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ABSTRACT 

We investigate the potential of self-assembled nanostructures of the PnBA-b-PAA amphiphilic 

diblock polyelectrolyte as candidates for drug delivery applications. Three PnBA-b-PAA 

copolymers with different molecular weights and PnBA/PAA weight ratios are tested. The 

system with the most well-defined core-shell micellar structure is chosen for complexation with 

lysozyme. Its solutions are found  to contain well-defined core-shell micelles that are stable upon  

increase of solution salt content to physiological levels. Upon mixing with lysozyme  we find 

that the protein globules accumulate preferably at the outer parts of the hydrated corona of the 

micelles. Increasing the protein concentration intermicellar aggregation is enhanced in a 

controllable way. At high salt content the number of proteins per micelle is lower compared to 

the low salt content, which points to an  interaction of predominantly electrostatic nature. While 

light scattering is very sensitive to complexation, small angle neutron scattering is able to 

distinguish between the contributions from individual micelles and aggregates. This work 
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demonstrates the use of scattering techniques in order to characterize protein-polymer 

interactions in multiple hierarchical levels. 
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1. INTRODUCTION 

Block copolymer micelles are in the focus of intense research due to their potential for use in 

nano-scale encapsulation and drug delivery1, bio-sensing and tissue engineering2. Their self-

assembly and morphology have been extensively studied both experimentally and theoretically3. 

One class of self-assembled polymeric micelles are block polyelectrolyte micelles. They can be 

formed by diblock copolymers that contain one hydrophobic block and one polyelectrolyte 

block. In aqueous solutions the hydrophobic blocks of individual diblock chains form a core 

while the polyelectrolyte blocks extend towards the solution forming a hydrophilic charged 

corona4. Block polyelectrolyte micelles are responsive to salt content and pH when the 

polyelectrolyte contains weakly charged groups. Charged components like proteins bind to this 

kind of nanoparticles via electrostatic interactions4, while hydrophobic drugs can be loaded into 

their core5. 

A variety of experimental techniques has been developed and upgraded in the last two decades 

for characterizing the loading and release on and from polyelectrolyte micelles in solution6. 

Small angle scattering techniques are non-invasive methods that are established for quantitative 

characterization of the morphology of nano-assemblies and their interactions with other 

components7, 8. The shape of micellar nanoparticles used for drug encapsulation and delivery 

may affect its loading and release properties9, 10 and also its binding and internalization to cells11. 
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Proteins contain “patches” of positive or negative charge and domains that may be hydrophilic or 

hydrophobic6. This way they interact with polyelectrolyte micelles via electrostatic and 

hydrophobic interactions. In amphiphilic block polyelectrolyte micelles the positioning of a 

loaded compound should be affected by the dominant interaction that causes the complexation 

i.e. a predominantly hydrophobic compound would be positioned on the core and a 

predominantly hydrophilic compound (e.g. charged) would stick on a polyelectrolyte chain of the 

corona5. 

In this work we use Small Angle Neutron Scattering (SANS)and Light Scattering (LS) to define 

the self-assembly of the diblock amphiphilic polyelectrolyte PnBA-b-PAA in three different  

molecular weights and block ratios, and their ability to form well-defined core-shell micelles in 

aqueous solutions. Furthermore, we use the optimal micellar architecture in order to make 

complexes with lysozyme. Our experiments allow us to define the core-shell structure of the 

micelles and their intemicellar aggregation state  and the amount of complexed protein per 

micelle and its coarse-grain positioning on the core-shell structure. Electrophoretic Light 

Scattering  (ELS) confirms the loading of the negatively charged PnBA-b-PAA micelles with the 

positively charged lysozyme globules. Static and Dynamic Light Scattering (SLS/DLS) support 

our small angle scattering findings and extend the investigation to lower concentrations. This 

study expands the detailed investigations of proteins in spherical polyelectrolyte brushes12 (linear 

polyelectrolytes grafted on polystyrene nanoparticles) to proteins in self-assembled 

polyelectrolyte micelles. 

2. EXPERIMENTAL 

2.1 Materials 
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The diblock copolymers PnBA-b-PAA were synthesized by reversible addition fragmentation 

chain transfer radical polymerization technique (RAFT). Firstly, the PnBA homopolymer was 

synthesized in one step using 2-dodecylsulfanylthiocarbonylsulfanyl-2-methylpropionic acid as 

the CTA agent in the presence of AIBN as the polymerization initiator (moles CTA:AIBN = 5) at 

65oC over 15hrs in dioxane. The resulting homopolymer of the desired molecular weight was 

extracted by precipitation into excess solution of methanol/water (80%:20%) twice and dried in a 

vacuum oven. Then, the PnBA-b-PAA block copolymer was synthesized by using the PnBA 

block as the macroCTA agent and acrylic acid monomer. The synthesis occurred at 65oC for 

15hrs in the presence of AIBN (moles macroCTA:AIBN = 5) using dioxane as the solvent 

(scheme 1). The desired block copolymers were precipitated into hexane and were left to dry 

under vacuum prior to use. Overall yields for the diblocks were >90%. Their molecular 

characteristics are presented in Table 1, as derived by SEC and 1H-NMR (Supporting 

Information). 
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Scheme 1: Synthesis of PnBA-PAA block copolymer using RAFT methodology. 

 

Table 1. Molecular characteristics of PnBA-b-PAA block copolymers utilized in this study 

Sample Mw
a x 10-4 

(g mol-1) 

Mw/Mn
a %wt PnBAb N PnBA

c N PAA
c 

PnBA-b-PAA-1 0.8 1.29 50 31 56 

PnBA-b-PAA-2 2.4 1.28 50 94 170 

PnBA-b-PAA-3 2.8 1.32 15 33 335 

a by SEC in DMF 
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b by 1H-NMR in deuterated DMF 

c degree of polymerization of each block 

 

For small angle neutron scattering measurements aqueous solutions of mass concentration 3 

mg/ml in aqueous solutions, were prepared by dissolving 30 mg of diblock copolymer in 3ml 

tetrahydrofuran (THF, from Fluka, UV spectroscopy grade) at 60°C for 5-6 hours. Subsequently, 

the THF solution was added rapidly to 10ml of D2O under vigorous stirring. THF was 

subsequently removed by evaporation at 65 ºC under stirring. This solution was used as a parent 

solution for the measurements. NaCl was used as a salt and NaOD or DCl for fixing the pH. The 

contribution of the added acid or base to the ionic strength was about 10-4 M hence it is 

negligible for our solutions were we use 0.01M and 0.15M NaCl for low and high 

(physiological) salt conditions. For light scattering the same preparation protocol was followed 

except from that the solvent was H2O and the pH-setting components were NaOH and HCl. 

Additionally, in order to avoid multiple scattering effects the target concentrations were low. 

Thus the parent solution was at a polymer content of 0.1mg/ml. For light scattering all sample 

solutions were filtered with 0.45μm PVDF membrane filters in order to remove any large 

aggregates or dust particles. 

Hen egg white lysozyme (HEWL, Mw=14,700 g/mol) was purchased from Fluka and used 

without further purification. HEWL was dissolved at 0.3 mg/ml in D2O (pH7/0.01M) and 

0.1mg/ml (pH7/0.01M salt) for SANS and LS respectively. The target concentrations were 

produced from the parent solutions by dilution in D2O or H2O (pH 7/0.01M salt). The lysozyme 

solutions were left overnight to equilibrate and for the isotopic exchange to take place in D2O
13. 

2.2 Small Angle Neutron Scattering 
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Small Angle Neutron Scattering (SANS) experiments were performed on the KWS-1 high 

resolution small angle neutron diffractometer, at the research reactor FRM II (Jülich Centre for 

Neutron Science). The nominal scattering vector (𝑞) range is from 0.002 to 0.2 Å-1(real space 

length scales ~1000 to 10 Å). This range was covered by three separate detection configurations 

(20, 8 and 2m sample-detector distance) at 4.7 Å wavelength. The SANS differential cross 

section is obtained by the scattered intensity 𝐼(𝑞) as a function of scattering wave-vector, 𝑞 =

4𝜋

𝜆
𝑠𝑖𝑛

𝜃

2
, where 𝜆 is the wavelength of the neutrons and 𝜃 is the scattering angle. The details on 

data collection, reduction and calibration and the convolution with the instrument’s resolution 

function are described elsewhere14, 15. In the “Results and Discussion” section theoretically 

calculated scattered intensities are denoted in short as 𝐼(𝑞) although the convoluted scattered 

intensity is fitted to the experimental data. The temperature of the samples was set at 25 ºC by a 

Julabo thermostat with an accuracy of 0.01ºC. 

2.3 Static and Dynamic Light Scattering 

The experiments were performed on an ALV/CGS-3 compact goniometer system (ALVGmbH, 

Germany), equipped with a ALV-5000/EPP multi taudigital correlator and a He-Ne laser 

operating at the wavelength of 632.8 nm. In Static Light Scattering (SLS) the Rayleigh ratio 

𝑅(𝑞)was calculated with respect to a toluene standardat a series of angles in the range 30-120°. 

The scattering wave vector is given by 𝑞 =
4𝜋𝑛0

𝜆
𝑠𝑖𝑛

𝜃

2
 where 𝑛0 is the solvent’s refractive index. 

SLS data were treated16 by the Zimm approximation: 

𝐾𝑐

𝑅(𝑞,𝑐)
=

1

𝑀𝑤𝑃(𝑞)
  (1) 

where𝑞 is the scattering wave vector, 𝑀𝑤 is the weight-averaged molar mass and 𝑐 is the particle 

concentration in solution. The single particle’s form factor is given by 𝑃(𝑞) = 𝑒−
1

3
𝑞2𝑅𝑔

2

(Guinier 
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approximation), where𝑅𝑔
2 is the squared z-averaged radius of gyration. 𝐾 is the contrast factor for 

LS given by 𝐾 =
4𝜋2𝑛0

2

𝑁𝐴𝜆4
(𝜕𝑛/𝜕𝑐)2, where 𝜕𝑛/𝜕𝑐 is the refractive index increment of the 

scattering particles in the solvent. 

In Dynamic Light Scattering (DLS) the intensity auto-correlation functions 𝑔(2)(𝑡) are collected 

17 at different scattering angles (30-120°) and can be analysed by the CONTIN algorithm. The 

characteristic relaxation rate 𝛤(𝑞) is taken from the position of the maximum (𝜏(𝑞)) of the 

distribution function of relaxation times (𝛤(𝑞) =
1

𝜏(𝑞)
). In the case of diffusive modes there is a 

linear relation between 𝛤(𝑞)and 𝑞2 i.e. 𝛤(𝑞) = 𝐷 ∙ 𝑞2 and hence the diffusion coefficient 𝐷 is 

obtained. The hydrodynamic radius, 𝑅ℎ, is extracted from the Stokes-Einstein equation (equation 

2). 

𝑅ℎ =
𝑘𝐵𝑇

6𝜋𝜂𝐷
  (2) 

where 𝜂 is the viscosity of the solvent, 𝑘𝐵 is the Boltzmann constant and 𝑇 is the absolute 

temperature. All the LS experiments were performed at 25 ºC set by a PolyScience temperature 

controller. 

2.4 Electrophoretic light scattering 

Zeta potential measurements were performed on a Zetasizer Nano-ZS by Malvern Instruments 

Ltd.. The calculation was made by the Henry equation in the Smoluchowski approximation 

The 𝜁 values reported are averages of 10-20 measurements taken at 173° angle. All the 

experiments were performed at room temperature. 

3. RESULTS AND DISCUSSION 

3.1 Self-assembly of PnBA-b-PAA in aqueous solutions 

3.1.1 Static and Dynamic Light Scattering 
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First we examined the aggregation behavior of the synthesized PnBA-b-PAA diblocks in 

aqueous media. It should be bared in mind that these copolymers carry hydrophobic C12 groups 

at the free ends of the hydrophilic PAA blocks and single hydrophilic COOH groups at the free 

ends of the hydrophobic PnBA blocks. So their behavior in aqueous media is of interest since 

they resemble the case of ABCD quaterpolymers with very short end blocks of differing polarity 

relative to the corresponding large blocks to which they are attached. Typical SLS and DLS 

results from PnBA-b-PAA aqueous solutions are shown in figure 1. All the collected intensity 

autocorrelation functions were represented by a single mode in CONTIN analysis. The 

characteristic relaxation rate 𝛤(𝑞) (figure 1a) shows that PnBA-b-PAA-2 forms objects of low 

polydispersity in solution. In PnBA-b-PAA-1 there is evidence of polydisperse aggregates since 

𝛤 vs 𝑞2 plot presents an increasing slope i.e. at low 𝑞 large aggregates dominate the scattering 

while at high- 𝑞 small ones are the dominant species. PnBA-b-PAA-3 plot has a slope of about 

two times lower than the other two and additionally the three first data points present a very low 

slope. Possibly there are very large aggregates in coexistence with smaller ones (e.g. micelles) in 

solutions of PnBA-b-PAA-3. 
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Figure 1: Light scattering data from 0.05mg/ml PnBA-b-PAA-1 (□), PnBA-bPAA-2 (■) and 

PnBA-b-PAA-3 (○) at pH7 and 0.15M NaCl. (a) Main relaxation rate as a function of 𝑞2 (DLS). 

(b) Rayleigh ratio in Guinier plot (SLS). Straight lines are fits to the experimental data (at high q 

in the case of samples PnBA-b-PAA-1 and PnBA-b-PAA-3). 

 

The Guinier plots (figure 1b) show high non-linearity for the case of PnBA-b-PAA-3. This is a 

sign of large aggregates (e.g. micellar aggregates) in solution in addition to any smaller ones(e.g. 

micelles). PnBA-b-PAA-1 solutions have a weaker low-q upturn which points to a less dominant 

presence of large aggregates. PnBA-b-PAA-2 has a linear Guinier plot. The 𝑅𝑔 and  𝑍𝑎𝑔𝑔 values 

in table 2 are obtained by the high- 𝑞 linear fit of the data (straight lines). The situation is similar 

for 0.01M NaCl (data not shown). The values of the radii obtained for PnBA-b-PAA-3 (table 2) 
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could be acceptable for micellar aggregates since the fully stretched size of its PAA chains18 

(𝐿 = 𝐷𝑃𝐴𝐴 ∙ 0.25𝑛𝑚~80𝑛𝑚) is not much smaller than 𝑅ℎ. But the strong evidence of large 

aggregates cannot be neglected and if the low-q region of the Guinier plot is used to estimate 𝑅𝑔  

this will turn out much larger. In a similar manner the aggregation numbers (𝑍𝑎𝑔𝑔) are strongly 

affected by the region that the linear fit is taken for PnBA-b-PAA-1 and PnBA-b-PAA-3. The LS 

results point out that PnBA-b-PAA-2 is possibly the system with the highest percentage of well-

defined micelles so it is the best candidate between the three for protein loading. PnBA-b-PAA-1 

apparently contains an increased amount of large aggregates whereas PnBA-b-PAA-3 is 

dominated by aggregates of various sizes. Larger multimicellar aggregates may be formed due to 

the presence of C12 hydrophobic groups at the free ends of PAA blocks leading to intermicellar 

interaction between the micelles (scheme 1) and their effect is expected to be stronger in the case 

of sample PnBA-b-PAA-1 with the shorter PAA block19. Additionally the presence of a COOH 

group at the end of the PnBA block may induce some frustration to the core forming PnBA 

blocks since this group would like to be in contact with the aqueous phase and most probably 

would like to reside at the core-corona interface. This together with the low20 Tg (ca. -50 oC) of 

the PnBA core forming blocks and their relative low hydrophobicity may alter the arrangement 

of the PnBA core blocks within the micelles in the copolymer systems under investigation, 

especially for samples PnBA-b-PAA-1 and PnBA-b-PAA-3 with the shorter PnBA block.  Under 

the light of these observations PnBA-b-PAA-2 and PnBA-b-PAA-1 were tested with SANS for 

further determination of their structure in order to gain more information on the structure of the 

aggregates/micelles. 

 

Table 2: SLS and DLS data from PnBA-b-PAA copolymers at 0.01 and 0.01M NaCl (pH 7).  
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0.01 M 0.15M 

PnBA-b-

PAA-1 

PnBA-b-

PAA-2 

PnBA-b-

PAA-3 

PnBA-b-

PAA-1 

PnBA-b-

PAA-2 

PnBA-b-

PAA-3 

𝑹𝒈 (𝒏𝒎) 43±4 49±3 92±9 56±6 41±4 86±9 

𝑹𝒉(𝒏𝒎) 38±2 48±4 105±10 36±2 47±4 110±10 

𝒁𝒂𝒈𝒈 230±10 80±10 350±50 260±10 80±10 180±20 

 

 

3.1.2 Small Angle Neutron Scattering from PnBA-b-PAA-2 and PnBA-b-PAA-1 

The SANS data from PnBA-b-PAA-2 aqueous solutions (pH7, 0.01M and 0.15M NaCl) in 

several concentrations (figure 2) show a well-defined shoulder at 𝑞 = 0.04 −  0.05Å−1 which is 

characteristic sign of a form factor. At higher 𝑞 values a scaling law 𝐼(𝑞)~𝑞−4 is the signature of 

scattering from objects with sharp boundaries. The scattering curves fall on top of each other 

with very good agreement when they are normalised by their corresponding concentration (data 

not shown) which reveals that the morphology observed is concentration-independent (in the 

concentration range under study with this technique). 
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Figure 2: SANS profiles from PnBA-b-PAA-2 aqueous solutions 0.3mg/ml (○), 0.6mg/ml (○), 

1mg/ml (□) and 3mg/ml (□) at pH7 with 0.01 (a) and 0.15 (b) M NaCl. Continuous lines are best 

fits with equation (3). The straight line indicates a power-law of 𝑞−4. Data are multiplied by 

indicated factors for clarity. 

 

The SANS data from PnBA-b-PAA-2 solutions were fitted by the core-shell micellar form 

factor21, 22 as in equation 3. Polydispersity in core and micellar radius was introduced by a 

Gaussian distribution i.e. 𝐼𝑝𝑜𝑙𝑦(𝑞; 𝑅) =   

∫ 𝑑𝑅′∙𝑒𝑥𝑝(−(
𝑅′−𝑅

√2𝛥𝑅
)
2

)
+∞
0

∙𝐼(𝑞;𝑅′)

∫ 𝑑𝑅′∙𝑒𝑥𝑝(−(
𝑅′−𝑅

√2𝛥𝑅
)
2

)
+∞
0

 where 𝑅 is either 

the core or micellar radius. The optimized value of  
𝛥𝑅

𝑅
  was at 17-18% for all our data. 

 

 𝐼𝑚𝑖𝑐(𝑞) = 𝑁𝑚𝑖𝑐 ∙ {4𝜋 ∫ (𝜌(𝑟) − 𝜌𝐷2𝑂) ∙ 𝑟
2∞

0

𝑠𝑖𝑛(𝑞𝑟)

𝑞𝑟
∙ 𝑑𝑟}

2

  (3) 

 

The neutron scattering length density profile 𝜌(𝑟) was modeled as the one of a uniform core of 

radius 𝑅𝑐 with the scattering length density of PnBA and a shell of radially varying volume 

fraction containing D2O and PAA of radius 𝑅𝑚 (equation 4). The neutron scattering length 

densities of the components were used as 𝜌𝑃𝑛𝐵𝐴 = 0.65 ∙ 10−6Å−2, 𝜌𝑃𝐴𝐴 = 2.70 ∙ 10−6Å−2 and 

𝜌𝐷2𝑂 = 6.40 ∙ 10−6Å−2. The volume fraction profile is a  power law i.e. 𝜑𝑃𝐴𝐴(𝑟) = 𝜑0 ∙ (
𝑟

𝑅𝑐
)
−𝑎

. 

From the fitted density profiles the number of PnBA blocks inside the core 𝑍𝑚𝑖𝑐
𝑃𝑛𝐵𝐴 and PAA 

blocks in the shell 𝑍𝑚𝑖𝑐
𝑃𝐴𝐴 are calculated14. Combined with the number density of micelles 𝑁𝑚𝑖𝑐 the 

mass concentration of micelles 𝑐𝑚𝑖𝑐 is extracted. 
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𝜌(𝑟) =

{
 
 

 
 

𝜌𝑃𝑛𝐵𝐴 𝑓𝑜𝑟 0 ≤ 𝑟 < 𝑅𝑐

𝜑𝑃𝐴𝐴(𝑟) ∙ 𝜌𝑃𝐴𝐴 − (1 − 𝜑𝑃𝐴𝐴(𝑟)) ∙ 𝜌𝐷2𝑂 𝑓𝑜𝑟 𝑅𝑐 ≤ 𝑟 < 𝑅𝑚

0 𝑓𝑜𝑟 𝑅𝑚 ≤ 𝑟 < ∞

  (4) 

 

The number of blocks of PnBA and PAA in the core and in the  shell (table 3) are in good 

agreement which means that the nanophase separation between hydrophobic and hydrophilic 

blocks is detected by SANS. In the case of 0.01M NaCl 𝑍𝑚𝑖𝑐
𝑃𝐴𝐴 is lower than 𝑍𝑚𝑖𝑐

𝑃𝑛𝐵𝐴. This could be 

due to a mild collapse of PAA monomers on the hydrophobic core. A collapsed PAA layer has 

been assumed also in another work with diblock copolymers of the same chemical structure18 but 

slightly different block lengths than ours. We have also supported the presence of such a 

collapsed layer made of a polyelectrolyte with hydrophobic backbone in contact with a 

hydrophobic core in a previous work14. At 0.15M the agreement is better possibly by the 

enhanced scattering at low q which is captured by the fits with an increase in the volume fraction 

in the shell. This may be caused by weak aggregation of micelles at higher salt concentration 

(weak upturn at the first 2-3 data points in figure 2b) due to screening effects. The aggregation 

numbers appear much higher than the ones in LS (about 80 for both 0.01M and 0.15M NaCl, 

table 2). The difference between the micellar aggregation numbers is possibly due to the 

differences in aggregation behavior in H2O and D2O and the concentration range that the 

micellization took place (stock solution concentrations: 0.1mg/ml in H2O and 3mg/ml in D2O). 

Alternatively a possible loss of material during filtering (for SLS) could reduce the concentration 

of polymer in solution resulting to an apparently lower molecular weight.  
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𝑅ℎ values found for PnBA-b-PAA-2 (table 2) are lower compared to the 𝑅𝑚 values defined by 

SANS (tables 3). This is in accordance to the smaller micellar aggregation number 𝑍𝑚𝑖𝑐 found in 

SLS. The expected micellar radius is smaller in this case because of the reduced 

steric/electrostatic repulsion between PAA chains. The shell thickness 𝑠 = 𝑅𝑚 − 𝑅𝑐 is about 

47𝑛𝑚 for both salt contents. This length shows the extension of a PAA corona chain and 

compared to its contour length18 which is 𝐿 = 𝐷𝑃𝐴𝐴 ∙ 0.25𝑛𝑚 we find that there are PAA chains 

in the corona that are fully stretched i.e. 
𝑠

𝐿
≈ 1 . 

The exponent 𝑎 ≈ 3.2 − 3.3 of the volume fraction profile is higher than the one expected from 

osmotic spherical polyelectrolyte brushes of strong (𝑎 = 2) or weak (𝑎 = 8/3) polyelectrolytes 

23 24. This is a sign of PAA-PAA contacts that may be formed within the brush. The mass 

concentration of polymer is found near the nominal solution concentration (table 3) which 

confirms that most of the macromolecular chains in solution are incorporated into micelles. 

Overall the morphology of the PnBA-b-PAA-2 micelles appears very well-defined, independent 

of concentration and stable upon increase of salt content to physiological conditions. We have to 

keep in mind that PnBA forms a soft18 core due to its low20 glass transition temperature 

(𝑇𝑔
𝑃𝑛𝐵𝐴 ≈ −50℃) but still it appears to form stable nanoparticles. The 𝑅𝑔 from SLS (table 2) is 

similar to  𝑅ℎ (DLS). Normally one would expect the 𝑅𝑔/𝑅ℎ ratio to be significantly lower than 

unity (core-shell object) but it has been observed for core-shell micelles of a similar system18 that 

the LS observed ratios can be near unity. 
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Table 3: Parameters obtained by SANS on the PnBA-b-PAA-2 solutions for several 

concentrations at pH 7. 

 0.01M NaCl 0.15M NaCl 

Parameter/

Concentrat

ion 

0.3mg/ml 0.6mg/ml 1mg/ml 3mg/ml 0.3mg/ml 0.6mg/ml 1mg/ml 3mg/ml 

𝑹𝒄 (𝒏𝒎) 10.7±0.4 10.8±0.4 10.9±0.4 10.8±0.4 10.9±0.4 10.9±0.4 10.9±0.4 11.0±0.4 

𝑹𝒎(𝒏𝒎) 58±1 57±1 57±1 58±1 58±1 58±1 59±1 58±1 

𝒂 3.30±0.02 3.30±0.02 3.30±0.02 3.23±0.02 3.30±0.02 3.30±0.02 3.22±0.02 3.28±0.02 

𝒁𝒎𝒊𝒄
𝑷𝒏𝑩𝑨 260±6 268±6 272±6 271±6 272±6 273±6 272±7 272±6 

𝒁𝒎𝒊𝒄
𝑷𝑨𝑨 226±6 212±6 214±6 236±6 221±8 253±8 263±8 282±8 

𝒄𝒎𝒊𝒄(
𝒎𝒈

𝒎𝒍
) 0.27±0.02 0.54±0.03 0.96±0.05 2.62±0.09 0.28±0.02 0.54±0.03 0.97±0.05 2.48±0.09 
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Figure 3: SANS profiles from PnBA-b-PAA-1 aqueous solutions 1 (○) and 3 (○) mg/ml  at pH7, 

0.01M NaCl (a) and 0.15M NaCl (b). Continuous lines are fits to the experimental data. The 

separate contributions of micelles and aggregates are shown in b. 

 

The SANS data from PnBA-b-PAA-1 (figure 3) presented a power-law trend at 2x10-3-2x10-2 Å-

1. This is a clear signature of micellar aggregation into larger clusters. Hence a superposition of 

𝐼𝑚𝑖𝑐 (equation 3) with a form factor of fractal aggregates 𝐼𝑎𝑔𝑔 (equation 5) was used. 

Additionally a hydrated shell did not improve the fits and hence was removed. Due to strong 

aggregation the scattering at intermediate q is dominated by the aggregate form factor and the 
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contribution of the shell is unresolved. In any case PnBA-b-PAA-2 already appears as a less 

complex hierarchical system for detailed investigation of protein loading at this stage compared 

to PnBA-b-PAA-1.  

 

𝐼𝑎𝑔𝑔(𝑞) = 𝐺𝑎𝑔𝑔 ∙ 𝑒𝑥𝑝 (−
𝑞2𝑅𝑔

2

3
) +

𝐵𝑎𝑔𝑔

𝑞𝑑𝑎𝑔𝑔
[𝑒𝑟𝑓 (

𝑞𝑅𝑔

√6
)]
3𝑑𝑎𝑔𝑔

  (5) 

 

The prefactors25 are related by 𝐵𝑎𝑔𝑔 =
𝐺𝑎𝑔𝑔∙𝑑𝑎𝑔𝑔

𝑅𝑔
𝑑𝑎𝑔𝑔

∙ [
6𝑑𝑎𝑔𝑔

2

(2+𝑑𝑎𝑔𝑔)(2+2𝑑𝑎𝑔𝑔)
]
𝑑𝑎𝑔𝑔/2

𝛤 (
𝑑𝑎𝑔𝑔

2
). 

The contribution of aggregates is significant as the LS data have already shown. The radii 𝑅𝑔 and 

𝑅ℎ (table 2) are between 40 and 50 nm, while the expected micellar radius should be roughly 

three times lower than the one in PnBA-b-PAA-2. We have demonstrated the use of SANS to 

discriminate between well-defined micelles and fractal aggregates21 in a recent publication and 

explained in detail the apparent radii obtained by LS. The concentration of micelles found by 

SANS (table 4) is in agreement with the polymer solution concentration, which means that the 

aggregates contain chains in micellar and not in another conformation. The micellar aggregation 

number is much higher compared to PnBA-b-PAA-2. Possibly the PnBA - PnBA hydrophobic 

interactions are more significant than the electrostatic attractions as the length of the blocks 

decreases. Fractal exponents are characteristic of mass fractal while at high salt content 

demonstrate denser aggregation (table 4). 

Since PnBA-b-PAA-2 is the copolymer that provides solutions consisting of well-defined 

micelles with small number of coexisting aggregates, it was further tested for complexation with 

lysozyme. 

 



19 
 

Table 4: Parameters obtained by SANS on the PnBA-b-PAA-1 solutions for 1 and 3 mg/ml 

concentrations at 0.01 and 0.15M NaCl (pH 7).  

 0.01M 0.15M 

 1mg/ml 3mg/ml 1mg/ml 3mg/ml 

𝑹𝒄 (𝒏𝒎) 8.7±0.3 8.7±0.3 8.2±0.3 8.6±0.3 

𝒁𝒎𝒊𝒄
𝑷𝒏𝑩𝑨 419±18 417±18 356±14 403±16 

𝒄𝒎𝒊𝒄(
𝒎𝒈

𝒎𝒍
) 1.16±0.05 3.31±0.09 1.21±0.05 3.23±0.09 

𝒅𝒂𝒈𝒈 2.61±0.03 2.60±0.04 3.08±0.03 3.14±0.04 

 

3.2 Complexation of PnBA-b-PAA-2 micelles with lysozyme 

In figure 4 the SANS data from complexes of solutions of PnBA-b-PAA-2 mixed with lysozyme 

are shown. It is obvious that the scattering from aggregates (low- 𝑞 regime) is systematically 

enhanced by increasing the lysozyme content. At the intermediate-𝑞 regime there is a less 

pronounced but yet clear systematic variation between the curves as a function of lysozyme 

content. This range corresponds to length scales in the outer layers of the micelles. At high 𝑞 the 

SANS form factor is unaltered by addition of lysozyme, showing that the concentrated interior 

(core) of the micelles is not affected and consequently the micelles do not lose their integrity 

upon complexation. The apparent drop of intensity at the characteristic oscillation for 0.15 M 

NaCl is rather caused by weak phase separation from solution of complexes at high salt content 

as will be discussed in the following. Indeed when a higher lysozyme/polymer mass ratio (10/10) 

was tested phase separation was visually evident and the scattered intensity vanished. Indeed the 

SANS-extracted micellar concentration 𝑐𝑚𝑖𝑐  shows a weak drop as lysozyme is added for low 

salt content, whereas for the high salt case this drop is strong (tables 5 and 6). 
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/ 

Figure 4: SANS profiles from lysozyme/PnBA-b-PAA-2 aqueous solutions 0.6 mg/ml at pH 7 

0.01M (a) and 0.15M (b) NaCl with different mass ratios of lysozyme/polymer: 0/10 (□), 0.5/10 

(■), 1/10 (○), 2/10 (●) and 4/10 (△).Curved arrows represent the direction of increasing 

lysozyme content. 

 

The combined model of coexisting micelles and aggregates described by equations 3 and 5 was 

used to fit the SANS data from the PnBA-b-PAA/lysozyme complexes. Practically any other 

model for aggregate’s scattering 26 or form factor 27 of well-defined objects (representing a 

separate species) would fit the data. The unified Guinier/power-law model appears to us as the 

most generic model for objects whose high- 𝑞 scattering cannot be resolved due to the 

domination of scattering from another species i.e. micelles in our case. Although our SANS data 

do not allow the detailed description of their form factor we cannot exclude that they may be 

another well self-organized species in coexistence with the core-shell micelles. Mixtures of 

spherical cylindrical micelles28 and coexisting micelles with vesicles29 have been found and 

analyzed in detail by SANS. 
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Representative fits for complexes at low and high salt content are shown in figure 5. Although 

the contribution from the aggregates is strong in comparison to the case of no added protein, the 

micellar form factor is still adequately separated from the aggregate form factor so that a detailed 

analysis of the core-micellar structure can be performed. The fitted parameters (tables 5 and 6) of 

the core and micelle radius remain the same (within experimental error) with the ones of the 

uncomplexed micelles (table 1) for both low and high salt content. This was expected by the fact 

(as mentioned above) that the shape of the SANS curves especially at high-𝑞 was unaffected by 

the addition of lysozyme. Hence since the resulting 𝑐𝑚𝑖𝑐 is consistent with the amount of 

polymer in solution the aggregates consist of micelles not significantly perturbed by clustering 

(loose aggregates). The systematic change in shape at intermediate length scales (micellar 

corona) is captured by a systematic drop of the density profile scaling exponent 𝑎. The effect of 

the reduced exponent is an apparent increase in the number of blocks within the corona. This is 

caused by attaching of lysozyme globules on PAA segments. Using the neutron scattering length 

density of lysozyme30 in D2O 𝜌𝑙𝑦𝑠 = 3.2 ∙ 10−6Å−2 the excess apparent polymer mass is 

transformed to number of lysozyme globules per micelle 𝑍𝑙𝑦𝑠.  
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Figure 5: SANS profiles from PnBA-b-PAA-2 aqueous solutions 0.6 mg/ml at pH7 0.01M (a) 

and 0.15M (b) NaCl complexed with lysozyme at 2/10 lysozyme/polymer mass ratio. Continuous 

lines are fits to the experimental data. The separate contributions of micelles and aggregates are 

shown. 

 

It would be possible for correlations between lysozyme globules attached on the micelles and 

correlations between these globules with the core and shell of the micelles to contribute to the 

scattering. In the case of the globule-globule correlations they should be found at length scales 

relevant to their hard-core diameter since no other form of ordering should exist within the 

micelles12. This corresponds to 𝑞 > 0.1Å−1 which is in the limits of our SANS window. The 
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globule-micelle correlations are determined by a factor 
𝑠𝑖𝑛(𝑞𝑟)

𝑞𝑟
 averaged within the limits of the 

corresponding shell12. If the angular positioning of globules within the shells is random then in 

the ensemble of loaded micelles only the radial distribution of globules 𝑝(𝑟)~4𝜋𝑟2𝜑(𝑟) 

contributes. The scattered intensity from our solutions of lysozyme in the absence of PnBA-b-

PAA micelles at the lysozyme concentrations studied here is negligible in comparison to the 

scattering from micelles and complexes. Theoretically it is expected at  𝐼𝑙𝑦𝑠 = 𝑁𝑙𝑦𝑠𝑉𝑙𝑦𝑠
2 (𝜌𝑙𝑦𝑠 −

 𝜌𝐷2𝑂)
2
~0.01𝑐𝑚−1, which is in the order of background scattering. 

  



24 
 

Table 5: Parameters obtained by SANS on the lysozyme/PnBA-b-PAA aqueous solutions 0.6 

mg/ml at pH 7 and 0.01M NaCl with different mass ratios of lysozyme/polymer solutions. 

 

Parameter/* Lysozyme / Polymer mass ratio  

 0/10 0.5/10 1/10 2/10 4/10 

𝑹𝒄 (𝒏𝒎) 10.8±0.4 10.8±0.4 10.8±0.4 10.8±0.4 10.8±0.4 

𝑹𝒎(𝒏𝒎) 58±1 58±1 58±1 58±1 58±1 

𝑹𝒉(𝒏𝒎)* 49±3 43±3 35±3 37±3 36±3 

𝑹𝒈(𝒏𝒎)* 48±4 67±5 57±5 58±4 63±5 

𝒂 3.30±0.02 3.22±0.02 3.01±0.02 2.82±0.02 2.58±0.02 

𝒄𝒎𝒊𝒄(
𝒎𝒈

𝒎𝒍
) 0.54±0.03 0.52±0.03 0.49±0.03 0.49±0.03 0.45±0.03 

𝒁𝒍𝒚𝒔 - 19±2 59±5 117±13 185±14 

𝒁𝒍𝒚𝒔* - 50±4 47±4 74±6 84±7 

𝜻(𝒎𝑽)* -34±4 -32±4 -28±3 -28±3 -24±3 

*parameters obtained from the LS experiments 
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Table 6: Parameters obtained by SANS on the lysozyme/PnBA-b-PAA aqueous solutions 0.6 

mg/ml at pH7 and 0.15M NaCl with different mass ratios of lysozyme/polymersolutions. 

 

Parameter/* Lysozyme / Polymer mass ratio  

 0/10 0.5/10 1/10 2/10 4/10 

𝑹𝒄 (𝒏𝒎) 10.9±0.4 10.9±0.4 10.9±0.4 10.9±0.4 10.9±0.4 

𝑹𝒎(𝒏𝒎) 59±1 59±1 59±1 59±1 59±1 

𝑹𝒉(𝒏𝒎)* 47±4 34±3 31±3 31±3 34±3 

𝑹𝒈(𝒏𝒎)* 41±4 42±4 35±4 45±4 45±4 

𝒂 3.30±0.02 3.23±0.02 3.17±0.02 3.13±0.02 3.03±0.02 

𝒄𝒎𝒊𝒄(
𝒎𝒈

𝒎𝒍
) 0.54±0.03 0.53±0.03 0.48±0.03 0.39±0.03 0.23±0.03 

𝒁𝒍𝒚𝒔 - 22±1 47±4 52±4 58±4 

𝒁𝒍𝒚𝒔* - 72±6 92±48 97±8 352±30 

𝜻(𝒎𝑽)* -33±4 -30±4 -29±3 -26±3 -19±3 

*parameters obtained from the LS experiments 
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Figure 6: Number of lysozyme globules (a) and scattering intensity from aggregates (b) from 

PnBA-b-PAA-2 aqueous solutions 0.6 mg/ml complexed with lysozyme at pH7 0.01M (□) and 

0.15M (■) NaCl. Dashed lines are guides to the eye. Straight line indicates the power law 

dependence. 

 

 

A lysozyme globule has an ellispoid shape with a volume 31 that is less than 0.1% of the average 

shell volume of the PnBA-bPAA-2 micelles. Hence it can be thought of as a small particle 

entering a large polymeric structure. The number of lysozyme globules loaded per micelle 

obtained by SANS (figure 6a, tables 5 and 6) is an increasing function of protein concentration 

for low salt content, while in the case of high salt it apparently reaches a saturation value. This 
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shows that electrostatic interactions play a dominant role in the complexation between the two 

oppositely charged components32. In figure 6b the scattering contribution from aggregates at low 

q (0.002 Å−1) is presented. We have normalized this scattered intensity by the concentration of 

micelles obtained by SANS since its drop is most possibly caused by partial precipitation of 

complexes (tables 5 and 6). This effect is important at high salt content.  The strong dependence 

on lysozyme concentration (𝐼𝑎𝑔𝑔~𝑐𝑙𝑦𝑠
1.8) highlights the sensitivity of the systems hieararchical 

organization. The protein globules may act as bridges between micelles. The decrease of the 

profile exponent 𝑎 upon complexation shows that protein globules adsorb preferentially on the 

micellar periphery. This way they are available to connect/complex with on the coronas of other 

micelles. The mass of lysozyme per micelle (data not shown) is comparable to this ratio in 

solution for low salt content which shows that micelles separate most of the protein from 

solution. We have observed the same effect in lysozyme interacting with poly(ethylene oxide)-

block-poly(N-isopropylacrylamide)-block-poly(acrylic acid) (PEO-b-PNIPAM-b-PAA) 

thermoresponsive triblock copolymer aggregates at similar solution conditions. Following the 

kinetics of complexation secondary clustering of aggregates mediated by lysozyme was also 

observed33. At high salt free lysozyme globules remain in solution since complexation is weaker 

(figure 6a). One can conclude that keeping the protein solution content low provides a system 

with mostly loaded micelles and with weak presence of aggregates. Additionally the limits of 

strong aggregation and precipitation are explored by observing the morphology at higher protein 

contents. 
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Figure 7: Light scattering from 0.05mg/ml PnBA-b-PAA-2 micelles at pH7 and 0.01M NaCl 

mixed with lysozyme at 2/10 lysozyme/polymer mass ratio. (a) Main relaxation rate as a function 

of 𝑞2 (from DLS). Inset: relaxation time distributions obtained by CONTIN at 60° (○), 90° (△) 

and 120° (■). (b) Rayleigh ratio in Guinier plot (SLS). Straight lines are fits to the experimental 

data. 

 

The light scattering results from PnBA-b-PAA-2 and their complexes are incorporated in tables 5 

and 6. The hydrodynamic radii distributions extracted by CONTIN analysis contained in general 

one single diffusive mode and the relaxation rate 𝛤(𝑞) was found proportional to 𝑞2 (figure 9a). 

The distributions of relaxation times are rather broad (figure 9a inset) and extend towards higher 
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relaxation times pointing to the presence of species of large hydrodynamic radius. This indicates 

intermicellar aggregation although less pronounced in very dilute solution. The static light 

scattering data (figure 9b) were analyzed with the Guinier approximation and contained non-

linear behavior at low 𝑞 due to the presence of aggregates and hence the linear part of the plots 

was analyzed. Nevertheless a drop in 𝑅ℎ is observed as protein content is increased (tables 5 and 

6). In this case the number of PAA chains in the corona is small (~80) compared to the SANS 

experiments (~270). Hence incorporation of protein globules may induce folding of the stretched 

chains and reduce 𝑅ℎ. On the other hand 𝑅𝑔 is rather costant for 0.15M NaCl and increasing for 

0.01 M NaCl. This is possibly an effect of aggregation which cannot be easily decoupled from 

the measurements as in DLS where the  relaxation time at the distribution maximum may be 

obtained by the CONTIN analysis.  This is a sign that SLS measurements are very sensitive to 

the presence of aggregates in solution. This is also the reason why our Guinier diagrams do not 

appear perfectly linear. The importance of small angle scattering methods is proved here by its 

ability to distinguish between the different species even when they are organized in a hierarchical 

manner21. 

For the complexed micelles the amount of lysozyme can be calculated as follows34. Assuming 

that the scattered light from free lysozyme in solution is negligible then from 
𝐾𝑝𝑜𝑙𝑐𝑝𝑜𝑙

𝑅(𝑞=0,𝑐)
=

1

𝑀𝑤
𝑎𝑝𝑝 the 

apparent molecular weight obtained has to be rescaled if we use polymer’s parameters i.e. 

𝐾𝑝𝑜𝑙 =
4𝜋2𝑛0

2

𝑁𝐴𝜆4
(𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙

2  and 𝑐𝑝𝑜𝑙. For (𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙 we use a weight average i.e. (𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙 =

0.5 ∙ (𝜕𝑛/𝜕𝑐)𝑃𝑛𝐵𝐴 + 0.5 ∙ (𝜕𝑛/𝜕𝑐)𝑃𝐴𝐴 with35 (𝜕𝑛/𝜕𝑐)𝑃𝑛𝐵𝐴 = 0.134𝑚𝑙/𝑔 and36 (𝜕𝑛/𝜕𝑐)𝑃𝐴𝐴 =

0.14𝑚𝑙/𝑔. For The additional mass percentage 𝑤 due to lysozyme on the micelle leads to a 

complexes molecular weight 𝑀𝑤
𝑐𝑜𝑚𝑝 = (1 + 𝑤) ∙ 𝑀𝑤

𝑚𝑖𝑐, where 𝑀𝑤
𝑚𝑖𝑐 is the molecular mass of the 
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micelles before complexation. The concentration of the complexed particles is (1 + 𝑤) ∙ 𝑐𝑝𝑜𝑙 and 

their refractive index increment is (𝜕𝑛/𝜕𝑐)𝑐𝑜𝑚𝑝 =
1

1+𝑤
(𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙 +

𝑤

1+𝑤
(𝜕𝑛/𝜕𝑐)𝑙𝑦𝑠𝑜 with 

(𝜕𝑛/𝜕𝑐)𝐿𝑌𝑆𝑂 = 0.153𝑚𝑙/𝑔 37. From the equation 𝑀𝑤
𝑎𝑝𝑝 ∙ 𝐾𝑝𝑜𝑙 ∙ 𝑐𝑝𝑜𝑙 = 𝑀𝑤

𝑐𝑜𝑚𝑝 ∙ 𝐾𝑐𝑜𝑚𝑝 ∙ 𝑐𝑐𝑜𝑚𝑝 

the mass percentage 𝑤 is obtained (equation 5). 

 

𝑤 = (√
𝑀𝑤
𝑎𝑝𝑝

𝑀𝑤
𝑚𝑖𝑐 − 1) ∙

(𝜕𝑛/𝜕𝑐)𝑝𝑜𝑙

(𝜕𝑛/𝜕𝑐)𝑙𝑦𝑠
  (5) 

 

The resulting values for 𝑍𝑙𝑦𝑠  from SLS are also increasing with lysozyme concentration (tables 

5 and 6). Nevertheless we would not expect higher lysozyme loading in LS experiments were 

𝑍𝑙𝑦𝑠 is lower compared to SANS conditions. Additionally at lysozyme/PnBA-b-PAA mass ratio 

4/10 and 0.15M NaCl (table 5) 𝑍𝑙𝑦𝑠 is much higher than in SANS and hence we conclude that 

micellar aggregation strongly affects apparent molecular weight. So although SLS follows the 

systematically increasing interaction between protein globules and micelles with high sensitivity 

it is difficult to extract 𝑍𝑙𝑦𝑠 quantitatively in the presence of two populations. Zeta potential 

measurements (tables 5 and 6) confirm the complexation of the negatively charged PnBA-b-

PAA-2 micelles with positive charged lysozyme globules. The initially positive micelles reduce 

their absolute surface charge38 as lysozyme is added. Surface charge reduction is another factor 

that contributes to the strong dependence of aggregation on lysozyme concentration. The zeta 

potential values are lower in absolute value in the solutions of high salt as expected because of 

the reduction of electrostatic interactions. 

 

4. CONCLUSIONS 
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The self-assembly of three HOOC-PnBA-b-PAA-C12H25 amphiphilic polyelectrolytes is 

investigated in aqueous solutions. LS measurements reveal that PnBA-PAA-2 is the most well-

defined micellar system. The SANS data analysis of PnBA-b-PAA-2 shows that it indeed forms 

core-shell micelles. For PnBA-b-PAA-1 the contribution of two separate species i.e. micelles and 

inter-micellar aggregates is observed. Complexation between PnBA-b-PAA-2 micelles with 

lysozyme occurs in mixed solutions as proved by LS measurements. SANS qualitatively 

describes both the loaded lysozyme amount per micelle and the formation of intemicellar 

aggregates as a function of lysozyme concentration. At 0.01M NaCl most of lysozyme is 

separated from solution, while at 0.15M there is a saturation of lysozyme loading at lower 

protein concentration. The morphology and shape of micelles do not change upon intermicellar 

aggregation which means that the aggregates formed are loose. Both the amount of loaded 

lysozyme and the hierarchical micelle organization can be tuned by the lysozyme and salt 

solution content. This study utilizes the power of scattering techniques to investigate the 

hierarchical organization of complex synthetic/biological hybrid self-assembled nanosystems as 

it qualitatively describes complexation of protein globules with single micelles and intermicellar 

aggregation. 
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