
Kent Academic Repository
Full text document (pdf)

Copyright & reuse

Content in the Kent Academic Repository is made available for research purposes. Unless otherwise stated all

content is protected by copyright and in the absence of an open licence (eg Creative Commons), permissions 

for further reuse of content should be sought from the publisher, author or other copyright holder. 

Versions of research

The version in the Kent Academic Repository may differ from the final published version. 

Users are advised to check http://kar.kent.ac.uk for the status of the paper. Users should always cite the 

published version of record.

Enquiries

For any further enquiries regarding the licence status of this document, please contact: 

researchsupport@kent.ac.uk

If you believe this document infringes copyright then please contact the KAR admin team with the take-down 

information provided at http://kar.kent.ac.uk/contact.html

Citation for published version

Urbano, Laura and Clifton, Luke Ashley and Ku, Hoi Ki and Kendall-Troughton, Hannah and
Vandera, Kalliopi-Kelli A. and Matarèse, Bruno F.E. and Abelha, Thais Fedatto and Li, Peixun
and Desai, Tejal A. and Dreiss, Cecile A. and Barker, Robert and Green, Mark A and Dailey,
Lea Ann and Harvey, Richard D  (2018) Influence of Surfactant Structure on Photoluminescent

DOI

https://doi.org/10.1021/acs.langmuir.8b00561

Link to record in KAR

http://kar.kent.ac.uk/66993/

Document Version

Author's Accepted Manuscript

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Kent Academic Repository

https://core.ac.uk/display/189720335?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


 1

Influence of Surfactant Structure on 

Photoluminescent π�Conjugated Polymer 

Nanoparticles: Interfacial Properties and Protein 

Binding 

Laura Urbano
a
, Luke Clifton

c
, Hoi Ki Ku

a
, Hannah Kendall�Troughton

a
, Kalliopi�Kelli A. 

Vandera
a
, Bruno F.E. Matarese

g
, Thais Abelha

a
, Peixun Li

c
, Tejal Desai

b
, Cécile A. Dreiss

a
, 

Robert D. Barker
d
, Mark A. Green

e
, Lea Ann Dailey*

f
, Richard D. Harvey

f
 

KEYWORDS  

Conjugated polymer nanoparticles, protein corona, PEG, surfactants, albumin binding 

 

ABSTRACT 

Π�conjugated polymer nanoparticles (CPNs) are under investigation as photoluminescent agents 

for diagnostics and bioimaging. To determine whether the choice of surfactant can improve CPN 

properties and prevent protein adsorption, five non�ionic polyethylene glycol alkyl ether 

surfactants were used to produce CPNs from three representative π�conjugated polymers. The 

surfactant structure did not influence size or yield, which were dependent on the nature of the 
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 2

conjugated polymer. Hydrophobic interaction chromatography, contact angle, quartz crystal 

microbalance and neutron reflectivity studies were used to assess the affinity of the surfactant to 

the conjugated polymer surface, and indicated that all surfactants were displaced by the addition 

of a model serum protein. In summary, CPN preparation methods which rely on surface coating 

of a conjugated polymer core with amphiphilic surfactants may produce systems with good 

yields and colloidal stability in vitro, but may be susceptible to significant surface alterations in 

physiological fluids. 
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 3

������������		

Conjugated polymer nanoparticles (CPNs) show promise as highly biocompatible optical 

imaging systems, and have been the object of exploration for numerous biological applications1–

6. The preparation conditions can influence several parameters, including particle size, particle 

size distribution, percentage product yield, colloidal stability, and optical properties6–8. 

Therefore, the choice of production method and stabilizing excipients used is central to 

performance optimization and industrial scale�up of CPNs. One of the major shortcomings in this 

rapidly expanding field is the lack of published information regarding the impact of post�

synthetic CPN fabrication techniques on the final product. Much of the information on this topic 

is dispersed in the literature and restricted to very specific polymers/formulations. Information, 

such as nanoparticle yield values and optical stability, and the rationale behind the choice of 

production conditions are rarely reported. When such values are published, they reveal major 

shortcomings, or at best a great variability in current preparation techniques for CPNs9,10. 

Another important issue insufficiently addressed in the literature is the stability of CPNs in 

biological media. Currently, many studies investigating CPNs for bioimaging purposes utilize 

core�shell nanoparticle systems, comprised of a conjugated polymer core surrounded by a shell 

of adsorbed surfactant molecules that promotes colloidal stability of the particles, and is 

occasionally further functionalized with a targeting moiety11–13,9. However, surface coatings 

which rely on hydrophobic interactions between the conjugated polymer and the surfactant, can 

be destabilized in biological fluids. Plasma proteins can easily displace a proportion of the 

surfactant from the particle surface forming a protein corona14,15, thus compromising CPN 

functionality when introduced into a biological environment.  Hence, it is important to study the 
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 4

interactions of surfactant chemistries used to coat CPN surfaces, to determine whether the 

stability of the coating layer can be enhanced in the presence of biological fluids. 

The aim of this study was to perform a systematic investigation to determine whether 

surfactant structure can influence CPN properties and protein binding using three representative 

conjugated polymers: F8BT, CN�PPV and PCPDTBT. The polymers were chosen either due to 

their high quantum yield values (F8BT, CN�PPV) or  their broad absorption/emission spectra 

(PCPDTBT)16–19. Instead of comparing the widely disparate surfactant structures reported in the 

literature, a series of high purity polyethylene glycol alkyl ether (CxEy) surfactants were chosen 

as model surfactants to systematically investigate the impact of i) the lipophilic component of the 

surfactant (alkyl chain length: C12�C18), ii) the hydrophilic component (PEG chain length: E6�

E100) and/or iii) the overall hydrophilic:lipophilic ratio (hydrophilic�lipophilic balance, HLB, 

values: 11.7�18.0) on the CPN properties (Figure 1). CPNs were produced according to a 

modified nanoprecipitation method20 using 1 mM surfactant. The resulting percentage product 

yield, particle size distribution, optical properties and protein binding of the systems were 

evaluated. Zeta potential, hydrodynamic interaction chromatography (HIC), contact angle 

measurements, quartz crystal microbalance with dissipation (QCM�D), and neutron reflectivity 

were employed to study the adsorption behaviour and the formation of different interfacial 

structures of both surfactant and bovine serum albumin (BSA) on the surface of the CPNs. BSA 

was chosen as a model protein, because of its abundance in serum and its ability to interact with 

amphiphilic compounds of various nature21–25. Accordingly, it was likely to interact easily with 

the PEGylated surfactants, competing with them to bind the hydrophobic conjugated polymer 

forming the nanoparticle core. It was expected that surfactants with higher lipophilicity (i.e. 

lower HLB value) would show a higher affinity to the hydrophobic conjugated polymer core of 
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 5

the respective CPN systems, thus resulting in smaller nanoparticle sizes, higher percentage yield 

values, increases in optical brightness and stability, as well as stability against displacement by 

proteins. 

	


��
��	�. Structure and selected properties of a) the conjugated polymers forming the CPN core 

(F8BT, CN�PPV and PCPDTBT) and b) the CxEy surfactants used to coat the CPN core. C) A 

schematic of the core/shell structure of CPNs. 

������������	�������	

MATERIALS � Conjugated polymers, poly(2.5�di(hexyloxy)cyanoterephthalylidene) (CN�

PPV, average molecular weight (Mw): 40,000�70,000 and poly[(9,9�di�n�octylfluorenyl�2,7�

diyl)�alt�(benzo[2,1,3]thiadiazol�4,8�diyl)] (F8BT, average Mw: 10,000�20,000 g mol�1, 
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 6

polydispersity≦ 3.00) Reagents poly[2,6�(4,4�bis�(2�ethylhexyl)�4H�cyclopenta [2,1�b;3,4�b 

dithiophene)�alt�4,7(2,1,3�benzothiadiazole)] (PCPDTBT; Mw: 7,000�20,000 g mol�1) were 

purchased from Sigma�Aldrich (UK). Polyoxyethylene (23) lauryl ether (Brij® S100, C12E100, 

Mw: 1,198 g mol�1, Brij® L23 solution, C12E23, 30% (W/V) in H2O, Mw: 1,198 g mol�1, HLB 

16.9), polyoxyethylene (20) stearyl ether (Brij® S20, C18E20, Mw: 1,150 g mol�1, HLB 15.3) and 

polyoxyethylene (10) oleyl ether (Brij® O10, C18�1E10, Mw: 709 g mol�1, HLB 12.4), 

hexaethylene glycol monododecyl ether (C12E6, HLB 11.6, Mw: 450.65 g mol�1), albumin from 

bovine serum (fraction V, essentially protease free, ≥92% (GE)) and tetrahydrofuran (THF 

RegentPlus®, ≥99+%) were purchased from Sigma�Aldrich Corporation (UK). The d25C12E6 and 

C18E20 surfactants used for neutron reflectometry studies, were custom synthesized by the ISIS 

Deuteration Facility at the Rutherford Appleton Laboratory (Science and Technology Facilities 

Council, UK). 

�
��������	����������������	

The adsorption of surfactants at the air�water surface was assessed by measuring the surface 

pressure. A Langmuir trough (NIMA Technologies Ltd., Coventry, UK) equipped with a 

calibrated NIMA PS4 pressure sensor and a Wilhelmy plate (Whatman, grade 1, 

chromatographic paper), connected to a controlling computer with the NIMA IU4 interface unit 

software was used. For all the experiments a PFA petri dish (Chemware®, Chemfluor® PFA, 

Petri Dish, Saint�Gobain Performance Plastics, D1069544, Batch # G664) with diameter 50 mm, 

height 10 mm and volume capacity 20 mL was placed over a magnetic stirring plate on the PTFE 

Langmuir trough top surface. A subphase free from dust and contaminants (ultra�pure water, 

18.2 MP⋅cm) was poured into the petri dish and a clean Wilhelmy plate was suspended from the 

meter arm of the Langmuir trough and submerged into the subphase. Each surfactant solution 
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 7

was injected (100 mL of 1 mg mL�1) in the subphase while stirring. The adsorption of the drug 

on the surface causes changes in surface pressure which are recorded over time under a constant 

surface area (21.3 A2 m�1) at 23°C. Each sample was run in triplicate (n=3) and the changes in 

surface pressure were plotted against time (P&A�Time isotherm). The P�Time isotherm was 

fitted with a sigmoidal model (Hill plot with 3 parameters) using SigmaPlot 13.0 software in 

order to analyse the kinetics of the process. The model is described by  

� 
�����	�!       ���� =
�∗
�

�
�%��
�
 

where Π is the maximum surface pressure reached at the plateau, b is the Hill coefficient of 

sigmoidicity (hill slope at its midpoint) and t50% is the time for which 50% of maximum 

pressure is obtained.  

���	"��#
�����	

Nanoparticles were produced via a modified nanoprecipitation method. Stock solutions of 

F8BT, CN�PPV and PCPDTBT (1.5 mg mL�1) were prepared in THF. Aqueous surfactant 

dispersions (C12E100, C12E23, C18E20, C18�1E10, C12E6; 1mM, 30 mL) were prepared and stirred for 

10 minutes prior to use. The polymer stock solution (1 mL) was added dropwise to the surfactant 

dispersion whilst stirring, sonicated in an ultrasonic bath at 44Hz for 90 seconds (XUBA3 

Ultrasonic bath Grant, UK) remove incompletely formed and unstable aggregates, and to 

facilitate evaporation of organic solvent present in nanosuspension26. Suspensions were further 

stirred overnight for complete evaporation of the THF. Volumes were re�adjusted to 30 mL with 

distilled water prior to use and CPN suspensions were stored at 4°C. 

�$��%��	&����	����������		

The average hydrodynamic diameter was measured (n=3 replicates) by dynamic light 

scattering (DLS) using a Zetasizer Nano ZS (Malvern Instruments Ltd, Worcestershire, UK). 
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 8

Size was measured at 25 °C, with backscatter detection at a measurement angle of 173° and a 

refractive index of 1.59.	

����������	$��&#	

The percentage yield was defined as the percentage of nanoparticles within a given batch with 

a Stokes diameter < 500 nm.  The threshold was chosen based on the extended definition of 

nanoparticle size (limit 500 nm27).  The Stokes diameter was chosen as an equivalent measure of 

particle size, due to the ease of separating particles of different sizes based on sedimentation 

velocity during centrifugation (see Supplementary Information for further details). Aliquots of 

nanosuspension (1 mL; n=3 replicates for each formulation) were centrifuged at 5111g for 10 

minutes (Heraeus™ Pico™ Microcentrifuge, Thermo Fisher Scientific, USA). The pellet and 

supernatant were separated, and all samples were dried. THF (1mL) was added to each sample 

and the concentration of conjugated polymer was determined using UV spectrophotometry 

(Lamba 2S, Perkin Elmer Inc., USA). The percentage yield of nanoparticles with a Stoke’s 

diameter < 500 nm (i.e. supernatant fraction) was calculated according to Equation 2: 

� 
�����	':  ����������	�����	��	������������ = 	
!"#$%&'(�('�)

!"#$%&'(�('�)�!$%**%�)
× 	100% 

�����&
%���������	��#	 
���
%	$��&#	

The photoluminescence of F8BT and CN�PPV CPN formulations (n=3 replicates) in water was 

measured with a luminescence spectrometer (LS50B, PerkinElmer Ltd).  F8BT and CN�PPV 

were excited at 470 and 430 nm, respectively, and an emission scan was recorded from 500�800 

nm (ex/em slits 4 nm/4 nm). The photoluminescence of PCPDTBT CPN formulations (n=3 

replicates) in water was measured using a spectrofluorometer (Fluoromax�4, Horiba). PCPDTBT 

CPNs were excited at 410, and an emission scan was recorded from 450�800 nm (ex/em slits 5 
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 9

nm/5 nm). The photoluminescence quantum yields (PLQYs) were measured using an absolute 

PLQY spectrometer (C11347 Quantaurus�QY, Hamamatsu Photonics, Japan). 

($#��"��)��	�����������	����%������"�$	

Hydrophobic interaction chromatography28 was used to characterize surfactant affinity to the 

conjugated polymer core, as well as protein adsorption to the particle surface using bovine serum 

albumin (BSA) as a model protein. CPN suspensions (n = 3 individual batches) were prepared as 

described above with either C12E6 or C18E20, and diluted to a concentration of 50 µg mL�1 in 

distilled water with or without 1 mg mL�1 BSA then incubated for 1 hour at 37 °C. Non�particle 

bound BSA and excess surfactant were removed by centrifugation, removal of the supernatant 

and resuspension in PBS. The washing procedure was repeated twice. Suspensions (250 ZL) 

were then eluted with PBS through three different HiTrap™ substituted sepharose hydrophobic 

interaction columns: butyl FF, phenyl FF (high substitution) and octyl FF (GE Healthcare Life 

Sciences, Little Chalfont, UK). The eluent was collected in 8 fractions (1 mL) and analysed for 

particle content via UV absorbance (SpectraMax 190, Molecular Devices, CA, USA; λ = 450 

nm) 29. Particles retained in the column were subsequently eluted using 1% Triton X�100, 

whereby the eluent was collected in a further 8 fractions (1 mL). Absorbance values were plotted 

against elution volumes and two area under the curve (AUC) values were calculated using 

Prism™ 6.0 software (Graphpad Prism 5, CA, USA). The particle retention (%R) in each of the 

three columns was defined according to � 
�����	*!	     

 

The HIC index value was calculated according to  

� 
�����	+!            
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 10

Whereby, 0.47, 0.94 and 2.05 represent the logP values of each column linker (butyl, phenyl and 

octyl modified columns, respectively) as calculated using Marvin Sketch (version 5.5.0.1, Chem 

Axon Limited). In the denominator, each logP value was multiplied by 100%, which represents 

the theoretical case of 100% retention on each column achieved by a particle with maximum 

hydrophobicity. HIC index values of 1.0 indicate maximum hydrophobicity and 0.0 minimum 

hydrophobicity14.  

   

,���	"�������&	

CPN suspensions were prepared as described above with either C12E6 or C18E20, diluted to a 

concentration of 50 µg mL�1 in distilled water, with or without 1 mg/mL BSA, and incubated for 

1 h at 37 °C. Non�particle bound BSA and excess surfactant were removed by centrifugation, 

removal of the supernatant and resuspension in 5 mM NaCl. The washing procedure was 

repeated two times. The zeta potential was measured (n=3 individual batches) using the 

Nanosizer in 5 mM NaCl at 25 °C and Zetasizer Software 6.20 was used to analyse the data.  

�������	���&�	%���
��%����		

Solutions of F8BT (2 mg/mL in chloroform), CN�PPV (2 mg/mL in chloroform), and 

PCPDTBT (2 mg mL�1 in THF) were prepared for spin�coating of thin polymer films onto silicon 

wafers. Spin coating was performed by flooding the wafer surface with polymer solution and 

rotating under a nitrogen atmosphere at 4500 rpm (acc. 1500) for 30 s using a Süss MicroTec 

spin coater (Delta 6 RC TT, Süss MicroTec Lithography GmbH, Germany). The sessile droplet 

method was used to measure the contact angle of six 10 µL droplets of purified water (18.2 MP) 

applied randomly across a single thin film surface. The measures were performed over a total of 

6 thin films (two for each polymer) using a DP�M17 USB Digital Microscope (Conrad 
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 11

Electronics, UK).  Three films were subsequently submerged in 10 mL surfactant solution (1 

mM C18E20, and C12E6, respectively) and incubated at ambient room temperature for 15 minutes, 

followed by gentle rinsing with purified water (5x) and drying under nitrogen prior to contact 

angle measurements of six further 10 µL droplets of purified water. Surfactant�treated films were 

then submerged in 10 mL BSA solution (1 mg mL�1) and incubated at ambient room temperature 

for 15 minutes, followed by gentle rinsing with purified water (5x) and drying under nitrogen 

prior to contact angle measurements of six further 10 µL droplets of purified water. 

The contact angle was measured based on image analysis, using ImageJ software with the plug�

in Drop Shape Analysis based on B�spline snakes algorithm30. Contact angle measurements were 

reported as the mean ± standard deviation of n=6 droplets per film.  

-
���.	��$���&	%����)�&����	

Conjugated polymer thin films were prepared by spin�coating onto gold�coated quartz crystals 

(Q�Sense, Biolin Scientific, Stockholm, Sweden). Spin coating was performed as described 

above. Quartz crystal microbalance with dissipation monitoring (QCM�D) experiments31 were 

conducted on a Q�Sense E4 instrument (Q�Sense, Sweden). After stabilization of the baseline in 

deuterated water, changes in resonant frequency ^f and energy dissipation ^D were monitored as 

a function of time using overtones 3 to 13 (15 to 65 MHz). Surfactant solution (d C12E6 or d 

C18E20, 1 mM) was continuously injected in the chamber for 10 mins then allowed to adsorb for 

5 min. The chamber was then rinsed with D2O continuously injected for 10 mins and then 

allowed to rest for 5 min ensuring enough time for the F and D to stabilize. BSA solution 1 mg 

mL�1  was then injected over for 10 mins then allowed to adsorb for 5 min. The chamber was 

then rinsed with D2O continuously injected for 10 mins and then allowed to rest for 5 min 

ensuring enough time for the F and D to stabilize Q�Tools software (Q�Sense AB, Gothenburg, 
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 12

Sweden) was used to analyse the QCM data. For each condition, the experiments were repeated 

3 times. The measurements were found to be reproducible and a representative data set are 

presented. 

��
����	���&����%���$	

Specular neutron reflectometry (NR) measurements were carried out using the white beam 

INTER reflectometer32 at the Rutherford Appleton Laboratory (Oxfordshire, UK), employing 

neutron wavelengths from 1.5 to 16 Å. The reflected intensity was measured at two glancing 

angles, being 0.7° and 2.3°, as a function of the momentum transfer, Qz (Qz = (4π sin θ)/λ where 

λ is wavelength and θ is the incident angle). This yielded data over a Qz range of ~0.01 to 0.3 Å�

1 with a resolution (dQ/Q) of 3.5% and a total illuminated length of 60 mm. 

The samples were prepared by spin�coating F8BT polymer onto the polished surfaces of 

cleaned 50 × 100 × 10 mm silicon substrates (Crystran Ltd, Poole, UK). The surface of each 

substrate was flooded with a 0.2% w/v solution of F8BT in chloroform and spun at 3000 rpm for 

30 s under vacuum. The resultant coated substrates were then secured into flow cells purpose 

built for analysis of silicon�liquid interfaces, which were placed on a variable�angle sample stage 

in the NR instrument. The inlets to the flow cells were connected to a liquid chromatography 

pump (L7100 HPLC pump, Merck, Hitachi) which allowed for easy exchange of the solution 

isotopic contrast within each (3 mL volume) solid�liquid sample cell.  

Three F8BT�coated silicon substrates were prepared, which were all characterised by NR in 

three different solvent contrasts; D2O, H2O and silicon�matched water (SMW, a mixture of 62% 

H2O and 38% D2O). One sample was exposed (via the HPCL pump) to a 1 mg mL�1 solution of 

BSA in D2O and incubated for 1 hour, prior to flushing of the excess BSA and NR measurement. 

The further two samples were first exposed to 1 mM surfactant solutions (either d25C12E6 or 
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 13

C18C20) in H2O and incubated for 1 hour, prior to flushing of the excess surfactant and NR 

measurement. The surfactant�coated F8BT samples were subsequently incubated with BSA (1 h) 

before flushing of the excess protein and final NR measurements. After the initial 

characterisation of the polymer films, four solvent contrasts were used; D2O, H2O, SMW and 

polymer�matched water (PMW, a mixture of 76% H2O and 24% D2O with a scattering length 

density of 1.106 × 10�6 Å
�2, based on an estimated SLD for F8BT). All measurements were 

carried out at ambient temperature (298 K). 

The NR data were analysed using the in�house software, RasCal (A. Hughes, ISIS Spallation 

Neutron Source, Rutherford Appleton Laboratory) which employs an optical matrix formalism 

(described in detail by Born and Wolf33) to fit Abeles layer models to the interfacial structure. In 

this approach the interface is described as a series of slabs, each of which is characterised by its 

scattering length density (SLD), thickness and roughness, where the roughness parameter is 

applied as a Gaussian smearing across the interface. The reflectivity for the model starting point 

is then calculated and compared with the experimental data. A least squares minimisation is used 

to adjust the fit parameters to reduce the differences between the model reflectivity and the data. 

In all cases the simplest possible model (i.e. least number of layers), which adequately described 

the data, was selected. 

����������	

Statistical analyses were conducted using Graph Pad Prism (San Diego, CA). p < 0.05 were 

considered significant: * <0.05, ** <0.01, *** <0.001. 

���
&��	��#	����
�����	

������	��	�
��������	���
��
��	��	���	"��"������	
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 14

Prior to their use in nanoparticle preparation, the five CxEy surfactants chosen for study (HLB: 

11�18) were characterised with regard to their adsorption behaviour at the air�water interface 

using a Langmuir trough (Figure 2). The surface pressure�time isotherms depicted in Figure 2 

describe the dynamic formation of a surfactant monolayer at the air�liquid interface and can be 

used as a first approximation to surfactant adsorption processes from the aqueous phase onto the 

hydrophobic conjugated polymer surface during CPN formation. As hypothesized, a rough 

correlation between surfactant HLB value and accumulation at the interface was observed, 

whereby the more hydrophobic surfactants (lower HLB values) generally showed a higher 

surface pressure compared to hydrophilic surfactants (higher HLB values) and thus could be 

predicted to show a higher affinity to a hydrophobic polymer surface.  However, it was also 

observed that C12 surfactants exhibited a multi�step adsorption isotherm, which indicated that 

multiple adsorption or desorption processes occurred prior to reaching a maximum equilibrium 

state. In contrast, C18 surfactants organised themselves rapidly at the air�water interface resulting 

in a single step adsorption isotherm. The isotherms of all the surfactants, apart from the C12E6, 

exhibited a good fit to the Hill equation with three parameters (Table 2). For C12E6, the Hill 

equation could only be used to characterise the first adsorption equilibrium event. 
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 15


��
��	'. Surface pressure�time isotherms on a distilled water sub�phase after injection of five 

different non�ionic surfactant solutions. The adsorption studies were conducted under constant 

area (21.3 A2) and temperature (23 °C) with curves representative of n=3 experiments. 

��)&�	 ': Coefficients from the Hill equation used to fit the pressure�time isotherms. Π is the 

maximum surface pressure reached, t1/2 the time needed to reach 50% of Π and (Π/2) is the half 

maximum surface pressure. These data are presented as mean ± std (n=3). 

Theoretical model:  .�/� =
�∗/0

123%
0�/0

 

Sample 
1st Π  
(mN m�1) 

Hill 
coefficient 
(b) 

t50%(min) 
1st Π/2  
(mN m�1) 

Surface 
equilibrium 
pressure (mN m�1) 

C12E6 
34.42 ± 
1.30 

� 0.65 ± 0.04 
17.90 ± 
1.70 

27.96 ± 0.60 

C18�1E10 
36.36 ± 
0.40 

1.94± 0.50 1.21 ± 0.33 
18.67 ± 
1.10 

36.14 ± 0.60 

C18E20 
27.93 ± 
0.50 

2.44 ± 0.90 1.18 ± 0.02 
14.72 ± 
0.40 

27.96 ± 0.60 

C18E100 
16.81 ± 
0.60 

6.77 ± 3.30 0.62 ± 0.05 
10.82 ± 
0.40 

17.16 ± 1.10 

C12E23 
15.34 ± 
1.20 

� 0.66 ± 0.01 9.50 ± 1.00 15.12 ± 1.00 

 

CPNs were produced with a modified nanoprecipitation method using the five different CxEy 

surfactants as surface stabilisers and exhibited different particle size and yield values (Figure 3).  

It was observed that conjugated polymer properties, as opposed to the nature of the surfactant, 

were more influential in determining CPN size and yield, with all F8BT (214�296 nm) 

nanoparticles significantly larger (P<0.05 and P<0.1; two�way ANOVA test with Bonferroni 

post�test) than their CN�PPV (106�135 nm) and PCPDTBT (122�146 nm) counterparts. The 
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 16

polydispersity values of all CPNs (Table 2) show that CN�PPV nanoparticles were more 

narrowly dispersed than the F8BT and PCPDTBT systems.  

The hydrodynamic diameters observed in this study were larger than those reported for CPNs 

prepared by nanoprecipitation, especially the so�called polymer dots (Pdots4). This is likely due 

to the higher concentration of conjugated polymer in THF (1500 vs. 20 ppm4) used in the current 

study. The rationale for increasing the conjugated polymer concentration in the organic phase 

resulted from a general need to produce more highly concentrated CPN suspensions for cell�

based assays, such as cytotoxicity tests9,15. Such assays require highly concentrated CPN 

dispersions to generate dose�response curves over an appropriately broad concentration range 

9,15. Electron micrographs of selected samples from previous studies suggest that the size 

distribution of the predominantly spherical particles is multimodal, with a majority of the CPN in 

the 20�50 nm size range and a significant fraction of larger particles >100 nm16. As the intensity�

weighted Z�average values of the CPN are depicted in Figure 2, the calculated average particle 

sizes are likely to be weighted towards larger hydrodynamic diameters. 

F8BT CPN exhibited consistently larger hydrodynamic diameters compared to CN�PPV and 

PCPDTBT nanoparticles. This may be due to a combination of factors influencing the 

nanoprecipitation process, including CP concentration and solubility in THF, surface tension and 

viscosity of the organic phase, as well as THF diffusivity in water. A recent study by Huang and 

Zhang (2018) report that water�miscible organic solvents with a comparatively low diffusion 

coefficient in water, such as THF, produce larger, more polydisperse nanoparticles compared to 

solvents with higher diffusion coefficients34. Additionally, the solubility of the conjugated 

polymer in THF might also play an important role.  Polymer solubility in solvents can be 

estimated by the difference in Hildebrand solubility parameter values, with similar values 
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 17

indicating a good solubility35. The reported Hildebrand solubility parameter for F8BT (18.6�19.0 

MPa1/2)35 is much closer to THF (18.5 MPa1/2) ref than that of, e.g. PCPDTBT (21.8 MPa1/2)36. 

Thus, it may be speculated that a higher amount of soluble F8BT enriches in the THF phase 

during the comparatively slow solvent diffusion process, leading to larger polymer aggregates 

during precipitation, as well as higher overall polydispersity values. 

 

 


��
��	*/ Particle size and percentage yield of (A,D) F8BT, (B,E) CN�PPV and (C, PCPDTBT 

nanoparticles. Values represent the mean ± standard deviation of n=3 CPN batches *p < 0.05, 

**p < 0.01, ***p < 0.001. 
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��)&�	 */ Polydispersity index values of F8BT, CN�PPV and PCPDTBT nanoparticle size 

distribution profiles. Values represent the mean ± standard deviation of n=3 CPN batches.  

	 ��&$#��"�����$	��#�0	

�
��������	 HLB F8BT CN�PPV PCPDTBT 

��1��22	 18.0 0.36 ± 0.09 0.09 ± 0.07 0.10±0.01 
 

��'�'*	 16.9 0.26 ± 0.10 0.14 ± 0.10 0.11±0.01 

��1�'2	 15.0 0.37 ± 0.08 0.08 ± 0.03 0.10±0.01 

��13���2	 12.9 0.21 ± 0.03 0.11 ± 0.05 0.09±0.01 

��'�4	 11.7 0.36 ± 0.02 0.09 ± 0.02 0.09±0.01 

 

All CN�PPV nanoparticles were prepared with very high yields (span 87�93%), which were 

significantly (P<0.001) higher than F8BT and PCPDTBT yields (~20�60%) (Figure 3). The yield 

values for F8BT nanoparticles were consistent with results reported by Khanbeigi et al (2015), 

who observed similar yields (~20�40%) when manufacturing F8BT CPNs coated with Solutol® 

HS 15 or sodium dodecyl sulfate14. Interestingly, yield results differed considerably within the 

F8BT and PCPDTBT nanoparticle groups, although no relationship between surfactant HLB 

value and nanoparticle yield was observed. Instead, it appeared that the use of C12 surfactants 

typically resulted in lower yield values compared with C18 surfactants. This effect may be related 

to the tendency of C12 surfactants to undergo multiple adsorption/desorption processes (Figure 2) 

prior to reaching adsorption equilibrium at an interface, which suggests that the surface 

stabilising effect of CxEy surfactants may be enhanced by increasing the length of the alkyl chain, 

rather than by decreasing the overall HLB value.  

Photoluminescence emission profiles were also dictated primarily by the conjugated polymer 

properties, rather than the surfactant structure (Figure 4).  For example, the highly planar 
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conformation of F8BT is responsible for its high singlet fraction and therefore bright 

photoluminescence 37–40, with quantum yield values of 41�42%. In contrast, the coiled 

conformation of CN�PPV has been reported to make it susceptible to auto�quenching, 41–44 which 

was also observed in the current study, where CN�PPV systems had a quantum yield value of 34�

35%. PCPDTBT, which is excited and emits in the near�infrared range, is reported to have low 

quantum yield values of 0.1%45, which were also confirmed in this study (1%). The choice of 

surfactant did not influence the emission profiles of the CPNs, which showed stable emission 

spectra in deionized water with a peak around 630 nm for CN�PPV and 536 nm for F8BT. 

Furthermore, incubation with BSA did not produce any significant change in terms of absolute 

quantum efficiency (See Figure 4 b). 

 


��
��	 +/ Normalized fluorescence spectra of F8BT CPNs, CN�PPV CPNs (a) and absolute 

quantum efficiency (b) of the conjugated polymer nanoparticle dispersions.  

������	��	�
��������	���
��
��	��	"������	)��#���		

The introduction of CPNs into biological fluids containing proteins has been shown to lead to 

the displacement of the surfactant coating and the formation of a protein corona altering the CPN 

surface properties and quenching photoluminescence 46–48. As stated previously, the consequence 
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of surfactant displacement from the CPN surface may be a loss in functionality, as well as an 

altered biodistribution or biocompatibility profile 49. Thus, it is of interest to study the impact of 

conjugated polymer and surfactant chemistry on protein binding.  In the current study, several 

complementary techniques were used to probe protein adsorption to CPNs, as well as the flat 

surface conjugated polymers. Two surfactants, C12E6 (HLB: 11.7) and C18E20 (HLB: 15.0), were 

selected for investigation in this phase of the study. 

Hydrophobic interaction chromatography (HIC) and zeta potential measurements were used as 

indirect methods to investigate protein interactions with the CPN surface.  HIC has been shown 

to be a versatile tool for the assessment of nanoparticle surface hydrophobicity, surfactant 

affinity to CPN surfaces and protein adsorption 14,15,28,40,50–52. An HIC index score of 1.00 

indicates a high nanoparticle surface hydrophobicity, as demonstrated by the HIC index score of 

polystyrene nanoparticles (0.96), which are used as a reference material 28,51. HIC scores indicate 

that F8BT CPNs have a higher column material affinity (i.e. surface hydrophobicity) compared 

to CNPPV and PCPDTBT nanoparticles, regardless of the type of surfactant coating (Figure 5). 

Addition of BSA generally reduced interactions of the CPNs with the column material, 

indicating a possible adsorption of protein onto the particle surface.  This hypothesis was 

substantiated by changes to the zeta potential of the nanoparticles following addition of BSA to 

the suspension. All CPN coated with C12E6 exhibited a significant increase in electronegativity 

following BSA addition indicating protein binding to the surface. In contrast, CPNs with a 

C18E20 coating did not exhibit changes in zeta potential. 
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��
��	5. HIC index score (left panel) and zeta potential values (right panel) for A) F8BT, B) 

CN�PPV and C) PCPDTBT CPNs prepared with 1 mM C12E6 and C18E20, respectively. Prior to 

measurement, all systems were incubated 1 h at 37°C in either PBS or PBS supplemented with 

BSA (1 mg mL�1), followed by a rigorous washing procedure to remove excess protein and 

surfactant. HIC index scores and zeta potential values represent the mean ± standard deviation of 

n=3 measurements. **p < 0.01, ***p < 0.001.  

Contact angle analysis of uncoated F8BT, CN�PPV and PCPDTBT films revealed that the 

relative hydrophobicity of the conjugated polymers did not differ dramatically. Contrary to 

expectations, incubation with surfactant did not significantly improve the surface wettability, 
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except for the F8BT films, where C18E20 surfactant masked the hydrophobicity of the polymer 

film, improving its wettability by 10°. In contrast, subsequent incubation of the surfactant�coated 

films in a BSA solution significantly increased the film wettability in all cases. The differences 

between F8BT films coated with C12E6 vs. C18E20, were particularly pronounced, providing 

further evidence that C18E20 may present a more stable barrier to protein adsorption to F8BT 

compared to C12E6.	

 


��
��	 4.  Contact angle measurements of conjugated polymer films (uncoated), following 

incubation with a surfactant solution (a: C12E6; b: C18E20) and subsequent incubation in a BSA 

solution. Values represent mean and standard deviations from n=6 measurements. 

Quartz crystal microbalance with dissipation monitoring (QCM�D) is well suited for real�time 

monitoring of surfactant and protein adsorption at solid surfaces. Films exposed to C12E6 

solutions (Figure 7, a�c) generally showed a rapid surfactant adsorption, followed by a 

significant mass loss during rinsing, indicative that the surfactant was washed off under flow. 

Injection of the BSA solution led to a minor mass increase in most cases, which was stable 

during a subsequent rinsing procedure, providing evidence of stable protein binding to the 

surface. The behaviour of C18E20 was more complex. In the case of F8BT surfaces (Figure 7d), 
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the surfactant showed a slow and continuous deposition onto the film, with only a fraction of the 

deposited mass removed during the rinsing step. The addition of BSA resulted in a rapid and 

significant mass loss, indicative of the protein removing surfactant from the polymer surface, 

possibly through solubilization, without a measurable mass increase due to protein adsorption. 

The addition of C18E20 to PCPDTBT films showed a similar behaviour, although surfactant 

adsorption to the surface occurred much more rapidly (Figure 7f). In contrast, the deposition of 

C18E20 onto CN�PPV films could not be characterized as the surfactant solubilised the film itself, 

thereby constantly removing mass from the system (Figure 7e). 

Quantitative analysis of the QCM�D results to determine the adsorbed layer thickness53 was 

challenging, because the analysis required the assumption of a coupled water content for each 

layer, which was difficult to account for in such a complex substrate. The system would need to 

be described as the combination of laterally homogeneous (conjugated polymer film) and 

heterogeneous films (surfactant/solvent layer and surfactant/solvent/BSA layer), therefore the 

quantitative interpretation of QCM data alone is severely limited54. For such reasons we chose 

not to include a film thickness determination in this study. In the future, additional information 

might be obtained by the combination of QCM with a method that can determine the mass of the 

adsorbate per surface area55,56. 
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��
��	6. Frequency and dissipation shift versus time at the 3rd overtone. Conjugated polymer 

films were flushed for 10 min with either 1 mM dC12E6 (a�c) or dC18E20 (d�f) followed by a 5 

min rest phase. Films were subsequently rinsed with D2O followed by a flush with BSA solution 

and a further rinse phase. Experiments were performed in triplicate with representative traces 

chosen for the figure. 

As a final complementary technique, neutron reflectometry (NR) was used to examine the 

potential protective effects of C12E6 and C18E20 coating against BSA adsorption to F8BT and 

PCPDBTB films, which were spin�coated onto silicon substrates. The success of these 

experiments was highly dependent upon the thickness of the polymer layer achieved by the spin�

coating technique, and in this regard F8BT formed the most consistent samples in terms of 

uniform thickness and roughness (Table 4). The less uniform, highly rough PCPDTBT films 

produced by spin�coating significantly affected the accuracy of the mathematical fitting of the 

reflectivity curves (Supporting Information, Table S2 and Figure S4). Nevertheless, combined 

with the data obtained from the other surface analysis techniques, some pertinent conclusions 
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could still be drawn from the PCPDTBT results (see Supplementary Information). To improve 

the resolution of the NR data and thus the accuracy of the fitting, each experimental treatment 

was measured in at least three different solvent contrasts, the results from which were fitted 

simultaneously (See Supplementary Information Figures S1 to S3 for the full set of NR curves 

and fits for each sample in the different contrasts).  

In order to fit the NR data, the samples were modelled as layers stacked upon the silicon 

substrate; a thin layer of silicon oxide on the substrate surface, the spin�coated conjugated 

polymer film, the hydrophobic tails of any surfactant adsorbed to the polymer, their hydrophilic 

head groups, and any adsorbed BSA contiguous with the bulk solvent. The simultaneous altering 

of the thickness, roughness, scattering length density (SLD; analogous to a neutron refractive 

index of the layer) and solvation of all these model layers, within physically reasonable limits, 

allowed theoretical NR curves to be fitted to the experimentally�obtained ones. An overall Chi�

squared value obtained from the fitting software, together with the results of a bootstrapping 

error analysis on the parameter values obtained for each layer (run 100 times with 1000 iterations 

per run), were used to assess the closeness of the fits. In addition to obtaining theoretical NR 

curves, fitting also allowed the construction of SLD profiles for each experimental treatment, 

allowing the relationship between the thickness, solvation and roughness of each layer in the 

model to be represented graphically. For the purposes of making clear comparisons between the 

results of the various treatments, only the data obtained using D2O and H2O as bulk solvents are 

presented here (Figure 8), since these were deemed to show the highest degree of contrast 

between the different components of the samples. 

For F8BT, exposure to BSA in the absence of a surfactant coating results in the formation of a 

clearly defined adsorbed protein layer (Figure 8A) with a fitted thickness of ~25 Å (Table 4). 
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The apparently high solvation of the BSA layer (80%) implies that coverage is fairly sparse, and 

taking this into account, the average thickness of the layer is consistent with that of BSA 

adsorbing to and flattening out on the surface of the hydrophobic polymer film57.  

The changes in the SLD profile observed upon addition of d25C12E6 to uncoated F8BT (Figure 

8B), clearly indicates that the surfactant adsorbs to the surface of the polymer. The 

accompanying decrease in F8BT hydration from 23% to 3 % (Table 4) suggests that the surface 

of the polymer may have been pitted or contained small cracks, which were filled by the 

adsorbing surfactant, thus displacing the solvent. This situation is the likely cause of the small 

peak in the H2O contrast SLD profile which corresponds to the position of the surfactant chains, 

whereas a more discrete layer of surfactant would have resulted in a broader peak (such as that 

observed in Figure 8C). Overlap or intermixing between the alkyl chains and the PEG head 

group of the surfactant molecules are thus the likely reason for the narrow chains peak. When the 

d25C12E6�coated F8BT sample was challenged with BSA, the SLD profile indicates a significant 

ingress of protein into the surfactant layers (seen most clearly from the H2O contrast), which 

would be consistent with surfactant displacement and adsorption of the protein to the polymer, as 

was observed in both the contact angle and QCM�D experiments. 

The addition of C18E20 to an F8BT film resulted in a discrete layer of surfactant adsorbing to 

the polymer surface, with little evidence of solvent displacement from surface irregularities 

(Table 4). The alkyl chain region of the surfactant is clearly visible in the SLD profiles (Figure 

8C), suggesting very little overlap between the layers as indicated by the broad peak (H2O 

contrast) or trough (D2O contrast) showing the position of the hydrogenated C18 chains. The 

negligible solvation of the surfactant chains region (Table 4) suggests that these form an almost 

complete coating of the polymer surface, what might be thought of as a waxy layer. The SLD 
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profiles of the sample (Figure 8C) are substantially affected by the adsorption of BSA, which 

must therefore act to displace the surfactant to some degree. The absence of a discrete peak 

attributable to the protein, as was observed for both BSA absorbed directly to F8BT and in the 

sample containing d25C12E6, implies that comparatively less protein adsorbs to the surface in the 

presence of C18E20. However, the large alteration in the SLD of the identifiable chain region 

suggests that a significant amount of surfactant was removed from the polymer surface by the 

protein. This is also highly consistent with the findings from contact angle and QCM�D 

measurements. 
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��
��	1/ Experimentally obtained neutron reflectivity curves (data points) and their theoretical 

fits (blue curves) obtained in D2O (left) and H2O (centre) solvent contrasts, and their 

corresponding derived (right) SLD profiles (solid lines denote the D2O contrast and dashed lines 

denote the H2O contrast), comparing the sequential adsorption of surfactant and BSA onto 

F8BT�coated silicon substrates. (A) Shows the adsorption of BSA alone onto F8BT. (B) Shows 

the adsorption of d25C12E6 to F8BT, followed by the adsorption of BSA and (C) shows the 

adsorption of C18E20 to F8BT, followed by the adsorption of BSA. 

��)&�	 +/	 Parameters obtained from the fitted neutron reflectivity for three different silicon 

substrates spin�coated with F8BT. The first column shows the effect of adsorption of BSA alone. 

The second column shows the effect of the sequential absorption of d25C12E6 surfactant, followed 

by BSA. The third showing the effect of the sequential absorption of C18E20 surfactant, followed 

by BSA. The error values quoted for each of the parameters were determined by applying the 

Bootstrapping error analysis function interpolated within the RasCal data analysis software (run 

100 times with 1000 iterations per run). 

Fitted Parameters F8BT 
F8BT + 

BSA 
F8BT 

F8BT + 
d25C12E6 

F8BT + 
d25C12E6 + 

BSA 
F8BT 

F8BT + 
C18E20 

F8BT + 
C18E20 + 

BSA 

Polymer thickness (Å) 179 ± 1 178 ± 2 177 ± 2 177 ± 8 177 ± 5 185 ± 2 183 ± 5 185 ± 6 

Polymer SLD (× 10�6 Å�2) 0.90 ± 0.03 1.07 ± 0.05 0.93 ± 0.05 1.31 ± 0 1.31 ± 0 1.11 ± 0.19 1.03 ± 0.13 1.06 ± 0.06 

Polymer roughness (Å) 5 ± 2 5 ± 3 8 ± 1 7 ± 3 10 ± 6 3 ± 3 3 ± 3 15 ± 1 
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Polymer hydration (%) 15 ± 3 6 ± 3 23 ± 2 3 ± 2 0 ± 0 19 ± 4 20 ± 0 14 ± 6 

Surfactant tails thickness (Å)    15 ± 0 15 ± 0  28 ± 3 15 ± 0 

Surfactant tails SLD (× 10�6 Å�2)    2.42 ± 0.29 1.47 ± 1.00  1.42 ± 0.25 1.07 ± 0.21 

Surfactant tails roughness (Å)    4 ± 1 13 ± 1  3 ± 2 3 ± 5 

Surfactant tails hydration (%)    25 ± 0 3 ± 11  0 ± 0 0 ± 2 

Surfactant heads thickness (Å)    16 ± 2 8 ± 3  15 ± 4 19 ± 5 

Surfactant heads SLD (× 10�6 Å�2)    2.49 ± 0.90 4.59 ± 1.16  �0.36 ± 0.26 0.94 ± 0.79 

Surfactant heads roughness (Å)    5 ± 0 30 ± 1  10 ± 7 27 ± 5 

Surfactant heads hydration (%)    80 ± 4 90 ± 5  42 ± 6 81 ± 10 

BSA thickness (Å)  25 ± 0   5 ± 0   4 ± 1 

BSA SLD (× 10�6 Å�2)  3.47 ± 0.53   5.23 ± 0.95   1.57 ± 0.77 

BSA roughness (Å)  3 ± 0   23 ± 3   15 ± 0 

BSA hydration (%)  80 ± 2   53 ± 7   45 ± 0 

Chi squared of fit 18.9 24.8 14.2 16.1 17.6 17.4 45.3 16.9 

 

Nanoparticle curvature is known to have a substantial effect on surfactant adsorption and 

packing density58, as well as on the conformation of adsorbed proteins/peptides59. For example, 

surfactant packing density decreases on surfaces with a strong curvature and peptides show an 

increased tendency lose their secondary structure on nanoparticles smaller than 20 nm59. Heinz et 

al (2017) state that, as a general rule, flat surfaces may be a valid model for nanoparticles with a 

weak curvature, if the particle diameter is at least 20�fold greater than the length of the surfactant 

in its extended conformation58. NR data generated an estimated length of C12E6 as ~3.1 nm, 

which is close to literature values for similar surfactant structures58 and may be a reasonable 

reflection of the extended conformation. This would indicate that the data generated with films 

(i.e. contact angle, QCM�D and NR measurements) represent a reasonable model for 

nanoparticles with a conjugated polymer core larger than 60 nm.  NR estimates of the C18E20 

length (4.3 nm) are most likely not indicative of the extended conformation, as the calculated 
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head group length (15 Å) is likely an underestimation due to coiling of the PEG chain in the 

solvent. Therefore, it may be reasonable to assume the C18E20 results from film�based 

experiments may marginally overestimate the packing density for any nanoparticles ~20�70 nm 

generated with the nanoprecipitation method. 

����&
�����	

This study contributes to the understanding of the structure and interactions at the interface of 

core�shell CPNs, essential to the design of clinically relevant diagnostic and therapeutic agents. 

A series of five non�ionic polyethylene glycol alkyl ether surfactants with varying HLB values 

were used as model surfactants to produce CPNs from three representative π�conjugated 

polymers: F8BT, CN�PPV and PCPDTBT. Contrary to the study hypothesis, the surfactant 

hydrophilic:lipophilic ratio did not influence CPN size or yield, which was dependent on the 

conjugated polymer properties. Surfactants with a longer alkyl chain (C18> C12) showed a higher 

affinity to F8BT and PCPDTBT surfaces and were less likely to be displaced from the polymer 

surface under simple flow conditions. Despite its higher surface affinity, C18E20 was also actively 

removed from the polymer surface in the presence of the serum protein, albumin. In vivo, this 

could result in a loss of CPN functionality or altered biocompatibility/biodistribution. It should 

be noted that the results of this study do not exclude the use of all amphiphilic molecules as 

coating agents for CPN production, but do encourage caution in the choice of stabilizing agents, 

especially if they are modified with a targeting agent.  

The data from this study highlight the advantages of alternative CPN structures, such as 

crosslinking60,61 or encapsulation62–64. Our group is currently exploring structures whereby the 

conjugated polymer is embedded within a matrix material (PEOlated di� and tri�block 
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copolymers with high molecular weight), thereby providing a better means of controlling CPN 

properties and surface chemistry independent of the conjugated polymer properties10,65,66. 

	

�
""������	�����%�����. Urbano et al, 2018 (PDF) 
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