Epi

DY-750 amine 1 Hepatocyte NIR-Imaging, MSOT, Epi

DY-850 amine 1 Hepatocyte NIR-Imaging, MSOT, Epi

ICG NHS 2 Hepatocyte NIR-Imaging, MSOT, Epi

DY-778 amine 4 Renal parenchymal cells
NIR-Imaging, MSOT, EPI

NIR-Imaging, MSOT, EPI

DY-878 amine 4 Renal parenchymal cells NIR-Imaging, MSOT, EPI

DY-704 amine 3 Renal parenchymal cells MSOT

DY-754 amine 4 Renal parenchymal cells NIR-Imaging, MSOT, Epi

DY-854 amine 4 Renal parenchymal cells NIR-Imaging, MSOT, Epi

IRDye800CW NHS 4 Renal parenchymal cells NIR-Imaging, MSOT, Epi

 

  

Supplementary Table 1 List of dyes and tissue specific combinations 

1
 Amine-terminated dyes are provided by Dyomics GmbH, Germany, IRDye80 CW was purchased from Li-Cor as NHS-

ester, ICG-NHS ester from Intrace medical .  
2
 Polymers are purchased from Sigma Aldrich. 

3 
LSM: (confocal) Laser scanning microscopy (also in vivo), may need a tuneable Ti:sapphire laser to excite NIR-Dyes; 

NIR-Imaging: devices such as IVIS or Maestro (PerkinElmer), MSOT: Multi-spectral optoacustic tomograph, e.g. 
iTheraMedical GmbH, EPI: Epifluorescence Microscope equipped with suitable filter-sets and proper (N)IR-Sensitive 
detection systems.  
Note that we only can provide a small  selection of dye-polymer-pairs since noumerous dye-functionalization and 
polymers are avaivable wich can lead to succsessful coupled functional polymers.  
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Confocal laser 
scanning microscopy 

Excitation (nm) Emission (nm) Strucutre 

NAD(P)H 
autofluorescence 405±30 410-440 liver architecture 

NileRed 488 530-630 payload

DY-635/ DY-704 633 LP 640 targeting moiety

 

 

 

 

Name Target Ref. Seq Primer Sequence (5’  3’)

sense antisense 
RNA#1 NM_008255.2 acuugcucaauguccau gcauggacauugagcaagu 
RNA#2 NM_008255.2 guaccugccuuacagag aucucuguaaggcaggua 

Gene 
name Host Target Ref. Seq Primer Sequence (5’  3’) 

forward reverse 
hmgcr Mouse NM_008255.2 tgg ttc ttt ccg tgc tgt gt acc agt ttc cag ctt gtg gt

hprt Mouse NM_013556.2 tga cac tgg caa aac aat gca ggt cct ttt cac cag caa gct

Supplementary Table 2 siRNA sequences used for hmgcr-RNAi 

Supplementary Table 4 Primer sequences used in qPCR 

Supplementary Table  3 Excitation and emission wavelength used for in vivo confocal scanning 
microscopy 
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Solution self-assembly of poly(ethylene oxide)-
block-poly(furfuryl glycidyl ether)-block-poly(allyl
glycidyl ether) based triblock terpolymers:
a field-flow fractionation study†

Michael Wagner,a,b Markus J. Barthel,a,b,c Robert R. A. Freund,a,b

Stephanie Hoeppener,a,b Anja Traeger,a,b Felix H. Schacher*a,b and
Ulrich S. Schubert*a,b,c

A well-defined ABC triblock terpolymer, poly(ethylene oxide)-block-poly(furfuryl glycidyl ether)-block-

poly(allyl glycidyl ether) (PEO-b-PFGE-b-PAGE), was synthesized via sequential living anionic ring-

opening polymerization, and subsequently functionalized by thiol–ene click chemistry. In that way, either

a fluorocarbon chain or carboxy groups were introduced into the C segment (PAGE). The self-assembly

of the resulting materials in water as selective solvent was studied in detail by asymmetric flow field-flow

fractionation (AF4) coupled to multi-angle laser light scattering and dynamic light scattering (DLS). The

obtained results were compared with batch DLS and cryogenic transmission electron microscopy (cryo-

TEM) results. The influence of the separation conditions on the retention behavior of the triblock terpolymers

was evaluated to reveal possible limitations associated with AF4 measurements. The influence of pH value

and ionic strength on the solution behavior of the materials, in particular for PEO-b-PFGE-b-PAGECOOH, was

investigated as well. Crosslinking of the PAGECOOH by chelating metal ions (Fe3+) was studied under different

conditions. In case of PEO-b-PFGE-b-PAGE, spherical micelles of approximately 20 nm (Rh) were observed,

whereas the introduction of a fluorocarbon chain led to an increase in size (30 nm, Rh) and the formation of

worm-like structures. Carboxy functionalization rendered small (5 nm) disk-like structures. In the latter case,

subsequent addition of FeCl3 resulted in the formation of spherical nanostructures ranging from 10 to 60 nm

in size, depending on the pH value and the polymer/metal ion ratio.

Introduction

Micellar structures of different morphology formed via self-
assembly of amphiphilic linear ABC triblock terpolymers rep-
resent an interesting class of nanoparticles and have been
intensively studied in the last few years.1 For drug or gene
delivery applications, certain progress could be observed
recently, as such systems enable smart delivery and stimuli-
responsive behavior based on the combination of different
functional groups and properties within a single material.2 In
the case of aqueous systems, poly(ethylene oxide) (PEO) is

mostly used as hydrophilic block (A) to ensure water solubi-
lity.3 PEO is non-toxic, biocompatible, and shows the so-called
stealth-effect.4 Among other examples, poly(glycidyl ether)s
like poly(furfuryl glycidyl ether) (PFGE) or poly(allyl glycidyl
ether) (PAGE) can be used as hydrophobic (core-forming)
blocks.5 The encapsulation of drugs or dyes for diagnostic
or therapeutic issues has already been realized for such
systems.6 The functionalization of PAGE via thiol–ene click
chemistry using the pendant double bonds in the side
chain enables efficient incorporation of different functional
groups.7 In that respect, the hydrophilicity and, hence, solu-
tion behavior of such triblock terpolymers can be effectively
adjusted. As an example, the attachment of fluorocarbons
significantly increases the hydrophobicity and has been
shown to lead to additional compartmentalization within the
(hydrophobic) core of micellar aggregates.2c,8 On the other
hand, carboxy groups can serve as a model example to increase
the hydrophilicity and to implement stimuli-responsive
solution behavior based on changes in either pH value or
ionic strength.2b,9

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c4py00863d

aLaboratory of Organic and Macromolecular Chemistry (IOMC), Friedrich Schiller
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To investigate the variety of morphologies formed by such
triblock terpolymers, dynamic (DLS) and static (SLS) light scat-
tering techniques are commonly used, and are often supported
by cryogenic transmission electron microscopy (cryo-TEM).
Unfortunately, batch light scattering techniques provide only
average values (SLS) or are problematic for highly polydisperse
or multimodal systems, which require careful data interpret-
ation. Therefore, field-flow fractionation (FFF) as an emerging
technique for separation and characterization of a wide range
of nanoparticles and polymers can be applied to overcome
these problems.10 The general principle of field-flow fraction-
ation (FFF) was first described by J. Calvin Giddings in 1966
and is discussed in detail elsewhere.11 Nowadays, asymmetric
flow FFF (AF4) with one semipermeable membrane is the most
frequently applied method. An important advantage of AF4, in
comparison with classic chromatography techniques such as
size exclusion chromatography (SEC), is the absence of a
stationary phase. This reduces shear forces and undesired
interactions of the sample with any column material, and
leads to a less tortuous flow. Hence, this technique is ideally
suited for the investigation of sensitive samples.12 After the
separation, a multi-angle laser light scattering (MALLS) or DLS
detector is commonly used to obtain independent information
about molar mass, radius of gyration (Rg), hydrodynamic
radius (Rh), dispersity (Đ), or shape.

13

In this study, we describe a triblock terpolymer toolbox
based on poly(ethylene oxide)-block-poly(furfuryl glycidyl
ether)-block-poly(allyl glycidyl ether) (PEO-b-PFGE-b-PAGE) syn-
thesized via sequential living anionic ring-opening polymeriz-
ation (AROP). The PAGE block was functionalized using thiol–
ene click chemistry to attach either 1H,1H,2H,2H-perfluoroctane-
thiol (PFOT, increasing hydrophobicity) or 3-mercapto-
propionic acid (MPA, increasing hydrophilicity and introducing
negative charges). The self-assembly of the resulting triblock
terpolymers was studied by offline (batch) DLS, laser Doppler
velocimetry (LDV), cryo-TEM, and AF4, where the latter was
coupled with UV/RI, MALLS and DLS. The fractionation para-
meters in AF4 were varied to enable an optimization of the
separation conditions. This should also reveal potential inter-
actions with the membrane and show how these affect the
retention behavior. Micellar structures formed by PEO-b-PFGE-
b-PAGECOOH were studied in more detail to gain deeper insight
into the influence of ionic strength and pH value. The influ-
ence of metal ions as chelating agent (Fe3+) was investi-
gated. Thereby, we discuss potential advantages as well as
possible limitations of AF4 with regard to block copolymer
micelles.

Experimental
Materials

Ethylene oxide, furfuryl glycidyl ether (FGE), allyl glycidyl ether
(AGE), 3-mercaptopropionic acid, 1H,1H,2H,2H-perfluoroctane-
thiol, calcium hydride, potassium, naphthalene, diphenyl-
methane, 2,2-dimethoxy-2-phenylacetophenone (DMPA), N,N-

dimethylformamide (DMF), tetrahydrofuran (THF), chloro-
benzene, ethanol, methanol, ethylacetate, n-hexane and
diethyl ether were purchased from Aldrich. Sodium chloride,
sodium acetate trihydrate, ammonium chloride, iron(III) chlor-
ide hexahydrate and tris(hydroxymethyl)aminomethane were
purchased from Carl Roth. Acetic acid (100%), hydrochloric
acid (37%) and ammonia solution (25%) were purchased from
VWR. THF was distilled from sodium/benzophenone. Ethylene
oxide was distilled from sodium. Furfuryl glycidyl ether was
purified by column chromatography (eluent: ethylacetate–n-
hexane 5/1) and dried under vacuum before use. Allyl glycidyl
ether was dried over calcium hydride and distilled under
reduced pressure. Diphenylmethyl potassium (DPMK) was syn-
thesized using the standard literature procedure.14 The PEO
precursor (Mn = 14 500 g mol−1) was synthesized via living
anionic ring-opening polymerization of ethylene oxide with
DPMK in THF in a BüchiGlasUster PicoClave. If not specified
otherwise, the chemicals were used as received.

Sample preparation

The following procedure was used for the preparation of
aqueous stock solutions of all micelles with a concentration of
10 g L−1. 20 mg of the corresponding triblock terpolymer were
dissolved in 0.5 mL THF. Then 2 mL of pure water (type 1) were
added slowly via syringe and the THF was allowed to evaporate
by stirring overnight. Afterwards the solution was transferred
to a 2 mL volumetric flask and the solution was filled up again
to a volume of 2 mL. Different formulations of the nano-
structures were obtained by mixing the aqueous polymer solu-
tions with stock solutions of different salts or buffers and
subsequent vortexing for 15 s. The pH-value of stock solutions
containing buffer salts was adjusted by mixing the different
sodium salts or free acids/bases, respectively. The ionic
strength of all buffers and NaCl solutions was calculated con-
sidering the dissociation constants of the individual ion
species. For pH dependent investigations with different buffer
salts, a buffer concentration of 20 mM was used and the ionic
strength of the buffer solutions was fixed at I = 20 mM by
adding the respective amounts of NaCl.

1H NMR
1H NMR spectra were recorded on a Bruker AC 300 MHz or on
a Bruker AC 250 MHz spectrometer in deuterated chloroform
or DMSO.

Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) of PEO-b-PFGE-b-PAGE
and PEO-b-PFGE-b-PAGEPFOT was performed on a Shimadzu
SCL-10A system (with a LC-10AD pump, a RID-10A refractive
index detector, and a PL gel 5 μm mixed-D column at RT), the
eluent was a mixture of chloroform–triethylamine–iso-propa-
nol (94 : 4 : 2) with a flow rate of 1 mL min−1. The system was
calibrated with poly(ethylene oxide) standards from PSS (Mn =
1470 g mol−1 to 42 000 g mol−1). In case of PEO-b-PFGE-b-
PAGECOOH an Agilent Technologies 1200 Series size-exclusion
chromatography system equipped with a G1329A autosampler,

Paper Polymer Chemistry

Polym. Chem. This journal is © The Royal Society of Chemistry 2014

Pu
bl

is
he

d 
on

 1
9 

A
ug

us
t 2

01
4.

 D
ow

nl
oa

de
d 

by
 T

hu
er

in
ge

r U
ni

ve
rs

ita
ts

 L
an

de
sb

ib
lio

th
ek

 Je
na

 o
n 

09
/0

9/
20

14
 0

7:
00

:2
0.

 
View Article Online



a G131A isocratic pump, a G1362A refractive index detector,
and both a PSS Gram 30 and a PSS Gram 1000 column placed
in series was used. As eluent a 0.21% LiCl solution in N,N-
dimethylacetamide (DMAc) was used at a 1 mL min−1 flow rate
and a column oven temperature of 40 °C. The system was cali-
brated with poly(ethylene oxide) standards from PSS (Mn =
1470 g mol−1 to 42 000 g mol−1).

MALDI-ToF mass spectrometry

MALDI-ToF mass spectra were obtained using an Ultraflex III
ToF/ToF mass spectrometer (Bruker Daltonics) with trans-2-[3-
(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile
(DCTB) or 2,5-dihydroxybenzoic acid (DHB) as the matrix in
reflector as well as in linear mode. The instrument was cali-
brated prior to each measurement with an external PMMA
standard from PSS Polymer Standards Services GmbH.

Dynamic light scattering (DLS)

Batch dynamic light scattering was performed on a Zetasizer
Nano ZS (Malvern Instruments, Herrenberg, Germany). All
measurements were performed in folded capillary cells
(DTS1071, Malvern Instruments, Herrenberg, Germany). After
an equilibration time of 180 s, 3 × 30 s runs were carried out
at 25 °C (λ = 633 nm). The counts were detected at an angle of
173°. Each measurement was performed in triplicate. Apparent
hydrodynamic radii, Rh, were calculated according to the
Stokes–Einstein equation.

Laser Doppler velocimetry (LDV)

Laser Doppler velocimetry was used to measure the electroki-
netic potential, also known as the zeta potential. The measure-
ments were performed on a Zetasizer Nano ZS (Malvern
Instruments, Herrenberg, Germany) in folded capillary cells
(DTS1071). For each measurement, 15 runs were carried out
using the fast-field reversal mode at 100 V. Each experiment
was performed in triplicate at 25 °C. The zeta potential (ζ) was
calculated from the electrophoretic mobility (μ) according to
the Henry equation.15 For each sample, the Henry coefficient,
f (ka), was calculated separately according to Ohshima.16

Asymmetric flow field-flow fractionation (AF4)

Asymmetric flow field-flow fractionation (AF4) was performed
on an AF2000 MT System (Postnova Analytics, Landsberg,
Germany) coupled to an UV (PN3211, 260 nm), RI (PN3150),
MALLS (PN3070, 633 nm) and DLS (ZetaSizer Nano ZS,
633 nm) detector. The eluent is delivered by two different
pumps (tip and focus-flow) and the sample is injected by an
autosampler (PN5300) into the channel. The channel has a tra-
pezoidal geometry and an overall area of 31.6 cm2. The
nominal height of the spacer was 500 μm and a regenerated
cellulose membrane with a molar mass cut-off of 10 000 g
mol−1 was used as the accumulation wall. All experiments were
carried out at 25 °C and the eluent was 5 mM NaCl, if not
stated otherwise. The detector flow rate was set to 0.5 mL
min−1 for all samples and 50 μL (2 mg mL−1) were injected
with an injection flow rate of 0.2 mL min−1 for 7 min, if not

stated otherwise. For all samples the cross-flow was set to
1 mL min−1. After the focusing period and a transition time of
1 min, the cross flow was kept constant for 5 min and then
decreased under a power function gradient (0.4) to 0 within
25 min. Afterwards the cross-flow was kept constant at zero for
at least 35 min to ensure complete elution. For calculation of
the molar mass and the radius of gyration, a Zimm plot or a
random coil fit (for large aggregates) was used, respectively. All
measurements were repeated three times. The refractive index
increment (dn/dc) of all samples under different conditions
(e.g. ionic strength, pH) was measured by manual injection of
a known concentration directly into the channel without any
focusing or cross-flow. The dn/dc was calculated as the average
of at least three injections from the area under the RI curve
(AUCRI).

Transmission electron microscopy (cryo-TEM)

Cryo-TEM images were acquired with a 200 kV FEI Tecnai G2

20 equipped with a 4k × 4k Eagle HS CCD and an Olympus
MegaView camera for overview images. Sample preparation
was performed by plunge-freezing with a Vitrobot Mark IV
system. 7 μL of the aqueous solutions were blotted (blot force
0; blotting time 0.5 s) on Quantifoils (R2/2) and were vitrified
in liquid ethane. The grids were rendered hydrophilic by
Ar-plasma cleaning for 30 s (Diener Electronics). Samples were
stored in liquid nitrogen until transfer to the microscope was
performed with a Gatan cryo stage.

Synthesis of the PEO-b-PFGE-b-PAGE triblock terpolymer

3.45 g (0.24 mmol) of the PEO precursor was dried under
vacuum at 80 °C for 2 h, cooled to RT and dissolved in 30 mL
THF. The polymer was activated under an argon atmosphere by
the dropwise addition of DPMK until a stable, slightly red color-
ization could be observed. Subsequently, 0.66 mL (0.74 g,
4.8 mmol) FGE were added to the reaction mixture and stirred
for 22 h at 45 °C. For the formation of the third block, 0.85 mL
(0.82 g, 7.2 mmol) AGE was introduced into the reaction vessel
and the mixture was allowed to stirr for further 22 h. The
reaction was terminated by the addition of 1 mL methanol, the
product was precipitated in cold diethyl ether, filtered and dried
under vacuum. The product was obtained as a white solid.

SEC (CHCl3–iPrOH–Et3N, 94 : 2 : 4; PEO-standard): Mn =
17 800 g mol−1; Mw = 18 900 g mol−1; Đ = 1.06.

MALDI-ToF MS: Mpeak maximum = 19 600 g mol−1.

1H NMR (300 MHz, DMSO-d6, δ [ppm]): 7.54 (s, 1H, CvC(H)O,
furfuryl), 7.21–7.09 (m, 10H, Ph), 6.35 (s, 2H, CvC(H)–(H)CvC,
furfuryl), 5.82 (m, 1H, CvC(H)–C, allyl), 5.16 (m, 2H, H2CvC,
allyl), 4.35 (s, 2H, CH2, furfuryl), 3.91 (t, 2H, CH2CH2O), 3.77
(t, 1H, 3JH,H = 7.9 Hz, Ph2CH), 3.6–3.1 (br s, PEO-backbone).

Functionalization of PEO330-b-PFGE21-b-PAGE21 with
3-mercaptopropionic acid

250 mg of the triblock terpolymer (corresponding to
0.26 mmol allyl groups), 0.12 mL 3-mercaptopropionic acid

Polymer Chemistry Paper
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(149 mg, 1.40 mmol, 5.4 eq.) and 36 mg DMPA (0.14 mmol, 0.5
eq.) were dissolved in 3 mL of a mixture of DMF and ethanol
(3 : 1) and irradiated with UV-light (365 nm) for 24 h. The
crude product was purified by size-exclusion chromatography
(Biobeads SX-1, THF) and the final product was dried under
vacuum. PEO-b-PFGE-b-PAGECOOH was obtained as yellowish,
highly viscous oil (272 mg). The degree of functionalization
was determined by 1H NMR spectroscopy.

1H NMR (250 MHz, DMSO-d6, δ [ppm]): 7.54 (s, 1H, CvC(H)O,
furfuryl), 7.21–7.09 (m, 10H, Ph), 6.35 (s, 2H, CvC(H)–
(H)CvC, furfuryl), 4.36 (s, 2H, CH2, furfuryl), 4.06 (t, 1H,
3JH,H = 7.9 Hz, Ph2CH), 3.6–3.2 (br s, PEO-backbone), 3.10–2.59
(m, 4H, CH2CH2CO2H), 2.58–2.40 (m, 2H, DMSO + SCH2CH2O),
1.98–1.62 (m, 2H, SCH2CH2O).

Degree of functionalization ( f ): 97%.

Functionalization of PEO330-b-PFGE21-b-PAGE21 with
1H,1H,2H,2H-perfluoroctanethiol

200 mg of the triblock terpolymer (corresponding to
0.21 mmol allyl groups), 0.26 mL 1H,1H,2H,2H-perfluoroctane-
thiol (396 mg, 1.04 mmol, 5.0 eq.) and 11 mg DMPA
(0.04 mmol, 0.2 eq.) were dissolved in 1.5 mL chlorobenzene
and irradiated with UV-light (365 nm) for 72 h. The crude
product was purified by size-exclusion chromatography (Bio-
beads SX-1, THF) and the final product was dried under
vacuum. PEO-b-PFGE-b-PAGEPFOT was obtained as a yellowish,
highly viscous oil (267 mg). The degree of functionalization
was determined by 1H NMR spectroscopy.

SEC (CHCl3–iPrOH–Et3N, 94 : 2 : 4; PEO-standard): Mn =
18 100 g mol−1; Mw = 20 500 g mol−1; Đ = 1.13.

1H NMR (250 MHz, CDCl3, δ [ppm]): 7.35 (s, 1H, CvC(H)O,
furfuryl), 7.23 (s, 10H, Ph), 6.37–6.15 (m, 2H, CvC(H)–(H)-
CvC, furfuryl), 4.40 (s, 2H, CH2, furfuryl), 4.10 (t, 1H, 3JH,H =
7.7 Hz, Ph2CH), 3.81–3.22 (br, PEO-backbone), 2.78–2.65
(m, 2H, CH2CH2CF2), 2.61 (t, 2H, 3JH,H = 7.0 Hz, SCH2CH2O),
2.47–2.17 (m, 2H, CH2CH2CF2), 1.93–1.70 (m, 2H, SCH2CH2O).

Degree of functionalization ( f ): 96%.

Results & discussion
Synthesis and post-polymerization functionalization of
PEO-b-PFGE-b-PAGE

As shown in former studies, incorporation of functional poly-
(glycidyl ether)s as building blocks in polyether-based block
copolymers leads to a broad range of possible applications for
these materials.5b,17 Furthermore, modification of the reactive
groups in the side chain (e.g., allyl or furfuryl) by post-polymer-
ization functionalization represents a facile methodology to
tune the material characteristics.6b,18 Here, one possibility is
the attachment of different moieties to influence hydrophili-
city/hydrophobicity and, hence, self-assembly behavior in
water as the selective solvent.5d

In the present work, we targeted the synthesis and modifi-
cation of an amphiphilic triblock terpolymer. For this
purpose, a pre-synthesized PEO precursor was re-activated by
titration with diphenylmethyl potassium (DPMK). Sub-
sequently, PEO-b-PFGE-b-PAGE was synthesized by sequential
addition of furfuryl glycidyl ether and allyl glycidyl ether
(Scheme 1, Table 1). As shown by size exclusion chromato-
graphy (SEC, Fig. S1†), a well-defined triblock terpolymer with
a narrow molar mass distribution could be obtained. Further-

Scheme 1 Schematic representation of the synthesis of a poly(ethylene oxide)-block-poly(furfuryl glycidyl ether)-block-poly(allyl glycidyl ether)
(PEO-b-PFGE-b-PAGE) triblock terpolymer by sequential living anionic ring-opening polymerization (AROP) as well as subsequent post-polymeriz-
ation functionalization using thiol–ene chemistry.
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more, the characteristic signals of the functional groups (fur-
furyl and allyl) could be detected by 1H NMR spectroscopy
(Fig. S2†). In contrast to the PFGE middle block, the conversion
of PAGE did not reach 100%, confirming our earlier studies.6c

To alter the hydrophilic/hydrophobic balance of the
material and to investigate the resulting micellar morphologies
formed via self-assembly in aqueous media, we used post-
polymerization functionalization reactions. Therefore, the
PAGE segment was modified by the attachment of either 3-mer-
captopropionic acid or 1H,1H,2H,2H-perfluoroctanethiol. The
functionalization with 3-mercaptopropionic acid (–COOH) was
performed as reported before in a 3 : 1 DMF–EtOH mixture.17

The reaction progress was monitored by SEC and 1H NMR
measurements. As shown in Fig. S3,† functionalization with
–COOH leads to a strong shift to higher molar masses. Due to
strong interactions of the carboxy groups with the column
material the polymer elutes in the non-calibrated area. There-
fore, the obtained values are not displayed in Table 1. Never-
theless, a monomodal distribution could be detected,
indicating a successful reaction. The degree of functionali-
zation ( f ) was determined by 1H NMR (Fig. S4†). Here the
decreasing signal of the free double bonds was compared to
signals of the furan ring ( f ∼ 97%). The functionalization with
1H,1H,2H,2H-perfluoroctanethiol was carried out as reported
in the literature in a minimum amount of chlorobenzene,
since for other solvent mixtures (e.g., DMF, THF or MeOH)

solubility problems were encountered.19 Again, the reaction
process was monitored by SEC (Fig. S5†) and 1H NMR measure-
ments (Fig. S6†). A monomodal shift to higher molar masses
was detected and 1H NMR spectra indicated a f value of 96%.

In the next section, a detailed study concerning the self-
assembly of the triblock terpolymers and the influence of the
functionalization of the PAGE segment on the solution pro-
perties is provided. We assume at this point that PFGE and
PAGE build up the core of micellar structures in aqueous
media and PEO forms the corresponding corona. Increasing
the hydrophilicity of the PAGE segment can, in principle, lead
to a mixed or phase-separated PAGECOOH/PEO corona.20 In
contrast, introduction of a fluorocarbon chain might even lead
to phase separation of both hydrophobic blocks.

Dynamic light scattering and laser Doppler velocimetry

Prior to detailed investigations by AF4, batch (offline) DLS and
LDV were carried out. Self-assembly was induced by the
solvent displacement method: a certain amount of the respect-
ive triblock terpolymer was dissolved in THF as a non-selective
solvent. Subsequently, water was added (2 mL) (selective for
the PEO block or, in case of PEO330-b-PFGE21-b-PAGE21,COOH,
for PEO and PAGECOOH) and THF was allowed to evaporate.
According to DLS, all samples show rather broad hydro-
dynamic radii distributions (intensity weighted) and a rather
high dispersity in the range of 0.5 to 0.8 as obtained by cumu-
lant analysis (Fig. 1A). Considering number weighted distri-
butions, a dominating population with Rh = 19 nm for PEO-b-
PFGE-b-PAGE, 23 nm for PEO-b-PFGE-b-PAGEPFOT, and 7 nm
for PEO-b-PFGE-b-PAGECOOH could be identified. The high PDI
value in all cases might be a hint for the presence of larger
aggregates. Nevertheless, batch DLS results and cumulant ana-
lysis in these cases have to be interpreted with care. To access
the corresponding zeta potentials, LDV was applied at varying
ionic strengths (different concentrations of NaCl). In water,
a zeta potential of around −12 mV was obtained for PEO-b-
PFGE-b-PAGE (Fig. 1B). Introduction of a hydrophobic side
chain, which contains highly electronegative fluorine, leads to

Table 1 Characterization data of the synthesized triblock terpolymers

Samplea
Mn

b

[g mol−1]
Mw

b

[g mol−1] Đb
f a

[%]

PEO330 14 800 15 500 1.05 —
PEO330-b-PFGE21 17 400 18 100 1.04 —
PEO330-b-PFGE21-b-PAGE21 17 800 18 900 1.06 —
PEO330-b-PFGE21-b-PAGE21,COOH — — — 97
PEO330-b-PFGE21-b-PAGE21,PFOT 18 100 20 500 1.13 96

aDegree of polymerization (subscripts) and functionalization was
determined by 1H NMR spectroscopy. bDetermined by size-exclusion
chromatography (CHCl3–iPrOH–Et3N, 94 : 2 : 4; PEO-calibration).

Fig. 1 (A) DLS based Rh distributions of aqueous solutions of PEO-b-PFGE-b-PAGE, PEO-b-PFGE-b-PAGEPFOT and PEO-b-PFGE-b-PAGECOOH.
(B) Zeta potentials of PEO-b-PFGE-b-PAGE, PEO-b-PFGE-b-PAGEPFOT and PEO-b-PFGE-b-PAGECOOH at varying ionic strengths.
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an increase of the absolute value of zeta potential to around
−29 mV for PEO-b-PFGE-b-PAGEPFOT. Finally, for PEO-b-PFGE-
b-PAGECOOH, containing (partially) deprotonated carboxy
groups, a zeta potential of around −45 mV was found. In all
cases, the zeta potentials decrease exponentially with increas-
ing ionic strength according to the Stern model and, except for
PEO-b-PFGE-b-PAGECOOH, 5 mM NaCl are sufficient to reduce
the zeta potential to 0 mV.

Influence of separation parameters in asymmetric flow
field-flow fractionation

Before a sample can be fully characterized by AF4-MALLS-DLS,
the separation conditions have to be optimized and a suitable
method has to be found to ensure a representative fraction-
ation. Therefore, we started with the investigation of self-
assembled structures of PEO-b-PFGE-b-PAGE and systematically
investigated the influence of the cross-flow (and its program-
ming), the focusing time, and the membrane type, as well as
the eluent composition on the retention behavior. Two different
membranes, regenerated cellulose (RC) and poly(ether sulfone)
(PES) membranes with a molar mass cut-off of 10 000 g mol−1,
were used. In principle, both membranes were suitable, but the
RC membrane yielded higher recovery rates and was therefore
chosen for all further experiments. To investigate the influence
of cross- and focusing flow, the outlet/detector flow was fixed at
0.5 mL min−1 and water containing 5 mM NaCl was used as the
eluent. After optimization, a method consisting of a constant
(5 min) cross-flow followed by a power decay gradient (exponent
0.4) to 0 within 25 min was found to be best. After the cross-
flow reaches 0, the flow was continued for 35 min to ensure
complete elution. The result of the variation of the starting
point of the cross-flow is shown in Fig. 2A. It can be observed
that with increasing cross-flow the obtained peak is shifted to
higher elution times, the peak height is increased and the void
peak is reduced. The shift in elution time is based on larger
forces resulting from higher cross-flow, dragging the sample
closer to the membrane, which is in accordance to the AF4
theory.21 The recovery rates, shown in the inlay of Fig. 2A, indi-
cate that a cross-flow higher than 0.75 mL min−1 provides the
best fractionation. As a consequence, a value of 1 mL min−1 was
chosen for investigation of the influence of the focusing time
(Fig. 2B). An appropriate duration of the focusing step is impor-
tant for an adequate concentration of the sample and to reduce
band broadening. Otherwise, a very long focusing period leads
to increased interactions between the sample and the mem-
brane as well as sample species. In the present case, it can be
seen that the void peak is reduced with higher focusing time
and that the peak height as well as the recovery rate (inlay,
Fig. 2B) increases until an optimum is reached at around 7 to
9 min. For higher focusing times, the recovery rate decreases,
probably due to increasing interactions, as mentioned above.
Therefore, a time of 7 min was used for the following fraction-
ation experiments. Finally, the ionic strength of the eluent
was varied by addition of different amounts of NaCl to tune
the electrostatic interactions between sample and membrane
(Fig. 2C). In pure water, an irregular elution with a broad

peak can be observed, while for all eluents containing at least
5 mM NaCl a constant elution time and a nearly symmetric
peak shape were obtained. We attribute this to repulsive electro-
static interactions between the negatively charged RC mem-
brane and the sample (with a negative zeta potential) and
between the micellar aggregates themselves.22 In particular,
during the focusing step, when the sample is concentrated

Fig. 2 Variation of cross-flow (A), focusing time (B) and ionic strength
(NaCl concentration) of the eluent (C) for separation of PEO-b-PFGE-b-
PAGE via AF4. The inlays show the recovery rate of each separation as
determined by RI detection.
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within a small area, increased interparticle interactions can
cause the observed phenomena. While these interactions are
long-ranged in nearly electrolyte free water, this is significantly
reduced upon addition of NaCl. Already 5 mM NaCl are
sufficient to obtain a defined peak and an appropriate elution
behavior. This is also in accordance with LDV measurements of

PEO-b-PFGE-b-PAGE as mentioned above, where a zeta potential
close to zero for 5 mM NaCl was found. Additionally, it can be
seen that if the ionic strength is further increased, the peak
height decreases and small amounts of aggregates are formed
during the separation, probably due to increased attractive
membrane interactions as repulsive electrostatic contributions
are screened. Thus, 5 mM NaCl were found to be an optimum
and used for all further AF4 experiments. Nevertheless, we
assume at this point that different separation conditions as
well as eluent compositions containing NaCl do not influence
micellar characteristics, as no difference in size and molar
mass could be observed (MALLS/DLS detection).

Self-assembly in water

Using the above established conditions all triblock terpolymer
micelles could be fractionated and characterized by AF4-
MALLS-DLS (Table 2). For all samples, a recovery rate above
85% was achieved, which indicates that the AF4 fractograms
are representative and suitable to describe both size and molar
mass distribution. For PEO-b-PFGE-b-PAGE, two fractions can
be detected: one main fraction of smaller particles and some
larger aggregates as minority fractions (as indicated by the low
RI and large LS 90° signal, Fig. 3A). The molar mass of the
main fraction was around 705 kg mol−1 (Mn) with a dispersity

Fig. 3 (A) AF4-MALLS-DLS fractogram of PEO-b-PFGE-b-PAGE and (B) schematic representation of the proposed micellar structure for PEO-b-
PFGE-b-PAGE. The different colors of PFGE/PAGE indicate a possible phase separation but we do not assume the formation of a Janus core.
(C) Cryo-TEM micrograph of PEO-b-PFGE-b-PAGE. (D) Cryo-TEM micrograph showing representative hexagonal ordering of the micelles (the con-
trast was slightly increased using the ImageJ software).

Table 2 Properties of self-assembled structures in aqueous solution

PEO-b-PFGE-
b-PAGE

PEO-b-PFGE-
b-PAGEPFOT

PEO-b-PFGE-
b-PAGECOOH

dn/dc [mL g−1] 0.139 ± 0.001 0.09 ± 0.0004 0.158 ± 0.0008
Mn [kg mol−1] 705 ± 5.9 1684 ± 35 82.0 ± 2.5c

Mw [kg mol−1] 723 ± 1.3 1921 ± 14 101.5 ± 2.1c

ĐM (Mw/Mn) 1.03 ± 0.01 1.14 ± 0.02 1.24 ± 0.02
Nagg

a 35 ± 0.3 56 ± 1.2 3.7 ± 0.1
Rg (peak 1) [nm] 14 ± 0.9 20 ± 2 —
Rh (peak 1) [nm] 21 ± 0.3 29.5 ± 1.2 4.6 ± 0.7
Rg/Rh (peak 1) 0.67 ± 0.04 0.68 ± 0.05 —
Rh, batch DLS [nm] 18.5 ± 1 23.3 ± 3.8 7 ± 3
Rg (peak 2) [nm] — 425 ± 9b —
Rh (peak 2) [nm] — 146 ± 14 —
Rg/Rh (peak 2) — 2.92 ± 0.22 —
Recovery [%] 92.3 ± 1.4 85.1 ± 1.3 85.3 ± 0.3

a Based on Mn and polymer molar masses obtained by 1H NMR.
b Based on the random coil scattering factor. c For calculation the
single chain fraction was excluded.
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of 1.03 (MALLS detector). Considering the molar mass of a
single triblock terpolymer chain (20 100 g mol−1), this results
in an aggregation number Nagg of around 35 chains per par-
ticle. The radius of gyration Rg (z-average root-mean-square
radius) was around 14 nm and online DLS reveals a hydrodyn-
amic radius Rh of around 21 nm, which is in agreement with
the offline batch DLS (Rh, batch around 19 nm). Calculation of
the shape ratio ρ (Rg/Rh) provides a value of around 0.67,
which is slightly below the expected value for a hard sphere
(0.775).23 Interpretation of this shape ratio should be done
carefully, as Rg is close to the lower detection limit of around
10 nm. Nevertheless, the obtained shape ratio as well as the
radii indicate the presence of compact spherical micelles.23b

To support the results obtained by AF4, cryo-TEM was applied
(Fig. 3C). Here, again spherical micelles with an average core-
to-core distance of around 40 nm were found. We assume that
the core-to-core distance is defined by the PEO corona and,
hence, half this distance (around 20 nm) can be attributed to
the hydrodynamic radius, which is in excellent agreement with
the Rh value obtained by AF4 as well as by offline DLS. Accord-
ing to cryo-TEM, the inner core has a radius of around 7 nm
and shows slight differences in contrast. We attribute this to

both PFGE and PAGE being located in the micellar core.
According to differences in electron density, phase separation
can be the reason for the presence of brighter (PAGE) and
darker areas (PFGE, Fig. 3D). Also, it can be seen that the
micellar cores are not perfectly spherical in shape. Considering
the dimension of the core, the PEO corona has a thickness of
around 13 nm. Based on eqn (1) and (2), the hydrodynamic
radius of a PEO chain in a good solvent can be calculated,
where a is the segment length (0.36 for PEO) and N the degree
of polymerization.24 The factor of 1.78 is based on the assump-
tion of a random coil for a monodisperse linear chain in a
good solvent.23b In the present case, a theoretical radius of
6.6 nm was calculated (diameter 13.2 nm), which is in excel-
lent agreement with the experimental values from cryo-TEM
and in accordance with the proposed structure (Fig. 3B).

Rg ¼ aN 3=5 ð1Þ

Rh ¼ Rg

1:78
ð2Þ

In contrast to PEO-b-PFGE-b-PAGE, the fractogram of PEO-
b-PFGE-b-PAGEPFOT shows a bimodal distribution (Fig. 4A). For

Fig. 4 (A) AF4-MALLS-DLS fractogram of PEO-b-PFGE-b-PAGEPFOT and (B) schematic representation of the worm-like structures of PEO-b-PFGE-
b-PAGEPFOT. (C) Cryo-TEM micrograph of PEO-b-PFGE-b-PAGEPFOT (representative for the entire sample). (D) Cryo-TEM micrograph of PEO-b-
PFGE-b-PAGEPFOT showing worm-like structures with spherical endcaps.
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the first peak, a molar mass of around 1700 kg mol−1 was
obtained, corresponding to a higher aggregation number NAgg

= 56. The radius of gyration is around 20 nm and Rh was found
to be 30 nm (online DLS). The resulting shape ratio ρ of 0.68 is
similar to PEO-b-PFGE-b-PAGE. The second population, as
observed in AF4, represents the minority fraction according to
the RI signal and, here, an average Rg of 425 nm and an Rh of
146 nm are obtained via light scattering. This large difference
results in a high average shape ratio ρ of around 2.92, hinting
towards the presence of elongated or worm-like structures.25

The fact that the shape ratio increases during the elution from
a value of around 1 at the beginning of the peak until 2 to 3 at
the end strongly indicates that the second population is of
high dispersity in terms of “length”. These results were also
confirmed by cryo-TEM (Fig. 4C), where both small spherical
objects and worm-like micelles could be observed. The attach-
ment of fluorocarbon chains to the PAGE block increases the
overall hydrophobicity and leads to the formation of worm-like
micelles (Fig. 4B). The width of these structures is within the
same range as the diameter of the spherical micelles. This
indicates a similar block arrangement with PFGE and
PAGEPFOT forming the core, while PEO forms the corona. Fur-
thermore, it can be seen that in most cases spherical endcaps
are present (cryo-TEM of worm-like structures Fig. 4D), which
can be an additional indication for fusion/fission processes of
spherical particles as origin of this morphology.26 In contrast

to PEO-b-PFGE-b-PAGE, no phase separation within the hydro-
phobic core of the cylinders can be directly observed. Although
this has been reported for lipophilic and fluorophilic
domains, in our case this might be prevented by the relatively
low degrees of polymerization of the PFGE and PAGEPFOT seg-
ments.8,27 Nevertheless, in some cases brighter (PAGE) and
darker domains (PFGE) can be seen within the cores of spheri-
cal micelles present in the sample (see Fig. 4D).

The introduction of carboxy groups renders the PAGE
segment hydrophilic, depending on the solution pH value.
According to the AF4-fractogram, one main population at
lower elution time and a negligible amount of larger aggre-
gates (compare RI and LS 90° trace) are present (Fig. 5A). In

Fig. 5 (A) AF4-MALLS-DLS fractogram of PEO-b-PFGE-b-PAGECOOH and (B) aggregation number Nagg of the different species on the basis of the
molar mass obtained by MALLS. (C) Cryo-TEM micrograph of PEO-b-PFGE-b-PAGECOOH. (D) Enlarged image of the disc-like structures (the contrast
has been slightly increased using the ImageJ software).

Fig. 6 Schematic representation of the disc-like structures of PEO-b-
PFGE-b-PAGECOOH.
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agreement with the elution time, online DLS shows rather
small micelles with an average Rh of around 4 to 5 nm. The
radius of gyration could not be obtained as the particles reveal
isotropic scattering and, therefore, are below the size limit of
the MALLS detector. A closer look at the obtained peak and its
molar mass distribution reveals that the peak maximum
corresponds to one single polymer chain, while the observed
shoulder represents different assemblies ranging from a dimer
to a heptamer (Fig. 5B). The average molar mass (Mn) of the
self-assembled fraction (excluding the single chain fraction) is
around 82 kg mol−1, which corresponds to an average aggrega-
tion number Nagg of 3.7 and clearly shows that these particles
are composed of only a few terpolymer chains. A full separ-
ation of the single chain and the aggregates by AF4 was not
possible. The sample was also studied by cryo-TEM (Fig. 5C)
and, again, small objects of just a few nanometers in size
could be observed. Furthermore, a careful evaluation of the
data reveals the presence of short lines in the micrographs
(Fig. 5D). Combination of both observations indicates a disc-
like shape for the larger assemblies of PEO-b-PFGE-b-
PAGECOOH, where the lines represent discs which are oriented
perpendicular to the observation plane. This morphology
might be explained by a parallel ordering of the involved ter-
polymer chains, with the PFGE segment forming the core and
both PEO and PAGECOOH acting as the corona (schematic visu-
alization Fig. 6). However, we are aware that this interpretation
has to be treated with caution as the size of these micelles
approaches the limits of AF4 as well as cryo-TEM. In the latter
case only a weak contrast is generated by such small polymeric
aggregates, which complicates the interpretation.

Influence of pH and ionic strength on micelles formed by
PEO-b-PFGE-b-PAGECOOH

The introduction of charges to the material can, in principle,
lead to stimuli-responsive behavior with regard to solution pH
or ionic strength. While the solution pH regulates the total
number of charges by (de)protonation of the carboxy groups,
the ionic strength controls the range of electrostatic inter-

actions. Therefore, AF4 was applied to investigate PEO-b-PFGE-
b-PAGECOOH at varying pH values and ionic strengths. Fig. 7A
shows the AF4 fractograms at different concentrations of NaCl,
which was used to adjust the ionic strength of the sample solu-
tions as well as the eluent. It can be seen that for all experi-
ments containing NaCl the typical peak shape is obtained.
In case of pure water, no appropriate separation could be
obtained, which is due to long-ranged repulsive electrostatic
interactions between the negatively charged membrane and
the negatively charged sample (ζ = −45 mV). This strong
repulsion dominates the retention behavior, resulting in fast
elution and inhibiting separation from the void peak.
Addition of NaCl leads to screening of these repulsive inter-
actions. Subsequently, with increasing ionic strength a shift to
higher elution times can be observed until a concentration of
around 80 mM NaCl is reached. This shift in elution time is
directly correlated to the zeta potential (Fig. 7B) and can there-
fore solely be attributed to the reduction of the range of
electrostatic interactions being involved.12b Additionally, with
increasing ionic strength a reduction of the peak height was
also observed, which can be explained by an increasing influ-
ence of attractive forces like van der Waals interactions and,
hence, membrane adsorption. Nevertheless, no influence on
the molar mass or size of the sample could be observed at all
investigated concentrations of NaCl. Also, offline DLS did not
show changes in the hydrodynamic radius either. Further-
more, it can be seen in the fractogram that the percentage of
disc-like assemblies increases in comparison with the amount
of single chains, which is probably due to a favorable stabiliz-
ation of the nanostructures, also based on the increase of
ionic strength and the resulting shielding of electrostatic
repulsion between the carboxy groups of the PAGECOOH blocks.
On the other hand, preferential adsorption of single terpoly-
mer chains during AF4 measurements cannot be fully
excluded.

To further investigate the influence of the pH value on the
self-assembly behavior of PEO-b-PFGE-b-PAGECOOH, different
buffer systems (acetate, tris(hydroxymethyl)-aminomethane

Fig. 7 (A) AF4 fractograms of PEO-b-PFGE-b-PAGECOOH at varying ionic strengths. (B) AF4 fractograms of PEO-b-PFGE-b-PAGECOOH at varying pH
values. The inlay shows the corresponding zeta potentials of the sample.
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(tris), and ammonia/ammonium chloride) were prepared at a
concentration of 20 mM each. To rule out any influence of
varying ionic strength, the latter was fixed at 20 mM by
adding a corresponding amount of NaCl. The results obtained
by AF4-MALLS-DLS can be seen in Fig. 7B. At all pH values
except for pH 4, similar elution times, molar masses, and Rh
values as described above were found. This can be understood
as the constant ionic strength of 20 mM reduces the range of
electrostatic interactions to 2.2 nm according to the Debye–
Hückel theory. The consistency in mass and size is probably
due to an efficient shielding of the micelles by the long PEO
corona chains, even if the electrostatic repulsion between the
carboxy groups of the PAGECOOH block increases with the pH
value (inlay Fig. 7B). At pH 4, where nearly all carboxy groups
are protonated, the fraction of micelles is considerably
increased, and the sample shows a marginally increased Rh of
around 7 nm. This might be explained based on the absence
of electrostatic repulsion between the PAGECOOH chains. Offline
(batch) DLS reveals no difference in size at varying pH values.
The lower recovery rate of around 60% at pH 4 is probably due
to increased membrane adsorption as the isoelectric point of
the used membrane is close to pH 4 and therefore almost no
electrostatic repulsion between membrane and sample occurs.22

Complexation of metal ions by PEO-b-PFGE-b-PAGECOOH

Another possible way to influence the solution structures of
amphiphilic block copolymers is the addition of multivalent
metal ions to induce crosslinking by chelation or complexa-
tion. For the carboxy groups of PEO-b-PFGE-b-PAGECOOH,

we used Fe3+ as trivalent counter ion and added different
amounts of FeCl3 to aqueous solutions of PEO-b-PFGE-b-
PAGECOOH. Moreover, as also a strong influence of the pH value
on the overall charge of the carboxy groups and the stability of
the complexes can be anticipated, the experiments were per-
formed at varying pH values using the buffer systems mentioned
above. First, an excess of 12.5 equivalents FeCl3 (compared to
the total number of carboxy groups) was added and the pH
value was varied from 4 to 9. To rule out a complexation by
PEO, Fe3+ was also added to PEO-b-PFGE-b-PAGE, where no
changes in elution time, peak shape, and size could be
observed in the AF4 fractogram (data not shown). The results
obtained for PEO-b-PFGE-b-PAGECOOH by AF4-MALLS-DLS are
shown in Fig. 8A. At all pH values, a shift to higher elution
times and an increase in size could be observed. Thereby, the
radius depends on the pH value of the eluent. While smaller
particles with an average Rh of 12 nm are obtained at pH 4.0,
the hydrodynamic radius increases to 30 or 61 nm at pH 5.6 or
7.3, respectively (Table 3). The radius of gyration also increases

Table 3 AF4-MALLS-DLS results of PEO-PFGE-PAGECOOH with varying
amounts of FeCl3 and at different pH values

pH Fe3+ eq. Rg [nm] Rh [nm] Rg/Rh

4.0 12.5 10.2 12.2 0.84
5.6 12.5 25.1 30.0 0.84
5.6 5 16.4 21 0.78
5.6 1 12.8 15 0.85
5.6 1/3 — 4.9 —
7.3 12.5 50.9 61.3 0.83

Fig. 8 AF4 fractograms of PEO-b-PFGE-b-PAGECOOH (A) with 12.5 eq. of FeCl3 (compared to carboxy groups) at different pH values and (B) at pH
5.6 with different equivalents of FeCl3. (C) Photograph of the AF4 membrane after Fe(OH)3 precipitation at pH 8.7 (20 mM tris buffer, 12.5 eq.).
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from around 10 nm at pH 4 to 25 nm at pH 5.6 and 50.9 nm at
pH 7.3. At pH 8.7, Fe(OH)3 precipitates and is massively
adsorbed onto the membrane (Fig. 8C). Therefore, no reliable
results could be obtained at higher pH values. Besides, calcu-
lation of the shape ratio Rg/Rh provides a value of around 0.84
for all measurable pH values, which indicates soft spherical
particles as this is in between the value of a hard (0.775) and
a Gaussian sphere (1.0). For pH 4, interpretation of Rg/Rh

has to be performed carefully as Rg is close to the instru-
ment’s limit. Moreover, all particles show a positive zeta
potential (around 5 mV). As the increase of size correlates
with the pH value, we assume that the chelation is strongly
influenced by an increasing amount of charges being
present. With increasing pH, more Fe3+ can enter the
corona, which leads to reduced hydrophilicity and, sub-
sequently, to aggregation.

To investigate the influence of the iron(III) content, the
pH value was kept constant (acetate buffer 5.6) and the
amount of added FeCl3 was varied (Fig. 8B). It can be seen
that the particle size increases with the amount of iron(III)
(Table 3). While the addition of 1/3 eq. has almost no effect
on Rh, a value of 15 nm is obtained for 1 eq. and 21 nm for 5
eq., respectively. The radius of gyration is 16.4 nm and
12.8 nm for 5 or 1 equivalents iron(III), respectively, but
could not be determined for 1/3 eq. As already described,
the low Rg values as well as the resulting shape ratio have to
be interpreted with care. In general, values ranging from
0.78 to 0.85 were obtained, indicating the presence of
spherical particles. Comparison of the AF4 fractograms at
pH 5.6 without FeCl3 and with 1/3 eq. showed that the
addition of iron(III) leads to a shift in elution time, even if
there is no significant change in Rh. This leads us to the
assumption that Fe3+ is complexed by the carboxy groups of
a single particle, leading to a positive zeta potential (5 to
10 mV depending on the polymer : Fe3+ ratio, −5 mV for 1/3
eq.), increased attractive interactions with the negatively
charged membrane, and higher retention times. With
increasing amounts of iron(III), more carboxy groups are
complexed, which leads to larger particles as more of the
small nanostructures can be crosslinked by complexation.
These first investigations of the chelation by Fe3+ demon-
strate that pH value and metal ion concentration can be
used to control the size of such micelles. In that respect,
further studies concerning e.g. the type of metal ion will
follow.

Conclusion

In this study, we presented a toolbox of triblock terpoly-
mers based on PEO330-b-PFGE21-b-PAGE21. Post-polymeriz-
ation functionalization via thiol–ene chemistry of the PAGE
segment allowed the efficient introduction of side chains
of different functionality and/or solubility. 1H,1H,2H,2H-
Perfluoroctanethiol was used to increase the hydrophobi-
city of the PAGE segment and 3-mercaptopropionic intro-

duces carboxy groups into the PAGE segment. The self-
assembly of the obtained materials in water as selective
solvent was studied using AF4 coupled to MALLS and DLS
as well as offline DLS and cryo-TEM. Thereby, depending
on the material investigated, spherical (PEO-b-PFGE-b-
PAGE) and worm-like (PAGEPFOT) micellar structures
(PAGECOOH) were found. Cryo-TEM of PEO-b-PFGE-b-PAGE-

COOH indicated the formation of disc-shaped structures
although AF4-MALLS-DLS was not able to support these
findings, as the objects were too small to obtain reliable
information on Rg or Rh. Furthermore, AF4 was shown to
represent an outstanding technique for in-depth character-
ization of micellar aggregates concerning an efficient deter-
mination of molar mass, size, and shape of the particles.
Moreover, the effects of different separation conditions on
the elution behavior were investigated and, in particular in
case of PEO-b-PFGE-b-PAGECOOH, the behavior at varying
ionic strengths and pH was analyzed. No significant influ-
ence on the formed structures was observed by AF4, except
for pH 4, where a slight increase in Rh could be detected.
Finally, the addition of Fe3+ to micelles from PEO-b-PFGE-
b-PAGECOOH induced corona crosslinking and the for-
mation of particles, whose size can be adjusted by the
amount of Fe3+ and the solution pH value. All results
obtained by AF4 were supported by cryo-TEM measure-
ments, where also additional information about shape
and, in one case, potential phase separation within the
micellar core was observed. Our study clearly shows that at
least two independent techniques are necessary to evaluate
and interpret micelles formed by such materials.
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Figure S1: SEC traces of PEO (black dashed line), PEO-b-PFGE (red pointed line), and PEO-b-PFGE-b-PAGE (blue 
line, solvent: CHCl3/iPrOH/Et3N).
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Figure S2: 1H-NMR spectrum (300 MHz, DMSO-d6) of PEO-b-PFGE-b-PAGE.

Figure S3: SEC traces of PEO-b-PFGE-b-PAGE and PEO-b-PFGE-b-PAGECOOH (solvent: DMAc).



Figure S4: 1H-NMR spectrum (250 MHz, DMSO-d6) of PEO-b-PFGE-b-PAGECOOH. The signal at 1.75 ppm 
corresponds to residual amounts of THF from the BioBeads column. Signals in the range of 0.8 to 1.6 ppm are most 
probably caused by impurities from vacuum grease.

Figure S5: SEC traces of PEO-b-PFGE-b-PAGE and PEO-b-PFGE-b-PAGEPFOT (solvent: CHCl3/iPrOH/Et3N).



Figure S6: 1H-NMR spectrum (250 MHz, CDCl3) of PEO-b-PFGE-b-PAGEPFOT. Signals in the range of 0.8 to 1.6 ppm 
are most probably caused by impurities from vacuum grease. The signal at 1.6 ppm represents residual amounts of 
water.
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ABSTRACT: We introduce a versatile ABC triblock terpoly-
mer platform based on poly(ethylene oxide)-block-poly(allyl
glycidyl ether)-block-poly(tert-butyl glycidyl ether) (PEO-b-
PAGE-b-PtBGE) and subsequent functionalization of the
PAGE segment with thiogalactose (hydroxyl), cysteamine
(amino), and 2-mercaptopropionic acid (carboxy) by thiol−
ene chemistry. These materials are used to prepare core-shell-
corona micelles with a PtBGE core, a PAGE shell, and a PEO
corona and sizes below 30 nm in aqueous media. We
investigate the influence of different functional groups on
micelle formation and cellular uptake. Moreover, co-assembly
of differently functionalized materials allows to create micelles
with a mixed shell and adjustable charge and, in that way, important characteristics such as cell uptake or cytotoxicity can be
controlled. Furthermore, we demonstrate that even the uptake mechanism depends on the substitution pattern of the underlying
triblock terpolymer.

■ INTRODUCTION

The synthesis and self-assembly of amphiphilic block
copolymers into micellar structures of defined size, shape,
and composition represents a very active field of research and
such nanostructures show high potential for their use in
potential biomedical and pharmaceutical applications.1,2 The
introduction of further functionalities or stimuli-responsive
segments as well as the morphological variety being accessible
benefit from the introduction of a third segment (C) resulting
in ABC triblock terpolymers.3 Since first attempts in the 1980s
and the pioneering work of Stadler and co-workers later in the
1990s, increasing research efforts have been devoted to the
preparation and application of such materials.4−7 One
intriguing aspect of ternary materials is that multicompartment
micelles can be realized, structures which are further subdivided
in core, shell, or corona. As a consequence of their architecture,
multicompartment micelles can be used to simultaneously store
two different payloads within one micellar core or to implement
several responsive segments.8−11 In this context, we recently
reported that multicompartment micelles with pH-dependent
charge and morphology bear enormous potential as nonviral

gene transfection agents, enabling high delivery efficiency in
combination with low cytotoxicities.12,13

Typically, each segment of ABC triblock terpolymers is
attributed a specific “task” in solution: One block (e.g., A)
ensures solubility in the desired environment. In water, often
poly(ethylene oxide) (PEO) is used as this material is water-
soluble, nontoxic, and prevents unspecific protein interactions
(“stealth” effect).14−17 Another segment (B) can be used to
introduce functional groups or the possibility to carry out
postpolymerization functionalization reactions (e.g., allyl
glycidyl ether) to further fine-tune the material properties or
to attach targeting moieties.18−21 The third block (C) often is
utilized as solvophobic block, resulting in amphiphilic triblock
terpolymers in the case of hydrophobic segments. Related to
this, we recently reported that hydrophobic glycidyl ethers, for
example, tert-butyl glycidyl ether or furfuryl glycidyl ether, can
be used as core forming segments in micellar aggre-
gates.18,19,22,23 These micellar cores can be applied, for example,
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to encapsulate hydrophobic guest compounds such as drugs or
dyes.24 If suitable building blocks are realized, the response of
block copolymer nanostructures toward changes in temperature
or pH value can be easily realized.25,26 This often induces quite
drastic changes of the material properties and can be used to
trigger the controlled release of encapsulated cargo or to enable
endosomal release after cell internalization.12,27,28 Nevertheless,
to date, the number of solution applications involving ABC
triblock terpolymers is rather low, probably due to high
synthetic efforts that often involve the combination of different
polymerization techniques, modification sequences, or stepwise
assembly procedures.
An alternative approach for the design of complex block

copolymer micelles is the simple mixing of block copolymers.
For instance, AB and AC diblock copolymers, where A
represents identical hydrophobic blocks, which are mixed in
nonselective solvents and then transferred to a solvent or
solvent mixture selective for B and C. It is generally believed
that comparable degrees of polymerization (DP) for block A
are beneficial. This could be shown, for example, for PEO-b-
PLA and PNIPAM-b-PLA diblock copolymers. Co-assembly in
aqueuos solution leads to the formation of micelles with a PLA
core and a mixed PEO/PNIPAM shell. These materials showed
potential as smart carriers in drug delivery processes.29−32 In
this context, Kabanov and co-workers have demonstrated that
comicelles prepared from mixtures of amphiphilic and cationic
copolymers based on Pluronics can be applied for an efficient
delivery of oligonucleotide sequences.33 Such concepts have
also been employed for the preparation of multicompartment
micelles.34,35

Besides efforts to design structures of increased complexity
for drug delivery applications, Kataoka et al. demonstrated that
size does indeed matter and showed that micelles with
diameters below 100 nm are highly interesting candidates in
such approaches.36 Commonly, nanostructures with diameters
between 50 to 200 nm are used because endocytosis as
predominant internalization process can be assumed, the
interaction with the immune system is reduced, and renal
clearance can be avoided.37,38 In contrast, polymeric micelles
with sizes far below 100 nm are scarce in literature and, up to
now, rarely studied with regard to interactions with biological
matter.37 In this context, spherical core−shell micellar
structures of approximately 30 nm were found to effectively
penetrate poorly permeable tumor membranes.36 Besides size,
also charge significantly influences cell interactions of polymeric
micelles, as well as their cytotoxicity and hemocompatibility. In
general, the presence of cationic charges leads to increased
interactions with the negatively charged cell membrane.
Although this is advantageous for uptake, it also favors
membrane destabilization and increases cytotoxicity. These
side effects can be circumvented by using PEO as corona, but
often at the cost of decreased cell interaction.39,40 As an
alternative, the presence of negatively charged segments allows
to decrease both the cytotoxicity and nonspecific interactions
with serum proteins.41 Hence, direct control over the charge
balance in (block co-) polymer nanostructures seems to be a
promising strategy to balance cellular interactions, efficient
uptake, and simultaneously suppress nonspecific interactions
and lower cytotoxicity. This can be achieved, e.g., via the
combination of positively and negatively charged blocks in
block copolymers and has been recently demonstrated for
multicompartment micelles from polybutadiene-block-poly-
(methacrylic acid)-block-poly(2-dimethylaminoethyl methacry-

late) (BMAAD) triblock terpolymers. These structures
comprise a polybutadiene core, a patchy shell consisting of
intra-micellar interpolyelectrolyte complexes (im-IPEC) be-
tween PMAA and PDMAEMA, and a cationic corona of excess
PDMAEMA.12 We could demonstrate that the presence of the
im-IPECs and the inherent pH-dependent dynamics of the
system favor cellular uptake, while the PMAA middle segment
acts as competing polyelectrolyte during delivery of pDNA and,
at the same time, reduces cytotoxicity and facilitates release of
the genetic material. Nevertheless, this approach suffers from a
severe drawback: Preparation conditions, micellar size, and pH-
dependent characteristics depend strongly on the terpolymer
composition and, thus, have to be investigated and optimized
for each new material being synthesized. This motivated us to
probe a different, more versatile and general approach: Co-
assembly of a small library of structurally similar ABC triblock
terpolymers with different functional groups being present
within the segment B.
We therefore introduce a triblock terpolymer platform based

on poly(ethylene oxide)-block-poly(allyl glycidyl ether)-block-
poly(tert-butyl glycidyl ether) (PEO-b-PAGE-b-PtBGE), syn-
thesized by sequential living anionic ring-opening polymer-
ization (AROP), as versatile carriers for hydrophobic
compounds. The pendant double bonds of the PAGE block
were functionalized by thiol−ene chemistry to introduce model
ligands (thiogalactose), amine groups to provide positive
charges (cysteamine), as well as carboxylic groups to generate
negative charges (3-mercapto propionic acid). The obtained
triblock terpolymers are subsequently used for the co-assembly
into well-defined spherical core-shell-corona micelles with
diameters below 30 nm and precisely adjustable charge and
composition. Depending on the latter, we found synergistic
effects regarding cellular uptake and cytotoxicity. In addition,
the internalization efficiency (and pathway) was analyzed under
serum-reduced and serum-containing conditions, showing an
effective shielding by the PEO corona and providing first
insights into the underlying uptake mechanism.

■ EXPERIMENTAL SECTION
Instruments and Methods. 1H NMR spectra were recorded on a

Bruker AC 300 MHz spectrometer in deuterated chloroform.
Size Exclusion Chromatography (SEC). Size exclusion chromatog-

raphy (SEC) was performed on a Shimadzu SCL-10A system (with a
LC-10AD pump, a RID-10A refractive index detector, and a PL gel 5
μm mixed-D column at RT), the eluent was a mixture of chloroform/
triethylamine/isopropanol (94:4:2) with a flow rate of 1 mL/min. The
system was calibrated with poly(ethylene glycol) standards from PSS
(Mn = 1470 to 42000 g/mol).

Matrix Assisted Laser Desorption Ionization - Time of Flight Mass
Spectrometry (MALDI-ToF). MALDI−ToF mass spectra were
obtained using an Ultraflex III ToF/ToF mass spectrometer (Bruker
Daltonics) with trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenyli-
dene] malononitrile (DCTB) or 2,5-dihydroxybenzoic acid (DHB) as
matrix in reflector as well as in linear mode. The instrument was
calibrated prior to each measurement with an external PMMA
standard from PSS Polymer Standards Services GmbH.

Dynamic Light Scattering (DLS). Dynamic light scattering (DLS)
was performed at a scattering angle of 90° on an ALV CGS-3
instrument and a He−Ne laser operating at a wavelength of λ = 633
nm at 25 °C. The CONTIN algorithm was applied to analyze the
obtained correlation functions. Apparent hydrodynamic radii were
calculated according to the Stokes−Einstein equation. All CONTIN
plots are number-weighted.

Cryogenic Transmission Electron Microscopy (cryo-TEM). Cryo-
TEM measurements were carried out at 120 kV using a Philips-CM
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120 equipped with a 1k × 1k CCD camera. Sample preparation was
performed on Quantifoil grids (holey carbon R2/2) after plasma
cleaning. Vitrification of the samples was carried out in a home-built
system with a temperature control unit. A drop of the polymer
solution (5 μL) was placed on the grid, which was blotted and
subsequently plunged into a cryogen reservoir containing liquid
ethane. The samples were afterward stored in liquid nitrogen and were
transferred to the TEM keeping the temperature below −176 °C to
avoid the formation of crystalline ice layers.
Asymmetric Flow Field-Flow Fractionation (AF4). Asymmetric

flow field-flow fractionation (AF4) was performed on an AF2000 MT
System (Postnova Analytics, Landsberg, Germany) coupled to an UV
(PN3211, 260 nm), RI (PN3150), MALLS (PN3070, 633 nm), and
DLS (ZetaSizer Nano ZS) detector. The eluent is delivered by three
different pumps (tip, focus, cross-flow) and the sample is injected by
an autosampler (PN5300) into the channel. The channel has a
trapezoidal geometry and an overall area of 31.6 cm2. The nominal
height of the spacer was 500 μm and a regenerated cellulose
membrane with a molar mass cutoff of 10 kg/mol was used as
accumulation wall. All experiments were carried out at 25 °C and the
eluent was degassed water containing 20 mM NaCl. The detector flow
rate was set to 0.5 mL/min for all samples and 20 μL (5 mg/mL) were
injected with an injection flow rate of 0.2 mL/min for 7 min. For EAT
the cross-flow was set to 2 mL/min and decreased under an
exponential gradient (0.5) to 0 within 20 min. For EGT the cross-flow
was set to 2 mL/min and decreased under a linear gradient to 0 within
20 min. For ECT the cross-flow was set to 2 mL/min and decreased
under an exponential gradient (0.5) to 0 within 25 min. For ENT the
cross-flow was set to 1.3 mL/min and decreased under an exponential
gradient (0.7) to 0 within 25 min. For (ENT/ECT)1:2.6 the cross-flow
was set to 2 mL/min and decreased under a linear gradient to 0 within
35 min. For (ENT/ECT)1.2:1, the cross-flow was set to 2 mL/min and
decreased under a linear gradient to 0 within 30 min. For (ENT/
ECT)3.5:1, (ENT/ECT/EGT)3.5:1:0.5, and (ENT/ECT/EGT)3.4:1:2.3, the
cross-flow was set to 1.3 mL/min and decreased under an exponential
gradient (0.7) to 0 within 25 min. After the cross-flow reaches zero, for
all samples, the cross-flow was kept constant at zero for at least 30 min
to ensure complete elution. For calculation of the molar mass and the
radius of gyration a Berry plot was used.42 All measurements were
repeated three times. The refractive index increment (dn/dc) of all
samples was measured by manual injection of a known concentration
directly into the channel without any focusing or cross-flow. The dn/
dc was calculated as the average of at least three injections from the
area under the RI curve (AUCRI).
Electrophoretic Light Scattering (ELS). Electrophoretic light

scattering was used to measure the electrokinetic potential, also
known as zeta potential. The measurements were performed on a
Zetasizer Nano ZS (Malvern Instruments, Herrenberg, Germany) by
applying laser Doppler velocimetry.43 For each measurement, 20 runs
were carried out using the slow-field reversal and fast-field reversal
mode at 150 V. Each experiment was performed in triplicate at 25 °C.
The zeta potential (ζ) was calculated from the electrophoretic mobility
(μ) according to the Henry equation. Henry coefficient f(ka) was
calculated according to Ohshima.44

Gel Migration Assay. The micelles (40 μg) were incubated with 5
μL loading buffer (0.25% bromphenolblue, 40% saccharose). After-
ward, the solutions were loaded to an 1% agarose gel, electrophorese
(Bio-Rad, Munich, Germany, Mini-Sub Cell GT System) was carried
out with a current of 80 V (PowerPac Basic as power supply) for 30
min in TBE running buffer solution (107.8 g/L tris-base, 7.4 g/L
EDTA, 55 g/L borate). Subsequently, the agarose gel was irradiated
with an UV-lamp to induce fluorescence of the bands.
HEK-293 cells (CRL-1573, ATCC) were maintained in RPMI 1640

culture medium, L929 cells (CCL-1, ATCC) in DMEM culture
medium, and HepG2 (HB-8065, ATCC) in DMEM-F12 culture
medium. Both media were supplemented with 10% fetal calf serum
(FCS), 100 μg/mL streptomycin, 100 IU/mL penicillin, and 2 mM L-
glutamine. Cells were cultivated at 37 °C in a humidified 5% CO2

atmosphere.

Cytotoxicity. For L929 cells, the cytotoxicity assay was performed as
described by ISO10993-5. In detail, cells were seeded at 1 × 104 cells
per well in a 96-well plate and incubated for 24 h. No cells were seeded
in the outer wells. Afterward, polymers at the indicated concentrations
were added, and the cells were incubated at 37 °C for further 24 h.
Subsequently, the medium was replaced by fresh media and
AlamarBlue, as recommended by the supplier. After incubation for 4
h, the fluorescence was measured at Ex 570/Em 610 nm, with
untreated cells on the same well plate serving as controls.

Hemolysis Assay. The membrane damaging properties of the
polymers were quantified by analyzing the release of hemoglobin from
human erythrocytes. The erythrocyte-containing blood was centri-
fuged at 700 g for 10 min. The obtained pellet was washed three times
with D-PBS pH 7.4 by centrifugation at 700 g for 10 min and
resuspended in HBG buffer of pH 7. Polymer solutions were added to
the erythrocytes (100 μL) and incubated for 60 min under constant
shaking at 37 °C. After centrifugation (700 g, 10 min), the supernatant
was analyzed for released hemoglobin at 580 nm. The absorbance was
measured using a plate reader (Genios Pro, Tecan, Germany). For
comparison, collected erythrocytes were washed with DPBS and either
lysed with 0.2% Triton X-100, yielding the 100% lysis control value
(A100) or resuspended in DPBS as reference (A0). The analysis was
repeated with blood from at least six independent donors. The
hemolytic activity of the polycations was calculated as follow:

= × − −A A A A%hemolysis 100 ( )/( )sample 0 100 0 (1)

Here, Asample, A0, and A100 are the absorbance intensities of a given
sample, erythrocytes incubated with D-PBS, and erythrocytes lysed
with Titon X-100.

Uptake Studies. For uptake of the adherent cell lines, cells were
seeded at a density of 105 cells per well in 12-well plates 1 day before
internalization experiment. A total of 1 h prior to addition of micelles,
cells were rinsed with PBS and supplemented with 1 mL OptiMEM
(Life Technologies) or fresh serum containing growth media. Micelles
were added at indicated end concentration to the cells and the plates
were incubated for 24 h in the incubator. For analysis, the cells were
harvested by trypsinization and 10% trypan blue was added.
Subsequently, the cells were analyzed via flow cytometry using a
Cytomics FC 500 (Beckman Coulter). For determination of the
viability during flow cytometry, dead cells were identified in the SSC/
FSC dot plot. The relative uptake of encapsulated nile red fluorescence
of 104 cells was quantified. For determination of the uptake efficiency,
viable cells containing nile red were gated. The experiments were
performed at least independently three times.

Materials. The triblock terpolymer precursor PEO42-b-PAGE15-b-
PtBGE12 (SEC: Mn = 3350 g/mol; Mw = 3500 g/mol; Đ = 1.05;
obtained with PEO calibration; NMR: Mn = 5122 g/mol) as well as
2,3,4,6-tetra-O-acetyl-1-thio-β-D-galactopyranose (acetylated thiogalac-
tose) were synthesized as reported previously.19,45,46 2,2-Dimethoxy-2-
phenylacetophenone (DMPA), cysteamine, 3-mercapto propionic
acid, sodium methanolate (0.5 M in methanol), nile red, DOWEX
50WX8−200, methanol, N,N-dimethylformamide (DMF), tetrahydro-
furan (THF), and ethanol were purchased from Aldrich and used as
received. AlamarBlue was obtained from Life Technologies (Darm-
stadt, Germany). If not stated otherwise, cell culture materials, cell
culture media, and solutions were obtained from PAA (Pasching,
Austria). All other chemicals were purchased from Sigma-Aldrich
(Steinhausen, Germany) and are of analytical grade or better and were
used without further purification.

Cysteamine Functionalization of PEO42-b-PAGE15-b-PtBGE12. A
total of 300 mg (0.059 mmol, corresponding to 0.88 mmol of PAGE)
of the triblock terpolymer were dissolved in 5 mL of a mixture of
DMF, EtOH, and MeOH (ratio 1:0.3:1). Aliquots of 45 mg (0.18
mmol, 0.2 equiv) DMPA and 339 mg cysteamine (4.39 mmol, 5
equiv) were added to the mixture. The reaction mixture was degassed
and stirred under UV irradiation (366 nm, 6 W) for 24 h. The increase
of the molar mass (Mn) and the decrease of the signal intensity of the
peaks of the double bond were monitored by SEC and 1H NMR,
respectively. The reaction mixture was purified by dialysis against
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water, a THF/water mixture (1:1) and pure THF. The solvent was
removed by distillation under reduced pressure and the product dried
under vacuum. Yield: 250 mg.

1H NMR (300 MHz, CDCl3-d6, δ in ppm): 6.00−5.75 (m, 1H),
5.34−5.07 (m, 2H), 4.04−3.9 (m, 2H), 3.9−3.2 (m, PEO backbone),
2.74−1.94 (br, 4H, CH2-CH2-S), 2.74−1.93 (br, 2H, S-CH2), 1.3−
0.97 (s, 9H). f = 53%. SEC: Mn = 3500 g/mol, Mw = 3600 g/mol, Đ =
1.06.
3-Mercapto Propionic Acid Functionalization of PEO42-b-PAGE15-

b-PtBGE12. A total of 450 mg (0.088 mmol, corresponding to 1.32
mmol of PAGE) of the triblock terpolymer was dissolved in 5 mL of a
mixture of DMF/EtOH (ratio 3:1). Subsequently, 68 mg (0.27 mmol,
0.2 equiv) DMPA and 0.23 mL of 3-mercapto propionic acid (2.64
mmol, 2 equiv) were added. The reaction mixture was degassed and
stirred under UV irradiation (366 nm, 6 W) for 24 h. The increase of
the molar mass (Mn) and the decrease of the signal intensity of the
peaks of the double bond were monitored by SEC and 1H NMR,
respectively. The reaction mixture was purified by dialysis against a
THF/water mixture (5:1) and pure THF. The solvent was removed by
distillation under reduced pressure and the product dried under
vacuum. Yield: 600 mg.

1H NMR (300 MHz, CDCl3-d6, δ in ppm): 3.94−3.24 (m, PEO
backbone), 2.87−2.72 (m, 4H, CH2 linker), 1.92−1.76 (m, 2H),
1.24−1.09 (s, 9H). Degree of functionalization: f = 100%. SEC: Mn =
3550 g/mol, Mw = 3700 g/mol, Đ = 1.05.
Thiogalactose Functionalization of PEO42-b-PAGE15-b-PtBGE12. A

total of 450 mg (0.088 mmol, corresponding to 1.32 mmol of PAGE)
of the triblock terpolymer were dissolved in 5 mL of a mixture of
DMF/EtOH (ratio 3:1). To the mixture, 68 mg (0.27 mmol, 0.2
equiv) DMPA and 963 mg acetylated thiogalactose (2.64 mmol, 2
equiv) were added. The reaction mixture was degassed and stirred
under UV irradiation (366 nm, 6 W) for 72 h. The increase of the
molar mass (Mn) and the decrease of the signal intensity of the peaks
of the double bond were monitored by SEC and 1H NMR,
respectively. The reaction mixture was purified by size exclusion
chromatography (Biobeads SX-1) and the product was dried under
vacuum. Yield: 600 mg.

1H NMR (300 MHz, CDCl3-d6, δ in ppm): 6.00−5.76 (m, 1H),
5.7−4.9 (m, 3H, Gal), 4.56−4.43 (m, 1H, Gal), 4.40−4.21 (m, 3H,
Gal), 4.20−3.03 (m, PEO backbone), 2.86−2.62 (m, 2H), 2.57−1.47

(m, 12H−Ac), 1.28−1.04 (s, 9H). Degree of functionalization: f =
70%. SEC: Mn = 4200 g/mol, Mw = 4350 g/mol, Đ = 1.04.

Deprotection of PEO42-b-(PAGE5-co-PAGE10,Gal)-b-PtBGE12. A total
of 600 mg (0.066 mmol, corresponding to 2.64 mmol of acetyl
groups) of the triblock terpolymer was dissolved in 15 mL of dry
methanol. To the mixture, 7 mL (3.5 mmol, 1.3 equiv) of a 0.5 M
sodium methanolate solution was added and the mixture was allowed
to stir for 1 h. Afterward, a DOWEX 50WX8−200 ion-exchange resin
was added and stirred for 15 min to neutralize the reaction mixture.
The resin was filtered off, and the crude product was dialyzed against a
water/THF mixture (5:1), pure water, and pure THF. The solvent was
removed by distillation under reduced pressure and product was dried
under vacuum. Yield: 250 mg.

1H NMR (300 MHz, CDCl3-d6, δ in ppm): 6.0−5.76 (m, 1H), 5.5−
4.84 (m, 3H-Gal), 4.10−2.80 (m, PEO backbone), 1.26−1.01 (s, 9H).
SEC: Mn = 10400 g/mol, Mw = 11500 g/mol, Đ = 1.10.

Preparation of Triblock Terpolymer Micelles. The following
procedures with the respective stoichiometry were used for the
preparation of all micellar nanostructures with a concentration of 10
g/L in aqueous solution.

A total of 100 mg of the corresponding triblock terpolymer was
dissolved in 5 mL of THF, and 4 mg of nile red was added to the
solution. To the mixture was then added slowly 10 mL of Milli-Q
water via syringe, and the THF was allowed to evaporate by stirring
overnight. Non-encapsulated dye was filtered off by a 0.45 μm nylon
syringe filter. In case of evaporation of water, the solution was filled up
again to a volume of 10 mL. After filtration, a clear pink solution could
be obtained.

Binary Co-micelles. Here, the preparation of a 1.2:1 mixture of
PEO42-b-(PAGE8,NH2-co-PAGE7)-b-PtBGE12 and PEO42-b-PA-
GE15,COOH-b-PtBGE12 is reported. Due to the different degrees of
functionalization, a 2:1 ratio regarding the masses was used.

A total of 6.6 mg of PEO42-b-(PAGE8,NH2-co-PAGE7)-b-PtBGE12
and 3.3 mg of PEO42-b-PAGE15,COOH-b-PtBGE12 were dissolved in 0.3
mL of THF, and approximately 2 mg of nile red was added to the
solution. The solution was then slowly added to 1 mL of Milli-Q water
and the THF was allowed to evaporate by stirring overnight.
Nonencapsulated dye remained as precipitate in the solution and
was filtered off by a 0.45 μm nylon syringe filter. In case of evaporation
of water, the solution was filled up again to a volume of 1 mL. After
filtration, a clear pink solution could be obtained.

Scheme 1. Schematic Representation of the Thiol−Ene Modification of PEO42-b-PAGE15-b-PtBGE12 Using Cysteamine (N), 3-
Mercapto Propionic Acid (C), and Acetylated Thiogalactosea

aThe abbreviations (EAT, ENT, ECT) will be used later on for the nomenclature of the micelles generated via self-assembly of the modified triblock
terpolymers.
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Ternary Comicelles. Here, the preparation of a 3.4:1:2.3 mixture of
PEO42-b-(PAGE8,NH2-co-PAGE7)-b-PtBGE12, PEO42-b-PAGE15,COOH-
b-PtBGE12, and PEO42-b-(PAGE10,AcGal-co-PAGE5)-b-PtBGE12 is re-
ported. Due to the different degrees of functionalization, a 6:1:3.5 ratio
regarding the stoichiometry of the amino and carboxy functionalized
triblock terpolymers was used.
A total of 12 mg of PEO42-b-(PAGE8,NH2-co-PAGE7)-b-PtBGE12, 2

mg of PEO42-b-PAGE15,COOH-b-PtBGE12, and 7 mg PEO42-b-
(PAGE10,AcGal-co-PAGE5)-b-PtBGE12 were dissolved in 0.4 mL of
THF, and approximately 3 mg of nile red was added to the solution.
The solution was then slowly added to 2.1 mL of Milli-Q water, and
the THF was allowed to evaporate by stirring overnight. Non-
encapsulated dye remained as precipitate in the solution and was
filtered off by a 0.45 μm nylon syringe filter. In the case of evaporation
of water, the solution was filled up again to a volume of 2.1 mL. After
filtration, a clear pink solution could be obtained.

■ RESULTS AND DISCUSSION
Synthesis and Postpolymerization Functionalization

of PEO42-b-PAGE15-b-PtBGE12. Based on earlier studies
regarding the synthesis and functionalization, we used a
polyether-based triblock terpolymer, poly(ethylene oxide)-
block-poly(allyl glycidyl ether)-block-poly(tert-butyl glycidyl
ether) (PEO-b-PAGE-b-PtBGE), as starting material for the
synthesis of triblock terpolymers with identical A and C
segments but different functionalities present in the B
block.18,19 The synthesis of PEO42-b-PAGE15-b-PtBGE12 by
AROP has been described previously (the subscripts denote the
degrees of polymerization of the respective segment).19 To
generate differently functionalized examples for co-assembly,
PEO42-b-PAGE15-b-PtBGE12 was modified by thiol−ene
chemistry: Cysteamine (2-aminoethanethiol) was used to

introduce NH2 groups and the possibility to form cationic
charges in aqueous media, 3-mercapto propionic acid enables
the introduction of carboxylic acid moieties and, hence,
negative charges, and thiogalactose represents a model targeting
moiety to ensure selective cellular uptake in hepatocytes.47,48 In
the latter case, acetyl-protected thiogalactose was used initially
(Scheme 1).
The reactions were performed in mixtures of DMF/EtOH

for tetraacetyl thiogalactose and 3-mercapto propionic acid,
whereas a mixture of DMF/EtOH/MeOH was used for
cysteamine due to the rather low solubility of this compound.
The reaction progress was monitored by size exclusion
chromatography (SEC, shift to lower elution volumes in all
cases) and 1H NMR spectroscopy (Figures S1−S3). The
degree of functionalization was determined by 1H NMR
spectroscopy through the decrease in intensity of the
characteristic signals for the pendant double bonds of PAGE
at 5.85 and 5.20 ppm compared to the t-butyl group of the
PtBGE block at 1.15 ppm (Table 1). For the functionalization
with 3-mercapto propionic acid, full conversion could be
reached after 24 h of irradiation. In contrast, only 53%
functionalization could be obtained for cysteamine despite
probing longer reaction times, higher irradiation intensity, or
different triblock terpolymer/thiol ratios. We attribute this to
the lower solubility observed for cysteamine. Similarly, in case
of the acetylated thiogalactose only 70% functionalization could
be reached, presumably also due to solubility issues of either
the starting material or the triblock terpolymer after
modification. Therefore, PEO42-b-(PAGE8,NH2-co-PAGE7)-b-
PtBGE12 (ENT), PEO42-b-PAGE15,COOH-b-PtBGE12 (ECT),

Table 1. Characterization Data of the Synthesized Triblock Terpolymersa

SEC 1H NMR

sample abbreviation Mn (g/mol) Mw (g/mol) Đ Mn (g/mol) f (%)

PEO42-b-PAGE15-b-PtBGE12 EAT 3350 3500 1.05 5100
PEO42-b-(PAGE8,NH2-co-PAGE7)-b-PtBGE12 ENT 3500 3600 1.06 5750 53
PEO42-b-PAGE15,COOH-b-PtBGE12 ECT 3550 3700 1.05 6700 100
PEO42-b-(PAGE10,AcGal-co-PAGE5)-b-PtBGE12 4200 4350 1.04 8800 70
PEO42-b-(PAGE10,Gal-co-PAGE5)-b-PtBGE12 EGT 10400 11500 1.10 7100 70

aThe subscripts represent the degree of polymerization. The shown abbreviations are used later on when describing self-assembled structures of the
materials.

Scheme 2. Schematic Representation of the Deprotection of Acetylated Thiogalactose (G) Attached to a PEO-b-PAGE-b-PtBGE
Triblock Terpolymera

aThe abbreviation EGT will be used later on for the nomenclature of micelles generated via self-assembly of the modified triblock terpolymer.
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and PEO42-b-(PAGE10,AcGal-co-PAGE5)-b-PtBGE12 (EGT after
deprotection) could be successfully prepared using thiol−ene
chemistry.
In a second step, the acetylated galactose was deprotected by

treatment with sodium methanolate (Scheme 2). For this
purpose, the polymer was dissolved in dry methanol, an excess

of sodium methanolate was added, and the solution was stirred
for 1 h. The crude product was purified by dialysis and the
complete deprotection was confirmed by 1H NMR measure-
ments (Figure S3, Table 1). As shown in Figure S3, an increase
of the molar mass was detected, contrary to what would be
expected. We assume that the deprotection and, therefore,

Figure 1. Schematic representation of a core−shell-corona micelle formed by PEO42-b-PAGE15-b-PtBGE12 in aqueous media with a PtBGE core
(gray), a PAGE shell (purple), and a PEO corona (brown).

Figure 2. Number-weighted DLS CONTIN plots (upper section) for EAT (A, ⟨Rh⟩n,app = 7 nm), ENT (B, ⟨Rh⟩n,app = 4 nm), ECT (C, ⟨Rh⟩n,app = 6
nm), and EGT (D, ⟨Rh⟩n,app = 6 nm), as well as the corresponding cryo-TEM images (lower section) of the prepared micelles. Due to the rather low
contrast an arrow highlights representative ENT (B) and EGT (D) micellar cores. All cryo-TEM images are displayed as recorded.

Table 2. DLS and AF4 Data for the Investigated Triblock Terpolymer Micelles and Co-Micellesa

sample Mn × 10−5 (g/mol) ⟨Rh⟩n,app
b (nm) Nagg ⟨Rg⟩ (nm) ⟨Rh⟩

c (nm) ⟨Rg/Rh⟩
d ⟨Rh⟩

e (nm)

EAT 11.48 ± 0.078 7.0 225 ± 2 10.1 ± 0.6 13.0 ± 0.4 0.777 ± 0.021 11.8 ± 0.1
ENT 18.58 ± 0.314 4.2 323 ± 56 15.8 ± 1.1 17.4 ± 1.8 0.916 ± 0.148 9.5 ± 0.3
ECT 10.45 ± 0.007 6.1 156 ± 1 12.2 ± 0.8 14.4 ± 0.1 0.844 ± 0.054 13.5 ± 0.3
EGT 2.224 ± 0.070 6.0 31 ± 1 5.4 ± 0.6 5.3 ± 0.3 1.018 ± 0.136 7.1 ± 0.3
(ENT/ECT)3.5:1 11.97 ± 0.366 6.3 204 ± 6 12.3 ± 0.4 15.2 ± 0.5 0.810 ± 0.042
(ENT/ECT)1.2:1 7.323 ± 0.127 4.3 121 ± 2 8.9 ± 0.8 10.6 ± 1.5 0.844 ± 0.051 10.5 ± 0.2
(ENT/ECT)1:2.6 6.192 ± 0.039 4.9 99 ± 1 9.0 ± 1.6 10.4 ± 0.5 0.875 ± 0.196 10.5 ± 0.1
(ENT/ECT/EGT)3.5:1:0.5 11.34 ± 0.714 8.2 190 ± 12 13.6 ± 1.2 15.9 ± 0.1 0.856 ± 0.084 12.3 ± 0.5
(ENT/ECT/EGT)3.4:1:2.3 9.654 ± 0.482 6.7 155 ± 8 13.5 ± 1.2 15.1 ± 0.1 0.899 ± 0.076 11.5 ± 0.5

aAF4 was performed using aqueous 20 mM NaCl solution. bBatch DLS in pure water. cOnline DLS (AF4-DLS) in 20 mM NaCl. dRh from AF4-
DLS. eBatch DLS in 20 mM NaCl.
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changes in solubility significantly influence the hydrodynamic
radius, resulting in a shift to lower elution volume. This
behavior has also been reported in earlier studies.49

For simplicity, the nomenclature ENT, ECT, and EGT will
be used for micellar structures generated by self-assembly or co-
assembly of these compounds.
Micelle Formation in Aqueous Media. We have shown

earlier that PEO-b-PAGE-b-PtBGE triblock terpolymers as well
as their thiogalactose-functionalized counterparts undergo self-
assembly in aqueous media into micelles with a PtBGE core, a
PAGE shell, and a PEO corona (Figure 1).19 Prior to co-
assembly studies, micelles separately formed by EAT (before
thiol−ene modification), ENT, ECT, and EGT in aqueous
solution were investigated.
Micellar solutions with a concentration of 10 g/L were

prepared by the addition of THF solutions of the respective
triblock terpolymer to water, followed by evaporation of the
organic co-solvent. Subsequently, the solutions were analyzed
by dynamic light scattering (DLS) and cryogenic transmission

electron microscopy (cryo-TEM). In Figure 2, the number
weighted hydrodynamic radii from DLS are depicted. For all
samples, radii (Rh) in the range of 4 to 7 nm were detected in
ultrapure water (pH = 7), and the results are summarized in
Table 2. The corresponding intensity weighted DLS CONTIN
plots of all samples are shown in Figure S7.
In addition to DLS experiments, also cryo-TEM measure-

ments were performed. In that way, block copolymer
nanostructures in aqueous solution can be visualized without
drying artifacts.50−52 As shown in Figure 2, spherical micelles
were found for all samples discussed here. For micelles formed
by ENT (Figure 2B) and EGT (Figure 2D) black arrows were
added to highlight a representative micellar core. In some cases,
a small distribution of worm-like structures was also found in
cryo-TEM, presumably due to aggregation of spherical micelles
(Figure S4). This phenomenon was also observed in our
previous studies.18,19 In general, for all samples micelles with a
particle diameter ranging from 10 to 15 nm could be detected,
confirming the results from DLS studies. To ensure the stability

Figure 3. Zeta-potential measurements of different triblock terpolymer micelles and comicelles in water.

Figure 4. Number-weighted DLS CONTIN plots (upper row), for (ENT/ECT)3.5:1 (A, ⟨Rh⟩n,app = 6 nm), (ENT/ECT/EGT)3.5:1:0.5 (B, ⟨Rh⟩n,app = 8
nm), and (ENT/ECT/EGT)3.4:1:2.3 (C, ⟨Rh⟩n,app = 7 nm), as well as the corresponding cryo-TEM images (lower row) of the prepared comicelles.
Due to the low contrast, one micellar core is highlighted with an arrow for (ENT/ECT/EGT)3.4:1:2.3 (C). All cryo-TEM images are displayed as
recorded.
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of the prepared nanoparticles even at low concentrations, in
particular for the later shown internalization tests, DLS
measurements with diluted solutions of ECT were performed
(Figure S5). For this purpose, a sample of 2.06 g/L was diluted
stepwise up to a concentration of 0.005 g/L. Even at this
concentration, micelles could be detected using DLS experi-
ments. The sample was chosen, as this polymer showed the
highest degree of functionalization and, therefore, also the
highest hydrophilicity.
Mixed Micelles Formed via Co-Assembly of Triblock

Terpolymers. We have recently shown that a combination of
positively and negatively charged segments within triblock
terpolymers (i.e., ampholytic materials) and the resulting
multicompartment micelles in aqueous media led to pH-
dependent interaction with cells, enhanced cellular uptake, and
superior transfection efficiencies for pDNA.12,28 However, in
this particular case, one single material has been used, and it can
be anticipated that the charge ratio (cationic/anionic) plays an
important role. We were, therefore, interested in the co-
assembly of different triblock terpolymers as an alternative
strategy to control charge and functionality within such
micelles.29,30 In this context, the above-described triblock
terpolymers (ENT, ECT, EGT) represent a versatile and highly
flexible tool box. Co-assembly should again lead to the
formation of core-shell-corona micelles, featuring a PEO
corona and a hydrophobic PtBGE core formed by identical
segments A and C. The shell (B segment), however, should
now be composed of different functional groups, depending on
which material combinations are used. As a first example,
micelles with different charge ratios (NH2/COOH) were
prepared by co-assembly of ENT and ECT. For this purpose,
mixtures of both triblock terpolymers were dissolved in THF
and slowly added into water. Binary comicelles with an excess
of positive charges (ENT/ECT)3.5:1, a slight excess of positive
charges (ENT/ECT)1.2:1, and an excess of negative charges
(ENT/ECT)1:2.6 were assembled using this pathway. In all

cases, the superscripts represent the mixing ratio regarding the
functional groups of the involved triblock terpolymers. The
micellar solutions were afterward analyzed by DLS and cryo-
TEM (Figure 4, the DLS CONTIN plots for (ENT/ECT)1.2:1

and (ENT/ECT)1:2.6 can be found in Figure S6). A schematic
representation of the co-assembly and the formation of
comicelles is presented in Figure 5.
Again, spherical micelles with hydrodynamic radii of 4 to 6

nm were obtained by DLS and these results were confirmed by
cryo-TEM measurements (diameters of 12−14 nm were
observed). As both middle blocks of ENT (NH2) and ECT
(COOH) are weak polyelectrolytes, we anticipated that the pH
value might have an influence during the assembly process.
Therefore, the co-assembly was carried out under acidic (pH ∼
4) as well as basic conditions (pH ∼ 12), and the results were
compared to the data obtained under neutral conditions (pH ∼
7). Additionally, also, the preparation pathway was changed,
that is, addition of water to THF solutions instead of vice versa.
In all cases, no significant influence on the micellar size and the
dispersity was observed (Table S1) and, therefore, all
subsequent co-assembly procedures were carried out at pH 7
and via the addition of the THF solution containing the
triblock terpolymers into water.
Subsequently, a detailed characterization of the micelles and

comicelles regarding charge was carried out using zeta-potential
measurements. As structures of rather small size were obtained,
it is at the same time highly demanding and crucial to
investigate if, for example, comicelles of ENT and ECT or if
two separate populations are formed. This is difficult to
estimate using only DLS and cryo-TEM. For the zeta-potential
measurements and, also, later, for AF4 measurements, gel
electrophoresis, and cell uptake studies, nile red, a hydrophobic
red fluorescent dye, was encapsulated into the hydrophobic
PtBGE core. Nile red is poorly soluble in water and exhibits a
strong fluorescence in hydrophobic environment.53 Therefore,
the respective triblock terpolymer (or mixtures) and a small

Figure 5. Schematic representation of the co-assembly of functionalized triblock terpolymers into binary and ternary core-shell-corona micelles with
a mixed shell. The fractions of the modified PAGE shell (color code: green = cysteamine functionalized, red = 3-mercapto propionic acid
functionalized, blue = thiogalactose functionalized) represent the mixing ratio during co-assembly.
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amount of the dye were dissolved in THF and slowly added
into a defined amount of water (identical preparation pathway
as has been described earlier). Afterward, the organic solvent
was evaporated and the excess of non-encapsulated dye was
filtered off.
In a first approach, the zeta potential of different micellar

populations at a pH value of 7 was analyzed, and the results are
depicted in Figure 3. As expected, a negative value is found for
ECT (−36 mV) whereas the zeta potential for ENT is positive
(47.5 mV). Both EAT and EGT revealed negative values
(−39.5 and −27 mV), which can be attributed to the
complexation of ions within the PEO corona or charge−dipole
and dipole−dipole interactions, which are both known to
influence the zeta potential.43,54

For binary comicelles (ENT/ECT), a clear dependence of
the zeta potential on the mixing ratio can be observed, as with
increasing amount of ENT the zeta potential increases (from
−23.6 mV for (ENT/ECT)1:2.6 to 14.2 mV for (ENT/
ECT)3.5:1). Thus, zeta potential measurements indicate that
comicelles are formed. If the co-assembly in the case of, for
example, (ENT/ECT)3.5:1 would lead to two separate
populations of ENT and ECT, aggregation of oppositely
charged micelles due to electrostatic interactions might be
expected. In this case, an increase of the aggregates size and,
presumably, precipitation might occur. As an attempt to clarify
this, mixtures of ENT and ECT micelles after self-assembly via
the above-described protocol were prepared at comparable
charge ratios and were investigated using time-dependent DLS
measurements (Figure S10A), revealing an increase of the Rh
from 4 to 10 nm within 2 h and partial precipitation of the
material after 12 h (Figure S10B). As the comicelles proved to
be stable over several weeks, as confirmed by zeta-potential
measurements and the presence of a monomodal size

distribution (DLS), an efficient preparation of comicelles by
our protocol can be assumed.
Besides charge control in binary systems, also ternary

systems were targeted where NH2 groups (ENT), COOH
moieties (ECT), and galactose as model targeting ligand
(EGT) are combined. Galactose was chosen to enable selective
cellular uptake into hepatocytes, which has been already
demonstrated.47,48 For the ternary systems, two ratios were
prepared via co-assembly: (ENT/ECT/EGT)3.5:1:0.5 and
(ENT/ECT/EGT)3.4:1:2.3, featuring almost identical charge
ratios and mainly differing in the amount of incorporated
galactose. The as-prepared micellar solutions were character-
ized by DLS and cryo-TEM, and the results are depicted in
Figure 4B,C and Table 2. In both cases, spherical micelles with
Rh = 8 nm for (ENT/ECT/EGT)3.5:1:0.5 and 7 nm in the case of
(ENT/ECT/EGT)3.4:1:2.3 were found in DLS experiments. In
cryo-TEM, again spherical micelles with diameters of 10 to 16
nm could be detected. A decreased contrast was observed for
higher amounts of incorporated sugar moieties.
In all cases, evaluation by DLS and cryo-TEM led to

comparable results regarding size and shape of both binary and
ternary comicelles. Moreover, the ternary comicelles exhibit a
decreased zeta potential if compared to the binary (ENT/
ECT)3.5:1 structures with 6 mV for (ENT/ECT/EGT)3.5:1:0.5

and 6.5 mV for (ENT/ECT/EGT)3.4:1:2.3, thus, indicating the
presence of EGT within the structures (Figure 3). Also, in this
case, the zeta potential measurements indicate that comicelles
are formed.

Asymmetric Flow Field−Flow Fractionation of Tri-
block Terpolymer Micelles. To obtain further insights into
size, shape, and aggregation number of micelles formed by
different triblock terpolymers (and combinations), asymmetric
flow field-flow fractionation (AF4) coupled online to multi-

Figure 6. AF4 fractograms of triblock terpolymer micelles from EAT (A), ENT (B), (ENT/ECT)3.5:1 (C), and (ENT/ECT/EGT)3.5:1:0.5 (D) in 20
mM NaCl solution.
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angle light scattering (MALS) and DLS was applied. Here, a
10000 g/mol membrane of regenerated cellulose and an
aqueous eluent containing 20 mM NaCl was used for all
systems investigated. Fractograms are shown in Figures 6 and
S8. For all samples, the main peak represents spherical micelles
and, in addition, a small second aggregate population could be
detected after the cross-flow reaches zero (labeled “aggregates”
in Figure 6). We attribute this to the presence of a small
fraction of worm-like structures in accordance with earlier
observations and the cryo-TEM experiments.18 In the case of
EGT and (ENT/ECT/EGT)3.4:1:2.3, also a small fraction of
triblock terpolymer unimers could be identified. Number
weighted molar masses Mn of the micelles and aggregation
numbers Nagg, as well as the different radii (Rg, Rh) and the
shape ratio (Rg/Rh) derived from AF4 measurements are listed
in Table 2. Thereby, the ratio Rg/Rh provides information about
the shape of a macromolecule or colloid. Typical values are
0.778 for a hard sphere, 1.0 for a soft sphere, or 1.78 for a
monodisperse linear polymer chain in a good solvent.55

Additional characteristics (dn/dc values, Mw, Mz, and Đ) can
be found in Table S2. Aggregation numbers Nagg were
calculated by dividing the molar mass (Mn) of the micelles
by the molar mass (Mn,

1H NMR) of the single triblock
terpolymer chain. The hydrodynamic radii measured by AF4-
MALS-DLS were significantly higher (around 10−15 nm) in
contrast to batch DLS experiments for all samples. We attribute
this to the different medium (20 mM NaCl) and, indeed, DLS
measurements under these conditions could confirm the results
from AF4. The increase in size in the presence of salt might
originate from the complexation of sodium ions by the PEO
corona or, in case of micelles prepared via co-assembly of ENT
and ECT, an increase in ionic strength, and the screening of
attractive electrostatic forces between differently charged side
chains (COO− for ECT; NH3

+ for ENT) within the shell.56

Nevertheless, in all cases the ratio Rg/Rh scales between 0.775
(hard sphere) and 1.0 (soft sphere), indicating a spherical
shape.55,57

By AF4 experiments, also the absolute molar mass of the
micelles could be detected: Comparable values (Mn) of 1000 to
2000 kg/mol were obtained for EAT, ENT, and ECT micelles,
whereas only 220 kg/mol were found in the case of EGT. This
corresponds to Nagg = 30 (EGT), 225 (EAT), 323 (ENT), and
156 (ECT), respectively. At this point, we attribute the lower
values observed for EGT to the steric demand of the
thiogalactose side chains within the PAGE shell, preventing a
more compact assembly. This is also in good accordance with
the observation of a small fraction of triblock terpolymer
unimers in the AF4 fractograms (Figure S8B). The aggregation
numbers Nagg of binary and ternary comicelles were calculated
by consideration of the different molar masses of the
terpolymers and under the assumption that the ratios of
polymer chains in the micelles are the same as the mixing ratios
of the triblock terpolymers.
Molar masses of binary and ternary comicelles are in between

620 kg/mol [(ENT/ECT)1:2.6, Nagg = 99] and 1200 kg/mol
[(ENT/ECT)3.5:1, Nagg = 204]. This indicates the formation of
more compact structures with increasing amounts of ENT for
the investigated range of charge ratios.
Gel Electrophoresis. In addition to zeta potential measure-

ments, another powerful method for the separation of charged
macromolecules (e.g., DNA) is gel electrophoresis. Here, the
samples are placed in an agarose gel and an electrical field is
applied. The electrical field induces movement within the gel

toward the positive or negative pole, depending on the charge
of the sample investigated.
A small amount of labeled micelles and comicelles was placed

in an agarose gel and an electric field was applied. We
anticipated that comicelles should feature only one band, as
additional confirmation of the zeta-potential measurements. As
shown in Figure 7, micelles formed by ENT reveal the highest

shift to the negative pole, whereas ECT moved toward the
positive pole. The bands observed for ENT/ECT comicelles of
different mixing ratios are, in accordance with their zeta-
potential, in between. If two separate populations of ENT and
ECT would be formed, two separate bands in gel electro-
phoresis toward opposite poles might be expected. As only one
band is visible for all samples, we regard this as another
indication for an efficient co-assembly. In addition, ternary
ENT/ECT/EGT exhibited movement toward the negative
pole, again confirming the results from zeta-potential measure-
ments. EGT did not show any movement in gel electrophoresis.
Contrary to the negative zeta potential of −39.5 mV, EAT
micelles exhibited a clear shift to the negative pole (Figure S9).
Up to now, we have no conclusive explanation for this behavior
as also zeta potential measurements in comparable buffer
solutions (the exact composition is given in the experimental
part) yielded negative values.

Cellular Interactions. Cytotoxicity and Hemolysis of
Triblock Terpolymer Micelles. Aiming for a later use of such
triblock terpolymer micelles in targeting and/or delivery
applications, their cytotoxicity was investigated using an Alamar
blue assay. At first, triblock terpolymer micelles formed via the
self-assembly of one single material were investigated. Micelles
formed of EAT, ECT, or EGT did not show any cytotoxic
effects for concentrations up to 0.5 mg/mL (cell viability was
above 70%), only in case of ENT the situation was different
(Figure 8A). Regarding EAT, ECT, and EGT, these results are
in accordance with literature, as all structures exhibited negative
zeta potentials.39,58 For micelles based on ENT, the IC50 of 300
μg/mL can be explained by the presence of cationic charges
within the shell (zeta potential of +47.5 mV), which could lead
to stronger interactions with or even disruption of the cell
membrane. These results can be taken as further proof that the
functionalization of the middle block (PAGE) significantly
influences interactions of such micelles with biological matter,

Figure 7. Gel electrophoresis using 1% agarose gel and TBE buffer (1
= ENT, 2 = (ENT/ECT)3.5:1, 3 = (ENT/ECT)1.2:1, 4 = (ENT/
ECT)1:2.6, 5 = ECT, 6 = (ENT/ECT/EGT)3.5:1:0.5, 7 = (ENT/ECT/
EGT)3.4:1:2.3, 8 = EGT).

Biomacromolecules Article

dx.doi.org/10.1021/bm5002894 | Biomacromolecules 2014, 15, 2426−24392435



even though all structures feature a rather long PEO corona
(compared to the degrees of polymerization for PAGE and
PtBGE).59

A hemolysis assay was performed to gain deeper insight into
the interaction of EAT, ENT, ECT, and EGT micelles with
negatively charged cell membranes: Here, ENT exhibited slight
hemolytic activity at concentrations of 50 μg/mL (3.8 ± 0.6%
hemolysis, Figure 8B). No hemolytic activity was found for
both EAT and ECT. In contrast, 2.9 ± 0.6% hemolysis was
observed for EGT micelles. We attribute this to hydrophobic
interactions with the cell membrane, possibly even incorpo-
ration of EGT into the latter.
Internalization of Triblock Terpolymer Micelles. Further-

more, the internalization efficiency of micelles from EAT, ENT,
ECT, and EGT into human embryonic kidney (HEK) cells, a
model cell line for unspecific uptake studies, was analyzed
under serum-reduced and serum-containing conditions. As nile
red was encapsulated in the micelles, the internalization was

analyzed by flow cytometry, at which untreated cells were
applied as control (Figure S12). Under serum-reduced
conditions the critical concentration, that is, the concentration
where EAT shows nearly no uptake (1 ± 1.1%), was
determined to be 10 μg/mL (Figure 8C). From this data set,
it becomes obvious that ENT revealed the best uptake into 79.7
± 4.5% (at 10 μg/mL) of the cells. This can be attributed to the
presence of positive charges in the shell and an increased
interaction with the cell membrane, also confirmed by the
earlier discussed hemolysis assay. Higher concentrations of 50
μg/mL could not be analyzed as the cell viability was too low
under serum reduced condition. Compared to ENT, the
decreased uptake of ECT and EGT at a concentration of 10
μg/mL with 26.8 ± 6.3% and 15.3 ± 21.7%, respectively, can be
explained by the negative zeta potential of these particles,
resulting in decreased interactions with cells. Nevertheless, even
ECT and EGT show significantly increased cellular uptake
induced either by the introduction of charges (COOH) or

Figure 8. Cytotoxicity test of triblock terpolymer micelles using L929 cells (A) and hemolysis assay using three different donators (B). Cellular
uptake under serum reduced (C) and serum containing conditions (D) in HEK cells. Values represent the mean ± SD.

Figure 9. Cytotoxicity test of binary and ternary comicelles using L929 cells (A) and cellular uptake in HEK cells (B). Values represent the mean ±
SD; n = 3.
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targeting units (thiogalactose) if compared to EAT at 10
μg/mL (1 ± 1.11%). As the presence of a PEO corona has been
shown in many examples to prevent unspecific protein
adsorption (“stealth effect”),17 the uptake was also analyzed
in the presence of serum (Figure 8D). Here, only the uptake of
ENT decreased significantly from 86 ± 11% to 13 ± 0.6% at 10
μg/mL (p < 0.005), presumably due to stronger interactions
with negatively charged serum proteins.60,61 Nevertheless, the
uptake of both ENT and ECT is significantly higher compared
to EAT with 2 ± 0.5% (p < 0.05). The internalization of EGT is
similar to EAT at 10 μg/mL, thus, also reduced from 15 to
2.9% in the presence of serum proteins. As the functionalization
with thiogalactose is supposed to result in specific uptake into
liver cells, we also incubated the EGT micelles with HepG2
cells.47 Unfortunately, no increased uptake at low concen-
trations (3.9 ± 5% at 10 μg/mL) could be detected, which
would hint toward a targeted internalization process (Figure
S11). One explanation might be that the galactose side chains
are not sufficiently exposed at the surface and, thus, the
interaction with the asialoglycoprotein receptor, specific for
galactose in HepG2 cells, is hampered. Further, the PEO
corona might form hydrogen bonds with the galactose
residues,62 additionally reducing their accessibility.
Cytotoxicity and Internalization of Comicelles. As the up

to now used triblock terpolymer micelles (EAT, ENT, ECT,
and EGT) already showed significant differences regarding
cellular uptake and cytotoxicity, the influence of the
composition in binary and ternary comicelles on the
cytotoxicity was studied (Figure 9A). (ENT/ECT)3.5:1

exhibited a positive zeta potential and a similar cytotoxicity
(IC50 of 350 μg/mL), if compared to ENT (Figure 8A). In the
case of (ENT/ECT)1.2:1 and (ENT/ECT)1:2.6, no cytotoxicity
was observed, in accordance with the negative zeta potential.
Interestingly, both the ternary comicelles, (ENT/ECT/

EGT)3.5:1:0.5 and (ENT/ECT/EGT)3.4:1:2.3, which feature the
same charge ratio as (ENT/ECT)3.5:1 and exhibited positive
zeta potentials, did not show any cytotoxicity at all tested
concentrations. This is indeed remarkable, and we propose that
this originates from the presence of EGT terpolymer chains in
these structures. All prepared comicelles were further
investigated regarding their internalization behavior. In this
case, (ENT/ECT)3.5:1 demonstrated outstanding uptake
compared to all other samples as already at 10 μg/mL under
serum-containing conditions 75 ± 11.5% of the cells showed
internalization (Figure 9B). These results are comparable to
ENT micelles under serum-reduced conditions, thus, indicating

decreased nonspecific interactions of (ENT/ECT)3.5:1 with
serum proteins. For both (ENT/ECT)1.2:1 and (ENT/
ECT)1:2.6, reduced uptake with 8.9 ± 11% and 6.7 ± 5.5%
(compared to (ENT/ECT)3.5:1) was found. In the case of
ternary comicelles, (ENT/ECT/EGT)3.5:1:0.5 exhibited de-
creased uptake compared to (ENT/ECT)3.5:1, presumably
due to the presence of EGT (Figure 9B). A further increase
of the galactose content leads to even lower values, which is in
accordance with lower uptake of EGT compared to ECT and
ENT. Nevertheless, it should be noted that, in contrast to
(ENT/ECT)3.5:1, both (ENT/ECT/EGT)3.5:1:0.5 and (ENT/
ECT/EGT)3.4:1:2.3 did not show any cytotoxicity. In summary,
by adjusting the micellar composition via co-assembly of ENT,
ECT, and EGT, both cellular uptake and cytotoxicity can be
controlled and optimized (according to our results).

Further Investigations Regarding the Pathway for Cellular
Uptake. We were also interested in a more detailed analysis of
the internalization process. The size of the core−shell-corona
micelles used in the present study is below 30 nm in diameter, a
size where studies on the internalization process are rarely
found, as normally nanostructures between 50 to 200 nm are
used in drug delivery applications. Here, internalization via
endocytosis is under debate, as this process is usually observed
for structures with sizes between 50 to 500 nm.63−65 As
endocytosis is energy dependent, the uptake efficiencies were
investigated at 4 °C, conditions which are known to inhibit
energy-dependent mechanisms (Figure 10A).66 Interestingly,
no significant changes under these conditions were found for
EAT, ECT, and ENT if compared to 37 °C. In contrast, the
internalization efficiency for EGT decreased significantly to 15
± 7.8% (at 50 μg/mL), indicating an energy-dependent
mechanism.
Besides, ENT micelles are already cytotoxic at a concen-

tration of 50 μg/mL at 4 °C, in contrast to 37 °C. The
increased cytotoxicity at 4 °C might originate from the reduced
fluidity of the cell membrane at low temperatures. Therefore, it
might occur that cationically charged micelles lead to
destabilization and local disruption of the membrane.67 As
the size of the micelles is rather small, these perforations can be
easily closed at 37 °C at normal membrane fluidity. At 4 °C,
however, this process is significantly slowed down, leading to
cell leakage. It has been described in the literature that
structures of a few nanometers in size can lead to pore
formation and translocation through the cell membrane.68,69

To evaluate if cell leakage is caused in our case, a lactate
dehydrogenase (LDH) assay was performed,70 which was used

Figure 10. Cellular uptake of triblock terpolymer micelles at 4 and 37 °C in HEK cells after 4 h (A) and lactate dehydrogenase assay with HEK cells
and 25 μg/mL of the micelles (B). Values represent the mean ± S.D; n = 3.
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to detect the release of cytosolic LDH into the surrounding
media through membrane perforations. For ECT and EAT
micelles, no significant LDH release could be observed in
contrast to ENT (Figure 10B). This provides a first hint and
supports our assumption that EAT and ECT micelles cross the
cellular membrane by the formation of reversible membrane
pores or penetrate the cell membrane via diffusion. ENT seems
to cause larger pores, resulting in LDH release. These first
investigations of the internalization process demonstrate that
differences in shell composition and functionality of triblock
terpolymer micelles influence not only cytotoxicity and uptake
efficiency, but also alter the overall internalization process. In
that respect, the herein presented toolbox of triblock
terpolymers represents an ideal starting point for the purposeful
variation of micellar composition and charge and more detailed
investigations of the uptake mechanism will follow.

■ CONCLUSION

Multifunctional and well-defined triblock terpolymers represent
very promising materials for the preparation of efficient drug
delivery vehicles. Here, we introduce a concept for the co-
assembly of ABC triblock terpolymers with identical A and C
segments but different functionalities in the middle block (B)
into core−shell-corona micelles with a mixed shell. In that way,
sub-30 nm particles with superior control over charge and the
location of targeting ligands with the micellar shell were
formed. The materials employed are poly(ethylene oxide)-
block-poly(allyl glycidyl ether)-block-poly(tert-butyl glycidyl
ether) (PEO-b-PAGE-b-PtBGE) triblock terpolymers where
the PAGE segments has been subsequently modified using
thiol−ene chemistry to introduce −NH2 (cysteamine, ENT),
−COOH (3-mercaptopropionic acid, ECT), and thiolgalactose
residues (EGT). Depending on whether binary (ENT/ECT) or
ternary comicelles (ENT/ECT/EGT) were prepared, charge
and, directly linked to that, cytotoxicity of the resulting
nanoparticle could be adjusted. In the case of ENT/ECT/EGT
comicelles, efficient cellular uptake (even in the presence of
serum proteins) could be combined with low cytotoxicity.
Different characterization methods, including dynamic light
scattering (DLS), asymmetric flow field-flow fractionation
(AF4), zeta potential measurements, and cryo-TEM indicate
that indeed co-micellization occurs. Moreover, first insights into
the internalization process of these sub-30 nm micelles could be
provided and our results hint toward uptake via direct
penetration through the cell membrane and not via
endocytosis, offering interesting possibilities for further detailed
studies.
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ABSTRACT: A series of thermoresponsive diblock copolymers of
poly[2-(dimethylamino)ethyl methacrylate-block-di(ethyleneglycol)
methyl ether methacrylate], poly(DMAEMA-b-DEGMA), were synthe-
sized by reversible addition−fragmentation chain transfer (RAFT)
polymerizations. The series consist of diblock and quasi diblock
copolymers. Sequential monomer addition was used for the quasi
diblock copolymer synthesis and the macro-chain transfer approach was
utilized for the block copolymer synthesis. The focus of this
contribution is the controlled variation of the ratios of DMAEMA to
DEGMA in the copolymer composition, resulting in a systematic
polymer library. One of the investigated block copolymer systems
showed double lower critical solution temperature (LCST) behavior in water and was further investigated. The phase transitions
of this block copolymer were studied in aqueous solutions by turbidimetry, dynamic light scattering (DLS), variable temperature
proton nuclear magnetic resonance (1H NMR) spectroscopy, zeta potential, and cryo transmission electron microscopy (cryo-
TEM). The block copolymer undergoes a two-step thermo-induced self-assembly, which results in the formation of multilamellar
vesicles after the first LCST temperature and to unilamellar vesicles above the second LCST transition. An interplay of ionic
interactions as well as the change of the corresponding volume fraction during the LCST transitions were identified as the driving
force for the double responsive behavior.

■ INTRODUCTION

Stimuli-responsive polymers, which undergo phase transitions
in response to an external stimulus, have gained the interest of
many researchers in the past decade.1−5 Such “smart” materials
can act with a property change in response to changes in
temperature, pH value, electric potential, light, or magnetic
field.6−10 The area of stimuli-responsive polymers represents
nowadays a strongly growing field in polymer research, in
particular the investigation regarding lower critical solution
temperature behavior has attracted significant interest. Partic-
ular attention in this context has been paid to the
thermosensitive self-organization of amphiphilic block copoly-
mers, especially on the formation of micelles or vesicular
structures in aqueous solution. Numerous reports on the
micellization of diblock copolymers containing thermosensitive
block segments are described.4,6,7,11−13 The formed vesicles or

polymersomes are usually spherical shell structures with a
hydrophobic core-layer and a hydrophilic internal and external
corona made from amphiphilic block copolymers.14−16 Polymer
vesicles, which respond to external stimuli such as a change in
temperature or the pH value, represent attractive candidates for
applications in encapsulation or drug delivery systems.3,17,18

LCST polymers are soluble below a certain temperature
because of the formation of hydrogen bonds between water
molecules of the hydration shell and the polymer chains. By
passing the cloud point temperature (TCP), the polymer starts
to precipitate due to the breaking of hydrogen bonds and due
to hydrophobic polymer−polymer interactions because the
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entropy term becomes dominant in the Gibbs equation. Besides
the gold standard poly(N-isopropylacrylamide) (poly-
(NIPAM)) with a LCST of 32 °C,1 a number of poly-
(ethyleneglycol) functionalized (meth)acrylates have been
reported to exhibit LCST behavior.19−21 In particular, different
oligo(ethylene glycol) methyl ether methacrylate (OEGMA)-
based polymers received significant attention as temperature
sensitive materials. The large interest is fueled by the easy
preparation of well-defined OEGMA-based copolymers by
reversible deactivation radical polymerization (RDRP) techni-
ques such as reversible addition−fragmentation chain transfer
(RAFT) polymerizations.22−24 By variation of the side chain
length, the TCP of these copolymers can be tuned, which makes
them very attractive systems.19,25,26 The homopolymer of
di(ethylene glycol) methyl ether methacrylate (DEGMA) (two
repeating units of ethylene glycol) has a TCP around 27 °C,
which can be increased by copolymerizing with a more
hydrophilic monomer.19,20,26,27 2-(Dimethylamino)ethyl meth-
acrylate (DMAEMA) has been used as such a comonomer,
resulting in a pH- and temperature-responsive copolymer.28

Poly(DMAEMA) is used in various applications, e.g., in gene
delivery systems of transfection agents.29−31 Various TCP's of
poly(DMAEMA) have been reported in literature ranging from
20 to 80 °C, which is an indication that the LCST strongly
depends on the used molar masses.28,32−38 Furthermore, the
TCP strongly depends on variations in the pH value due to
partial (de)protonation of the basic nitrogen atoms of
DMAEMA.28,35−39

Block copolymers can be responsive to two different stimuli
at the same time, such as temperature and the pH value, as
demonstrated for block copolymers of (poly(NIPAM-b-AA))40

and poly(DMAEMA-b-MMA).41 Furthermore, different co-
polymer brushes of DMAEMA with DEGMA and tert-butyl
methacrylate (tBMA), investigated by Matyjaszewski et al.,
showed dual responsive properties.38 The pH and temperature
responsive properties were also investigated for different
poly(DMAEMA-co-DEGMA) hydrogels.37 Poly(DMAEMA-b-
DEGMA) block copolymers were recently used to control the
self-assembly of virus particles.42

The thermoresponsive self-organization of amphiphilic block
copolymers in aqueous solution has been described in the
literature for several systems.6,7,11−13,43−47 For example, the
self-assembly of double thermoresponsive block copolymers of
poly(N-n-propylacrylamide-b-N-ethylacrylamide) was re-
ported.48 Furthermore, the thermo-induced micellization
transition of the block copolymer solution of poly(tri(ethylene
glycol) methyl ether acrylate)-b-poly(4-vinylbenzyl
methoxytris(oxyethylene) ether) was described.49 The for-
mation of double hydrophilic diblock copolymers to vesicle and
micelle structures have been studied in detail by Lecomman-

doux and co-workers using poly((dimethylamino)ethyl meth-
acrylate-b-glutamic acid).50 However, the thermo-induced self-
assembly of poly(DMAEMA-b-DEGMA) is, to the best of our
knowledge, not yet reported.
In this contribution, a series of thermoresponsive diblock

copolymers of poly(DMAEMA-b-DEGMA) was synthesized by
RAFT polymerization ranging from pure block to gradient
block copolymer (quasi diblock) structures. The macro-chain
transfer approach was used for the preparation of these block
copolymers. The ratios of DMAEMA to DEGMA were
systematically varied, while the degree of polymerization was
kept constant. The self-assembly behavior as well as the LCST
of the responsive polymers were measured by turbidimetry.
Within this series of block copolymers, a double-responsive
behavior was observed for one particular composition and the
self-assembly characteristic was further investigated by dynamic
light scattering, temperature-dependent 1H NMR spectroscopy,
zeta potential analysis, and cryogenic transmission electron
microscopy. The formation of spherical structures, like
multilamellar and unilamellar vesicles at elevated temperatures,
was observed and a model for the formation of these structures
was developed.

■ EXPERIMENTAL SECTION
Materials. Di(ethylene glycol) methyl ether methacrylate

(DEGMA) and 2-(dimethylamino)ethyl methacrylate (DMAEMA)
were purchased from Sigma-Aldrich and purified by stirring in the
presence of inhibitor-remover for hydroquinone or hydroquinone
monomethyl ether (Aldrich) for 30 min prior to use. The initiator,
1,1′-azobis(cyclohexane carbonitrile) (VAZO-88), was obtained from
DuPont. 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic
acid (DTTCP) chain transfer agent (CTA) was prepared according to
a literature procedure.23,51 All analytical grade solvents were purchased
from Sigma-Aldrich or Merck KGaA.

Polymerization in an Automated Parallel Synthesizer. The
quasi block copolymerizations were performed in a Chemspeed
Accelerator SLT automated synthesizer using the sequential monomer
addition and following similar experimental procedures as reported
elsewhere.52−54 In a typical polymerization experiment, 864 mg of
DMAEMA monomer (5.5 × 10−3 mol), 0.73 mg of VAZO-88 initiator
(3.0 × 10−6 mol), 24.1 mg of DTTCP (used as a CTA) RAFT agent
(6.00 × 10−5 mol), and N,N-dimethylformamide (DMF) were mixed
together in a 13 mL glass reactor of an automated parallel synthesizer
as follows: DMAEMA monomer, DMF solvent reservoir, and
individual stock solutions of VAZO-88 (initiator) and DTTCP
(CTA) dissolved in DMF were degassed by sparging nitrogen for at
least 15 min prior to use. All these reagents were added and combined
into one of the reactors of the parallel synthesizer using its automated
liquid handling system in order to reach the aforementioned amounts
and a monomer concentration of 3.0 M; the ratio of RAFT agent to
initiator was 1:0.05. Trioxane dissolved in the DMAEMA monomer
was utilized, at a concentration of 5 mg mL−1 of total reaction mixture,
as internal standard to determine the monomer conversion by 1H

Table 1. Overview of the Selected Reaction Conditions Used for the Polymerizations of DMAEMA and DEGMA Using an
Automated Parallel Synthesizer

sample structure
ratio 1st polym

DMAEMA/CTAa
ratio 2nd polym

DEGMA/macroCTAa
concn
[mol/L]

polym time
[h]

H1 homo 90:1 3.0 10.0
B1 quasi 10:1 2.0 6.0
H2 homo 80:1 3.0 10.0
B2 quasi 20:1 2.0 6.0
H5 homo 45:1 3.0 10.0
B5 quasi 55:1 2.0 6.0

aMolar ratios of the reaction solution.
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NMR measurements in deuterated chloroform (CDCl3). Once in the
reactor, the reaction mixture was subjected to three freeze−pump−
thaw cycles between −70 and −10 °C (5 mbar vacuum for 2 min each
cycle) in the parallel synthesizer.53 Thereafter, the reaction mixtures
were heated up to 90 °C and vortexed at 600 rpm for 10 h; the
coldfinger reflux condensers were set to 7 °C during the reaction. After
the polymerization, samples of 75 μL were withdrawn with the liquid
handling system of the apparatus and transferred into NMR tubes and
size exclusion chromatography (SEC) vials, which were filled with
their corresponding solvent for analysis. The first polymerization step
proceeded up to a certain conversion, which resulted in a
poly(DMAEMA) macro-chain transfer agents (macro-CTAs). There-
after, the polymers were chain extended with DEGMA using similar
conditions as described above. The DEGMA concentration was kept at
2.0 mol L−1 for each polymerization experiment. Table 1 summarizes
the utilized reaction conditions and [M]/[CTA] ratios. After
completion of the polymerization, dichloromethane (CH2Cl2) was
added to the final mixtures and the polymers were then manually
precipitated into n-hexane (with adding CH2Cl2, DMF is soluble in n-
hexane). Afterward, the copolymers were dried in a vacuum oven at 40
°C.
Polymerization via Classical Conditions. Block copolymers

were also synthesized using the macro-CTA approach with a
precipitation step in between to obtain pure block segments. The
desired amounts of the monomer (e.g., 2.36 g, 15.0 mmol of
DMAEMA) were transferred into Schlenk type reactors and were
diluted with DMF. Thereafter, the calculated volumes of stock
solutions of CTA (DTTCP, 0.15 mmol, 60.55 mg) as well as the
initiator (VAZO-88, 0.008 mmol, 1.83 mg) were added. The ratio
between [CTA] and [VAZO-88] was 1:0.05. The prepared solutions
were degassed using four freeze−pump−thaw cycles. Subsequently,
the reaction was performed in an oil bath at 90 °C for 10 h. After the
polymerization, CH2Cl2 was added to the final mixtures and the
polymers were then manually precipitated into n-hexane (with adding
CH2Cl2, DMF is soluble in n-hexane). Afterward, the polymers were
dried in a vacuum oven at 40 °C. The final poly(DMAEMA)s were
used as a macro-CTA and chain extended with DEGMA using similar
conditions as described above. The utilized reaction conditions and
[M]/[CTA] ratios are summarize in Table 2. All monomer
conversions were measured by 1H NMR spectroscopy using trioxane
as internal standard. The molar masses of the obtained polymers were
measured by SEC.
Instrumentation. Size-exclusion chromatography (SEC) was

performed on a system comprising a Waters 590 HPLC pump and
a Waters 410 refractive index detector equipped with three Waters
Styragel columns (HT2, HT3, HT4, each 300 mm × 7.8 mm,
providing an effective molar mass range of 100−600000 g mol−1). The

eluent was DMF (containing 0.45% w/v LiBr) at 80 °C with a flow
rate of 1 mL min−1. Number (Mn) and weight-average (Mw) molar
masses were evaluated using Waters Millennium software. A
polynomial was used to fit the log M vs time calibration curve,
which was linear across the molar mass ranges. The SEC columns were
calibrated with low polydispersity polystyrene standards (Polymer
Laboratories) ranging from Mn 3100 to 650000 g mol−1. Further SEC
experiments were performed on a Shimadzu system equipped with a
SCL-10A system controller, a LC-10AD pump, a RID-10A refractive
index detector, and a PSS SDV linear S, 5 μm column (8 mm × 300
mm) with chloroform/triethylamine/2-propanol (94:4:2) as eluent,
and the column oven was set to 40 °C. A calibration with low
polydispersity polystyrene standards (ranging Mn from 376 to 128000
g mol−1) was used. In addition, further SEC experiments were carried
out using an Agilent1200 series system, a G1310A pump, a G1362A
refractive index detector, and both a PSS Gram30 and a PSS
Gram1000 column in series, whereby N,N-dimethylacetamide
(DMAc) with 5 mmol lithium chloride was used as an eluent at 1
mL min−1 flow rate, and the column oven was set to 40 °C. The
system was calibrated with polystyrene (Mn from 374 g mol−1 to
1040000 g mol−1) standards. Proton nuclear magnetic resonance (1H
NMR) spectra were recorded on a Bruker AC 300 (300 MHz) and
400 (400 MHz) spectrometer at 298 K. The chemical shifts are
reported in parts per million (ppm, δ scale) relative to the signals from
the NMR solvents. The temperature variable 1H NMR spectroscopy
was recorded on a Bruker AC 400 (400 MHz) spectrometer in
deuterium oxide (D2O) at a polymer concentration of 5.0 mg mL−1.
At each temperature step (5 °C) from 25 to 65 °C, the polymer
solution was equilibrated for 3 min. Conversions were calculated from
1H NMR spectra using 1,3,5-trioxane as an internal standard. The
cloud point measurements for the identification of the LCST behavior
were performed by heating the polymer (1.0, 2.5, 5.0, and 10.0 mg
mL−1, respectively) in deionized water from 0 to 105 °C with a heating
rate of 1.0 °C min−1 followed by cooling to 0 °C at a cooling rate of
1.0 °C min−1 after keeping it 10 min at 105 °C. This cycle was
repeated three times. During these controlled cycles, the transmission
through the solutions was monitored in a Crystal16 from Avantium
Technologies. The cloud points are reported as the 50% transmittance
temperature in the second heating run.

High-throughput dynamic light scattering (HT-DLS) measure-
ments were performed on the DynaPro Plate Reader Plus (Wyatt
Technology Corporation, Santa Barbara, CA) equipped with a 60 mV
linearly polarized gallium arsenide (GaAs) laser of λ = 832.5 nm and
operating at an angle of 156°. The samples were heated from 25 to 65
°C in a 96-well plate using 10 °C heating steps, and after 5 min
equilibration time, each well was measured collecting five acquisitions.
The data were analyzed with the Dynamics software version 6.20 by
the method of cumulants.55 The percent of polydispersity is given by
%Pd = 100(μ2)/μ1

2, where μ1 and μ2 are the first- and the second-order
cumulant, respectively. The level of homogeneity is considered high
when the percent polydispersity is less than 15%. If the level of
homogeneity is low (percent polydispersity larger than 30%), the
particle population can be considered as being polydisperse. DLS
measurements were also carried out on a Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) operating with a laser beam at 633 nm and
a scattering angle of 173°. The sample was heated in a quartz cuvette
from 25 up to 65 °C in 1 °C steps. At each temperature step, the
sample was equilibrated for 120 s and then measured three times
including three runs for 30 s. The intensity and the volume
distribution of the particle size were calculated applying the NNLS
mode.

Electrophoretic light scattering was used to measure the electro-
kinetic potential, also known as zeta potential. The measurements
were performed using a Zetasizer Nano ZS (Malvern Instruments) by
applying laser Doppler velocimetry. For each measurement, 20 runs
were carried out using the slow-field reversal and fast-field reversal
mode at 150 V. Each experiment was performed in triplicate from 25
to 65 °C in 5 °C steps. The zeta potential (ζ) was calculated from the
electrophoretic mobility (μ) according to the Henry equation. The
Henry coefficient f(ka) was calculated according to Oshima.56

Table 2. Overview of the Selected Reaction Conditions Used
for the Polymerizations of DMAEMA and DEGMA via the
Schlenk Technique

sample structure

ratio feed 1st
polym

monomer/
CTAa

ratio feed 2nd
polym

monomer/
macroCTAa

concn
[mol/L]

polym
time
[h]

H3 homo (DMAEMA)
100:1

2.0 10.0

B3 block (DEGMA)
100:1

1.0 7.5

H4 homo (DMAEMA)
100:1

3.0 8.0

B4 block (DEGMA)
100:1

1.0 6.0

H6 homo (DEGMA)
100:1

2.0 8.0

B6 block (DMAEMA)
50:1

1.0 6.0

aMolar ratios of the reaction solution.
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Cryogenic transmission electron microscopy (cryo-TEM) measure-
ments were performed on a Philips CM120 operating at an
acceleration voltage of 120 kV. Images were recorded with a bottom
mounted 1 k × 1 k CCD camera. The samples for TEM investigations
were prepared and stored at room temperature prior to the
investigation (5 mg mL−1). For the temperature-dependent inves-
tigation, the samples were preheated under frequent agitation for at
least 30 min in a water bath at 35 and 50 °C, respectively. A drop of
the polymer solution (5 μL) was rapidly placed with a preheated
microliter pipet on a perforated carbon grid (Quantifoil R2/2) within
an in-house-built controlled environment vitrification system (CEVS)
with a saturated water atmosphere. The temperature within the CEVS
was adjusted to 38 and 55 °C to ensure that the sample is investigated
above the corresponding cloud point temperatures. Prior to the
blotting, the liquid was allowed to equilibrate on the grids for at least 2
min to avoid preparation artifacts. The controlled saturated humidity
and defined temperature minimizes temperature alterations of the
sample due to evaporation effects. The samples were rapidly blotted
and plunged into a cryogen reservoir containing liquid ethane. After
preparation, the samples were stored and measured at a temperature
below −176 °C to avoid the formation of crystalline ice layers. To
avoid further preparation artifacts, similar blotting times were used at
different temperatures.

■ RESULTS AND DISCUSSION
Synthesis of the Poly(DMAEMA-b-DEGMA) Library. A

library of double thermoresponsive poly(DMAEMA-b-

DEGMA) diblock copolymers was synthesized using the
RAFT polymerization technique in a sequential monomer
addition approach. Within this series, the ratios of DMAEMA
and DEGMA were varied ranging from 100% DMAEMA to
100% DEGMA with composition changes in 20% steps. Two
possibilities of the macro-chain transfer approach were
explored, namely with and without a precipitation step after
the first polymerization. Using a parallel robot platform, the
second DEGMA monomer was added before the full
conversion of DMAEMA was reached, resulting in quasi
diblock structures. The polymerizations were carried out using
4-cyano-4-[(dodecylsulfanylthiocarbonyl) sulfanyl]pentanoic
acid (DTTCP) as CTA and VAZO-88 as radical initiator
(see Scheme 1), applying similar conditions as previously
described for the MMA polymerization,57 namely 90 °C with a
ratio of DTTCP to VAZO-88 of 20:1.
The quasi diblock copolymers were synthesized in a

Chemspeed Accelerator SLT106 automated platform and the
diblock copolymers under classical conditions (Schlenk
technique) using the same polymerization conditions. The
first block segment was polymerized in DMF at a concentration
of 3.0 mol L−1, followed by the polymerization of DEGMA with
a monomer concentration of 2.0 mol L−1. For B6, this order
was reversed, meaning that first DEGMA was polymerized and

Scheme 1. Schematic Representation of the Poly(DMAEMA-b-DEGMA) Formation Using RAFT Polymerization with the CTA
DTTCP and the Radical Initiator VAZO-88

Table 3. Composition of the Block Copolymers of Poly(DMAEMA-b-DEGMA) from SEC and 1H NMR Spectroscopy with
Increasing Ratio of DEGMA Starting from DMAEMA Homopolymer

SEC (DMF)b SEC (DMAc)c SEC (CHCl3)
d

samplea Mn [g/mol] PDI Mn [g/mol] PDI Mn [g/mol] PDI conv.e [%] Mn,theo
f [g/mol] ratio [%] 1H NMRg DMAEMA/DEGMA

H1 (h) 18600 1.16 81 (M1) 10200 100:0
H2 (h) 15200 1.17 62 (M1) 6200 100:0
H3 (h) 17600 1.22 80 (M1) 13000 100:0
H4 (h) 15200 1.21 13500 1.43 28700 1.22 83 (M1) 13300 100:0
H5 (h) 8800 1.16 75 (M1) 5400 100:0
B1 (q) 20800 1.29 24700 1.44 29700 1.36 39 (M2) 12600 94:6
B2 (q) 21800 1.25 24100 1.41 30200 1.34 70 (M2) 10900 87:13
B3 (b) 26900 1.27 27400 1.52 h h 65 (M2) 25400 66:34
B4 (b) 35100 1.54 36600 1.48 h h 53 (M2) 23300 64:36
B5 (q) 39700 1.35 24000 1.70 h h 85 (M2) 15300 51:49
B6 (b) 26600 1.32 27100 1.33 33500 1.24 40 (M1) 20800 20:80
H6 (h) 23600 1.23 23700 1.29 27800 1.20 76 (M2) 14500 0:100

aCopolymer structure: h = homopolymer, q = quasi diblock copolymer, b = diblock copolymer. bCalculated from SEC (DMF) using PS calibration.
cCalculated from SEC (DMAc) using PS calibration. dCalculated from SEC (CHCl3/triethylamine/2-propanol = 94/4/2) using PS calibration.
eCalculated from vinyl integrals of 1H NMR spectra using trioxane as internal standard, M1 = DMAEMA and M2 = DEGMA. fCalculated according
to formula (Mn,t heo = ([M]/[CTA] × conv × Mmonomer) + MCTA), besides for block copolymers where MCTA is MmacroCTA.

gCalculated from
integrated areas of DMAEMA signals ((CH3)2N−) and the DEGMA (CH2−O−) side-group signals. hBlock copolymer reached the exclusion limit
of the SEC.

Macromolecules Article

dx.doi.org/10.1021/ma301867h | Macromolecules 2012, 45, 9292−93029295



then the corresponding DMAEMA block. In Table 3, the molar
masses and polydispersity indices (PDI) measured by SEC are
summarized, demonstrating good control over the first blocks
(PDI < 1.23) and relatively good control for most block
copolymers (PDI < 1.35, except B4). The obtained diblock
copolymers were characterized by SEC in DMF, DMAc, and
chloroform as eluent, using a refractive index detector (see
Supporting Information (SI)). The hydrodynamic volume of
poly(DMAEMA) depends strongly on the solvent and,
additionally, it is known that interactions with the column
material58 occur due to the basic nitrogen atoms, therefore,
different SEC systems were used to characterize the block
copolymers. Nevertheless, the obtained values should be
handled with care because of both the calibration with
polystyrene and the possibility of column interactions.59

The monomer conversions of DMAEMA and DEGMA were
estimated by 1H NMR spectroscopy. The conversion of
DMAEMA was around 70−80% after 10 h of polymerization.
Then the polymerization was stopped to retain high RAFT
end-group functionality. A clear molar mass shift could be
observed for the block copolymers in the SEC analysis. For the
final copolymers, the ratio between both block segments were
determined by 1H NMR spectroscopy using the integrated
areas of DMAEMA signals ((CH3)2N− at 2.26 ppm) and the
DEGMA (CH2−O− at 3.54−3.66 ppm) ethylene glycol side-
group signals (Figure S6, SI). The observed ratios are in a good
agreement with the monomer feed ratio.
Thermoresponsive Properties of Poly(DMAEMA-b-

DEGMA). Heating solutions of the polymers in deionized
water induces a LCST transition, i.e., the solutions become
turbid above the characteristic TCP, indicating the collapse of
the polymer chains (two-phase system). The TCP's of the
homo- and block copolymers were determined by turbidimetry
measurements in deionized water at four different concen-
trations (1.0, 2.5, 5.0, and 10.0 mg mL−1) and are listed in
Table 4. All thermo-induced transitions of the copolymers were
found to be fully reversible (SI, Figure S7).
The TCP of the homopolymer poly(DEGMA), H6, is 25.9 °C

at 5.0 mg mL−1, which correspond well with the literature value
of 27 °C.19,20,27 With increasing amount of DMAEMA, the
observed demixing points increase and the highest TCP is
observed for the homopolymer of poly(DMAEMA), H4,
namely 46.7 °C at 5.0 mg mL−1 (see also Figure 1). This
observed effect is due to the increased hydrophilicity of the
“end-group” by the incorporation of the PDMAEMA block. In
some cases, namely for B3 and B4, the solutions showed only
weak transitions, presumably due to the formation of mainly
smaller aggregates. All TCP transitions from the turbidimetry
measurement of the block copolymers are plotted in Figure 1
against the molar ratio of PDMAEMA to provide a better

overview. A roughly linear behavior of the TCP transitions with
increasing amount of mol% DMAEMA in the block copolymers
could be observed. Differences between the pure and the quasi
diblock copolymer were not observed in the turbidimetry
measurements; apparently the gradient is too small to have an
influence. For all samples, a lower TCP is observed with higher
concentration due to the statistical influence during the
aggregation behavior. Two TCP values were observed for B5
(see Table 4 and Figure 1), indicating the double thermo-
responsive behavior in aqueous solution. The turbidimetry
curve of this copolymer shows a weak transition at 33 °C
followed by a rearrangement and, therefore, a second transition
at 49 °C (see also Figure S8 SI).
Due to its double-responsive behavior, the B5 block

copolymer was selected for detailed structural analysis, as it
shows the most interesting thermoresponsive behavior of the
tested copolymers.
The LCST transition was further investigated in detail by

DLS measurements as function of temperature for B5. To
efficiently characterize different concentrations of this block
copolymer, a high-throughput DLS plate reader setup was used.
The demixing values were estimated by this DLS setup in
deionized water at four different concentrations (1.0, 2.5, 5.0,
and 10.0 mg mL−1) starting from 25 °C and heating up to 65
°C in 10 °C steps. The temperature induced collapse of the
quasi diblock copolymer B5 (∼50% of each block segment)
resulted in the appearance of two size distributions (Figure 2),
one with a diameter of 40 nm and a second of around 300 nm.
The size of the agglomerates of B5 is nearly constant also by
further increasing the temperature. In addition, the polymer
concentration has no significant influence on the size of the
self-assembled structures of the block copolymer. The self-
assembled structures might be micelles (ca. 40 nm) and larger
vesicular structures (300−400 nm), although no conclusive
assignment can be made based on the DLS results alone. To

Table 4. Cloud Point Temperatures from Turbidimetry Measurement of the Homo and Block Copolymers

cloud points by turbidimetry (2nd heating run) in °Ca

sample
DMAEMA/DEGMA [%]

H4
100:0

B1
94:6

B2
87:13

B3
66:34

B4
64:36

B5c

51:49
B6

20:80
H6
0:100

10 mg mL−1 45.4 43.6 40.7 mb mb 32.5:48.0 29.4 25.1
5.0 mg mL−1 46.7 44.5 41.7 mb mb 33:∼49 30.0 25.9

32:∼48d

2.5 mg mL−1 49.0 46.0 43.2 mb mb 34:∼46 30.5 28.0
1.0 mg mL−1 57.4 48.2 45.3 mb mb ∼41 31.5 36.4

aEstimated in deionized water at 50% transmission for the second heating run. bNo clear phase separation transition. cEstimated at the local
maximum at the half %value of transmission. dEstimated in D2O.

Figure 1. Cloud points (TCP) of the studied block copolymers of
poly(DMAEMA-b-DEGMA) at 5.0 and 10.0 mg mL−1.
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evaluate the aggregation behavior of the chosen copolymer, B5
was investigated in further detail using a DLS Zetasizer
(Malvern).
The experiment was performed in deionized water at a

concentration of 1.0 mg mL−1, and the temperature run was set
up between 25 and 50 °C, with heating in 1 °C steps to have a
closer look at the phase transitions. A repeated temperature run
ranging from 25 to 65 °C is plotted in the SI (Figure S10),
showing a similar size distribution of the observed self-
assembled aggregates. No changes in the size above 50 °C
are observed. The distribution of the block copolymer
assemblies at temperatures below and above the phase

transition is illustrated in Figure 3 (volume distribution;
intensity distribution is plotted in the SI, Figure S10). Below
the cloud point at 25 °C, the polymer chains are fully soluble
and, therefore, a hydrodynamic diameter smaller than 10 nm
was obtained, corresponding most probably to individual
hydrated polymer chains, taking into account also the molecular
dimensions of the block copolymers. An increase in temper-
ature results in an increase in the diameter of the polymer
aggregates to ∼100 nm, indicating the temperature-induced
aggregation of the polymer chains. The first transition of the
polymer solution is observed at a temperature of 31 °C, i.e.,
when the collapse of the PDEGMA takes place.
The hydrodynamic diameter of these aggregates is around

100 nm as displayed in Figure 3. By further increasing the
temperature, a rearrangement is observed, which is reflected in
the appearance of a second distribution. Above 36 °C, two
distributions are formed with a hydrodynamic diameter of 65
and 240 nm, respectively. The formed structures appear to be
thermodynamically stable in solution, as the aggregate size
remains constant even at further increased temperatures.
The temperature induced phase transition of the selected

block copolymer B5 was further investigated by temperature
dependent 1H NMR spectroscopy to obtain a deeper insight
into the aggregation behavior. The phase transition was
investigated in D2O at a concentration of 5.0 mg mL−1. At
each temperature step (5 °C), the polymer solution was
equilibrated for 3 min (it should be noted here that the time
scale of the temperature induced formation of micellar
structures and larger aggregates is faster than the typical
acquisition times required by the NMR spectrometer). The 1H
NMR spectrum of the block copolymer at 25 °C shows the
characteristic signals of poly(DMAEMA-b-DEGMA); the
corresponding temperature series is plotted in Figure 4. In
the 1H NMR spectra, the signals at 3.3−3.9 ppm represent the
ethylene glycol and −OCH3 groups (EG) of poly(DEGMA)

Figure 2. Hydrodynamic diameters of the copolymer coils and
globules of B5 (showing two distribution) at different concentration as
function of temperature.

Figure 3. The hydrodynamic diameter (volume distribution, average value of three estimations) of the block copolymer chains and globules of B5 at
1.0 mg mL−1 is plotted as a function of temperature. (A−C) Hydrodynamic size distribution (three measurements) at the respective temperature.
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and the signals at 2.3 ppm (CH3−N−) represent the
poly(DMAEMA) block. The position of the small DMF
signals, which are left after the precipitation and drying
processes, were used as reference signal (adjustment of changes
due to the temperature increase, whereby the DMF is
unaffected) and all spectra were normalized in intensity to
the D2O signal. It is observable (Figure 4) that the DEGMA
signals at 3.5−3.9 ppm decrease significantly, denoting the
collapse of the DEGMA block which is induced by the
temperature increase from 25 to 40 °C. Also, all other signals
(backbone at 0.8−1.5 ppm and DMAEMA at 2.3 and 2.8 ppm)
decrease by increasing temperature, leading to broad signals
due to the reduced flexibility of the polymer chains (see Figure
4). The PDMAEMA block is still visible at 45 °C (CH3−N− at
2.2 ppm) as it is supposed that it forms a kind of corona around
the hydrophobic PDEGMA aggregates.
Unexpectedly, further increasing the temperature from 50 to

65 °C is accompanied by an increase for some signals
corresponding to DMAEMA and to DEGMA (Figure 4b),
respectively. These signals are visible for the DMAEMA group
(CH3−N−) at 2.2 ppm, for the EG groups of DEGMA at 3.6
and 3.7 ppm as well as for the −OCH3 group at 3.3 ppm. The
shifted signals indicate a different microenvironment of (at least
parts of) the DMAEMA and DEGMA groups and are supposed
to correlate to the corresponding rearrangement of the block
copolymer. This second assembly might be induced by the
collapse of the DMAEMA block (at 49 °C vs the homopolymer
of poly(DMAEMA) at 47 °C as listed in Table 4 for a
concentration of 5.0 mg mL−1), which appears to be at these
temperatures more hydrophobic than in the previous
configuration (hydrophilic corona), thus resulting in a
structural change. The transformation of the PDMAEMA
block is indicated by the high-field shift of the DMAEMA
signal, which provides a higher electron density at the methyl
groups (CH3−N−) caused by the breaking of the H-bonds.
There might also be a migration of the more polar DEGMA

groups (higher amount of oxygen atoms in the structure) to the
surface of the collapsed structures to stabilize them in aqueous
solution. This migration could lead then to a partial hydration
of the DEGMA chains, which causes the reappearance of the

corresponding signals in the NMR spectra (Figure 4a at 3.6−
3.7 ppm).

Self-Assembly of Poly(DMAEMA-b-DEGMA). The dou-
ble responsive behavior of poly(DMAEMA-b-DEGMA)
motivated the utilization of cryo-TEM to visualize the
associated structures. The sample preparation was performed
at different temperatures, and the samples were instantaneously
vitrified after an equilibration time of ∼2 min to preserve the
aggregate structure at the blotting temperature. The cryo-TEM
images of solutions which were vitrified at a blotting
temperature of approximately 33 °C are depicted in Figure 5.

At this temperature, which is above the TCP of PDEGMA and
below the TCP of PDMAEMA, the presence of large
multilamellar vesicles (MLV) with a diameter of approximately
200 nm and unilamellar vesicles (ULV), which are observed to
be significantly smaller (40 to 90 nm), is observed. The cryo-
TEM micrograph shows that the MLVs have a layered structure
with comparable distance between the individual lamellae and
represent an onion-like form. In this case, a molecular
arrangement of the copolymer can be assumed that resembles
the structure depicted in Figure 5 (PDEGMA dark;
PDMAEMA light).
The formation of MLV is based on one hand on the

hydrophilic−hydrophobic character of the block copolymers

Figure 4. Temperature dependent 1H NMR spectra (a) in D2O of B5 (5 mg mL−1) showing the evolution of the −CH2− and CH3− signals of
poly(DEGMA) block at 3.3 ppm and 3.5−3.9 ppm, and the −CH2- and CH3-resonance of the poly(DMAEMA) block segment at 2.7 and 2.3 ppm
as well as the polymer backbone in a temperature range from 25 to 65 °C. On the right side (b), the integrals of the block copolymer signals are
plotted against the temperature (MLV = multilamellar vesicles and ULV = unilamellar vesicles, see also Figures 5 and 6).

Figure 5. Cryo-TEM images (a,b) of B5 block copolymer solution at
∼33 °C in H2O (preheated, 5.0 mg mL−1) showing the formation of
multilamellar vesicles and additionally unilamellar vesicles.
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and on the other hand on the volume fractions of the individual
blocks, respectively. The self-assembly of amphiphiles into well-
defined structures, such as vesicles, derives from the hydro-
phobic attraction at the hydrocarbon−water interface, which
induces the molecules to associate, and the hydrophilic part
that remain in contact with water.60 For thermosensitive block
copolymers, the individual blocks shows a selective, thermally
driven solubility and, therefore, the overall hydrophilic−
hydrophobic character can be changed by temperature. At 33
°C, the PDEGMA block is collapsed and therefore hydro-
phobic, while the PDMAEMA block is hydrophilic and is still in
solution due to the fact that the blotting temperature remains
below the TCP of PDMAEMA.
The formation of micelles or vesicle structures depends for

block copolymers on their ratio between both hydrophobic and
hydrophilic segments.6,7,45,60 Classically, the “critical packing
parameter” is used to define the morphology of the resultant
self-assembled structure. The ratio of DMAEMA to DEGMA in
the block copolymer B5 is 51% to 49%. With this composition,
the formation of micelles or vesicles can be expected.6,45 In the
present case, the block copolymers revealed a tendency for the
formation of multilamellar vesicles. The number of shells in
these MLVs is up to nine layers for the block copolymer with a
significant size distribution of the formed MLVs. The measured
size of the different vesicles is between 225 nm (Figure 5a) and
325 nm (Figure 5b), which is in the same size range as obtained
by the DLS measurements (approximately 220 nm). The shell
thickness of the MLV of PDMAEMA block (Figure 5a) is
approximately 5−8 nm. This value is significantly smaller and
can be correlated to the polymer chain length (DMAEMA
block has DP of ∼45, which equals the length of 11.5 nm when
completely stretched) to an interdigitated, very compact
arrangement of the PDMAEMA chains.60 This observation is
also supported by the NMR investigations, which show reduced
signals of the PDMAEMA block at this temperature. The
precipitated PDEGMA core is approximately 6 nm in thickness,
which suggests very densely packed chains, which is also
supported by the strong dark contrast which is found in the
cryo-TEM images.
The polymer was subsequently heated to a temperature

above the TCP of DMEAEMA, and the resulting structures were
investigated by means of cryo-TEM in the same fashion as
described above. In contrast to the sample which was
investigated at 33 °C, the formation of preferentially
unilamellar, large vesicles is observed. MLVs with a large
number of shells are not observed anymore. In Figure 6, the
cryo-TEM images of B5 block copolymer solution acquired at
∼50 °C (a,b) showed the formation of large unilamellar vesicles
in aqueous solution.
The thermoresponsive behavior of the selected block

copolymer B5 was further investigated by temperature variable
zeta potential (also known as electrokinetic potential) measure-
ments to gain a deeper insight in the polyelectrolyte nature of
the block copolymer during the polymer phase transitions
(Figure 7). The phase transition was investigated in water at a
concentration of 2.5 mg mL−1 in the temperature range from
25 to 65 °C during both heating and cooling with temperature
steps of 5 °C. The conductivity (red cycles, Figure 7) of the
copolymer solution was also measured, indicating a small
increase of charge carrier mobility or concentration with
increasing temperature, i.e., caused by the increased autodisso-
ciation of water. After the cooling cycle, the conductivity of the
solution reaches nearly the starting value at 25 °C. The zeta

potential measurements show that two reversible thermo-
induced transitions are present without showing any hysteresis
behavior in the graph (Figure 7, black squares). The first
transition takes place at around 30 °C and the second transition
around 55−60 °C, whereby a strong decrease in the zeta
potential is observed. Over the measured temperature range
from 25 to 65 °C, a positive potential was measured due to the
cationically charged protonated DMAEMA groups. The high
value of the zeta potential indicates stable aggregates (usually a
potential >25 mV indicates a stable system), which cannot
further assemble together due to repulsion forces. In contrast,
the pure PDEGMA homopolymer H6 revealed a negative
potential (partially negative charges due to oxygen atoms and
carboxylic acid end groups) over the complete temperature
range (see SI, Figure S11). On the basis of these results, it can
be assumed that the collapse of the PDEGMA block at 30 °C is
associated with an enhancement of the negative charges on the
surface of the collapsed aggregates (SI, Figure S11), which
support the formation of MLVs. The assembly is promoted by
electrostatic interactions between the positive charged
PDMAEMA block (corona) and the negatively charged
collapsed PDEGMA block. This layer-by-layer assembly
above the first transition temperature lowers the overall zeta
potential of the aggregates. The charge compensation by the
layer-by-layer assembly in MLV structures represents an
important thermodynamic contribution to the stability of the
self-assembled structures. If the temperature is raised above 50
°C, the DMAEMA block starts to collapse. During this collapse,
a migration of the DMAEMA chains to the hydrophobic surface
of the PDEGMA layer might occur as observed by 1H NMR.
This effect changes the electrostatic balance of the MLV
structures, i.e., the charge compensation, and ultimately leads to
the preferential formation of ULV structures. This change of
the charge balance is reflected in the corresponding zeta
potential values (Figure 7).
On the basis of these experimental observations, a model for

the aggregation of the double responsive transition of the block
copolymer structures at different temperatures was developed,
which is schematically illustrated in Figure 8. In this
configuration, the PDEGMA block (negatively charged)
becomes insoluble at the first LCST transition temperature
and is collapsed in the lamellar structure. The still-soluble
PDMAEMA block (positively charged) stabilizes the individual
shells by a layer-by-layer assembly and promotes the
preferential formation of multilamellar onion-like vesicles.
With further increasing temperature also the solubility of the
PDMAEMA decreases. As a result, the volume of the

Figure 6. Cryo-TEM image (a,b) of B5 block copolymer solution at
∼50 °C in H2O (preheated, 5.0 mg mL−1) showing the formation of
large unilamellar vesicles.
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hydrophobic part of the copolymer increases and the
interbilayer energy changes. Simultaneously, the decreasing
size of the hydrophilic corona block is seen as an additional
driving force for the modified aggregation behavior due to
altered volume fraction and space requirements.
This effect was, e.g., observed for PS-b-PAA aggregates,61

where shorter corona fractions generally resulted in the
formation of larger structures.62 Additionally, the altered charge
balance within the structures favors the formation of larger and
unilamellar vesicles.
This structural transitions explain also the 1H NMR

observations showing that after the first transition the
respective poly(DEGMA) signals disappeared. This could be
a direct consequence of the narrow environment, which is
formed in the multilamellar vesicle system. As observed from
the cryo-TEM images, it can be assumed that above 50 °C a
structural transition toward unilamellar vesicles takes place. In
this configuration, the packing density of the macromolecules
becomes less pronounced, which could be a possible
explanation of the reappearance of the poly(DMAEMA) signal
in the 1H NMR spectrum.

■ CONCLUSION
The RAFT polymerization method was used for the
preparation of a library of double thermoresponsive diblock
copolymers, namely poly(DMAEMA-b-DEGMA). A series of
poly(DMAEMA-b-DEGMA) copolymers have been prepared,

with compositions ranging from PDMAEMA to PDEGMA in
steps of 20 mol%. The phase transitions of these block
copolymers in aqueous solutions were studied in detail by
turbidimetry. Higher cloud points of the poly(DMAEMA-b-
DEGMA) with increasing amount of mol% DMAEMA in the
block copolymer were observed. Within this series of block
copolymers, a block ratio of 50:50 resulted in a double-
responsive LCST behavior. This block copolymer was further
investigated to elucidate the self-assembly behavior in detail.
Variable temperature 1H NMR spectroscopy, zeta potential,
and cryo-TEM investigations revealed the temperature induced
formation of multilamellar vesicular structures at elevated
temperature which convert into unilamellar vesicles at higher
temperatures. On the basis of the measurements, an illustrative
model for the reversible temperature-induced self-assembly is
given based on the initial formation of multilamellar vesicular
(MLV) aggregates that further assemble into unilamellar vesicle
(ULV) structures. This transition could be assigned to the
changes of the volume ratios as well as to the ionic interplay
between the block copolymers at different temperatures. In
particular, the ionic contributions of the negatively charged
PDEGMA block and the positively charged PDMAEMA block
are supposed to support the layer-by-layer assembly at 33 °C,
which favors the formation of multilamellar vesicles (MLV).
Further increase of the temperature changes again the volume
ratio between the blocks as the solubility of the second block
occurs, furthermore the second LCST transition is associated
with a changed electrostatic balance between the blocks. This
results in the preferential transition of MLVs to ULVs. The
present study assumes a facile interplay of the volume ratio and
the changes of the ionic interactions. However, both
contributions cannot be separated by the investigation of
only one polymer. In further studies, the formation of self-
assembled structures of different block copolymers and at
different pH values will be investigated to gain a deeper
understanding of the aggregation process.
The design and self-assembly of such thermoresponsive

migrating block copolymers will provide new possibilities for
delivery vehicles (for therapies), e.g., temperature-controlled

Figure 7. Temperature variable zeta potential measurements (black squares, average value of five estimations) of block copolymer B5 solution at 2.5
mg mL−1 showing two reversible temperature-induced transitions. Also the conductivity (red cycles) of the copolymer solution was measured.

Figure 8. Proposed model for the aggregation of the double
responsive transition of the block copolymer. In the figure, represent
red cycles DEGMA and green cycles DMAEMA units.
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release of drugs, and will provide important deeper insights into
the LCST transition and the formation of MLVs.
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SEC curves of poly(DMAEMA-b-DEGMA) 
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Figure S1. SEC traces (left in DMAc and right in CHCl3) of the blockcopolymers B1 and B2.  
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Figure S2. SEC traces (left in DMAc and right in CHCl3) of the copolymers H3 and B3 (B3 reaches 

the exclusion limit of the CHCl3 SEC).  
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Figure S3. SEC traces (left in DMAc and right in CHCl3) of the copolymers  and B4 (B4 reaches 

the exclusion limit of the CHCl3 SEC).  
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Figure S4. THF SEC traces of block copolymer B5.  
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Figure S5. SEC traces (left in DMAc and right in CHCl3) of the copolymers H6 and B6.  

 

 

Figure S6. 1H NMR spectra (400 MHz, CDCl3) of poly(DMAEMA-b-DEGMA) H5 with the 

corresponding schematic representation of the polymer structure. 
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Turbidity curves 

0 100 200 300 400 500 600 700
0

10

20

30

40

50

60

70

80

90

100

110

0

10

20

30

40

50

60

70

80

90

100

110

 T
em

pe
ra

tu
re

 / 
°C

Tr
an

sm
is

si
on

 / 
%

Time / min

 Temp.
 B1
 B2
 B5

 

Figure S7. Cloud point measurements (5.0 mg mL-1) for the identification of the LCST behavior of 

the copolymer B1, B2 and B5. 
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Figure S8. Turbidity measurements of block copolymer B5 showing two cloud points. 
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Figure S9. Cloud point measurements (5.0 mg mL-1) for the identification of the LCST behavior of 
copolymer H6 and B6. 
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Figure S10. The hydrodynamic diameter (volume distribution, average value of three estimations) of 

the block copolymer B5 at 1.0 mg mL 1 is plotted as a function of temperature. A and B represent the 
hydrodynamic size distribution (three measurements, intensity distribution) of the block copolymer of 
H5 at 1.0 mg mL 1 at the respective temperature point. 
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Figure S11. Temperature variable zeta potential measurements (black squares) of homo polymer H6 

(2.5 mg mL–1) during two cycles of heating and cooling (average value of 5 measurement). The larger 

error bar of the zeta potential values are due to the large size of the particles (RH ~ 500 nm), causing in a 

reduced mobility and to multiple scattering effects. 


