1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Colloid Interface Sci. Author manuscript; available in PMC 2022 January 15.

-, HHS Public Access
«

Published in final edited form as:
J Colloid Interface Sci. 2022 January 15; 606(Pt 2): 1140-1152. doi:10.1016/j.jcis.2021.08.084.

Interrogating the relationship between the microstructure of
amphiphilic poly(ethylene glycol-b-caprolactone) copolymers
and their colloidal assemblies using non-interfering techniques

Khandokar Sadique Faisal?, Andrew J. Clulow®, Marta KrasowskaC, Todd Gillam2<¢, Stanley
J. Miklavcicd, Nathan H. Williamson®”, Anton Blencowe?”

aApplied Chemistry and Translational Biomaterials (ACTB) Group, UniSA CHS, University of
South Australia, Adelaide, South Australia 5000, Australia

bDrug Delivery, Disposition & Dynamics, Monash Institute of Pharmaceutical Sciences, 381 Royal
Parade, Parkville, Victoria 3052, Australia

¢Surface Interactions and Soft Matter (SISM) Group, Future Industries Institute, UniSA STEM,
University of South Australia, Mawson Lakes, South Australia 5095, Australia

dPhenomics and Bioinformatics Research Centre, Science, Technology, Engineering and
Mathematics, University of South Australia, Mawson Lakes, South Australia 5095, Australia

®Eunice Kennedy Shriver National Institute of Child Health and Human Development, National
Institutes of Health, Bethesda, MD, USA

Abstract

Understanding the microstructural parameters of amphiphilic copolymers that control the
formation and structure of aggregated colloids (e.g., micelles) is essential for the rational design
of hierarchically structured systems for applications in nanomedicine, personal care and food
formulations. Although many analytical techniques have been employed to study such systems, in
this investigation we adopted an integrated approach using non-interfering techniques — diffusion
nuclear magnetic resonance (NMR) spectroscopy, dynamic light scattering (DLS) and synchrotron
small-angle X-ray scattering (SAXS) — to probe the relationship between the microstructure

of poly(ethylene glycol-&-caprolactone) (PEG-6-PCL) copolymers [e.g., block molecular weight
(MW) and the mass fraction of PCL (/¢ )] and the structure of their aggregates. Systematic
trends in the self-assembly behaviour were determined using a large family of well-defined block
copolymers with variable PEG and PCL block lengths (number-average molecular weights (M))
between 2-10 and 0.5-15 kDa, respectively) and narrow dispersity (£ < 1.12). For all of the
copolymers, a clear transition in the aggregate structure was observed when the hydrophobic 7c|
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was increased at a constant PEG block M,, although the nature of this transition is also dependent
on the PEG block M, Copolymers with low M, PEG blocks (2 kDa) were observed to transition
from unimers and loosely associated unimers to metastable aggregates and finally, to defined
cylindrical micelles as the /¢ was increased. In comparison, copolymers with PEG block M,

of between 5 and 10 kDa transitioned from heterogenous metastable aggregates to cylindrical
micelles and finally, well-defined ellipsoidal micelles (of decreasing aspect ratios) as the e
was increased. In all cases, the diffusion NMR spectroscopy, DLS and synchrotron SAXS results
provided complementary information and the grounds for a phase diagram relating copolymer
microstructure to aggregation behaviour and structure. Importantly, the absence of commonly
depicted spherical micelles has implications for applications where properties may be governed by
shape, such as, cellular uptake of nanomedicine formulations.
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INTRODUCTION

The development of optimal drug delivery systems is a major area of research in the
pharmaceutical industry, and provides the opportunity to improve the solubility, stability,
bioavailability and efficacy of many therapeutics.12 Colloidal polymer drug delivery
systems, such as Genexol-PM, have been established as drug delivery platforms3 4 and
currently there are numerous others in the clinical trial pipeline.> 8 However, systematic
evaluation of the impacts of polymer microstructure on the self-assembly behaviour,
dispersity and structural attributes (morphology) of aggregates assembled from particular
polymers is needed to further advance the development of tailored colloidal drug delivery
systems.”=? Elucidation of the microstructure-assembly relationship for a given polymer
system will allow for the precise and reliable preparation of well-defined aggregates with
desirable characteristics for the development of new drug delivery platforms.

The microstructural characteristics of an amphiphilic copolymer (composition, MW of
hydrophilic and hydrophobic blocks, and the mass fractions of those blocks) and the
employed method of micellisation contribute significantly to the self-assembly process,
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greatly impacting the thermodynamic state and stability of aggregates within a given
solution,19-14. and influencing aggregate morphology, size and distribution.1>-17 For
instance, the hydrodynamic radius (/) and aggregation number (/Vgg) of poly(ethylene
glycol-4-lactic acid) (PEG-6-PLA) micelles was reported to increase as the weight fraction
of the PLA block increased at a constant PEG block M, and the morphology remained
spherical .18 In comparison, the morphology of poly(styrene-#-acrylic acid) (PS-£-PAA)
aggregates was reported to change from spherical to cylindrical to bilayers (vesicles) with
the oil-water interfacial curvature decreasing as the weight fraction of the PAA block (fz4,4)
was decreased.1® At very low 7o44 the formation of large colloidal particles (compound
micelles) was observed.19 Thus, the chemical composition and microstructural attributes
of amphiphilic polymers significantly influence the characteristics of their aggregated
colloids.1219

PEG-4-PCL diblock copolymers have been extensively used to prepare colloidal drug
delivery systems as a result of their good biocompatibility, biodegradability and ability

to encapsulate a wide variety of therapeutics.20-22 Nevertheless, few systemic studies have
investigated the influence of the PEG-6-PCL microstructure on the morphology of their
aggregates.23-26 Although valuable in their insights, these studies have either been restrictive
in polymer sample size or have only used limited observational techniques to characterise
the aggregates. Thus, a systematic appraisal of a relationship between the microstructure
and the self-assembly behavior for the PEG-4-PCL system would provide the foundation
for the development of tailored drug delivery vectors. A thorough investigation of such a
relationship, as with any copolymer system, requires an integrated multi-technique approach
to evaluate aggregates that have been produced from a large library of polymers of defined
structure.

Previously, various observational techniques have been employed to evaluate aggregated
colloidal systems, including dynamic and static light scattering (DLS and SLS,
respectively),2” nuclear magnetic resonance (NMR) spectroscopy,26:28.29 microscopy,2” and
X-ray scattering.3% When used in isolation these techniques rarely provide a complete
picture of the dispersity, compositional structure and morphology of aggregates, and

in some cases sample preparation may influence the self-assembly process and the

resulting structure of the aggregates. For instance, Rajagopal et al. investigated the self-
assembly of a large family of PEG-46-PCL block copolymers that analysed aggregate
morphology via fluorescence microscopy, which necessitated the inclusion of a dye; a factor
known to influence the assembly process.23 Similarly, transmission electron microscopy
(TEM) is extensively employed to observe the morphology of PEG-6-PCL aggregates,
although concentration and dehydration during sample preparation for TEM may lead to
rearrangement, deformation, uncontrolled aggregation and artifacts.2431 The complementary
determination of size, shape, dispersity and N4, using light scattering techniques or small-
angle X-ray scattering (SAXS) is essential in the determination of microstructure-assembly
relationships.39:32-34 Although previous studies have used scattering techniques to evaluate
aggregated colloids they too have been limited to a small number of block copolymers
hindering the establishment of a robust microstructure-assembly relationship.24:33-35
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To date, no studies have employed the complementary and non-interfering analytical
techniques of diffusion NMR spectroscopy, DLS and Synchrotron SAXS in tandem to
accurately define the aggregation behavior, dispersity and morphology of PEG-46-PCL
aggregated colloids. Thus, in this study a library of well-defined PEG-6-PCL polymers
with varying M, and ¢ were prepared and their aggregated colloids were thoroughly
examined without interference under identical assembly conditions. Each of the techniques
provided a means to probe either aggregate composition or morphology in an unperturbed
solution state, /n situ. Diffusion NMR allowed for the determination of the distribution of
self-diffusion coefficients (D) of aggregates, revealing valuable insights into the composition
and behaviour of both PEG and PCL blocks in the aggregates. Evaluation of the aggregates
by DLS provided an indication of their dispersity and size, whereas synchrotron SAXS
provided further insights into the morphology of the aggregates. Thorough multifocal
evaluation of the aggregates enabled the accurate determination of the underlying
microstructural attributes which contributed to PEG-b6-PCL aggregate characteristics.

2. EXPERIMENTAL

2.1

Materials

Stannous octoate (Sn(Oct),; 92.5-100%), anhydrous toluene (99.8%), deuterated chloroform
(CDCl3; 99.8% D), deuterium oxide (D20; 99.9% D), lithium chloride (LiCl; 99%) and
e-caprolactone (e-CL; 97%) were purchased from Sigma-Aldrich. e-CL was dried under
vacuum (0.1 mbar) for 1 h prior to use. a-Methoxy-w-hydroxy PEG with M, of 2 kDa
(PEG,) and 5 kDa (PEGs) were purchased from Sigma-Aldrich, and 10 kDa (PEG1g) from
Creative PEG Works. PEG, and PEGg were dried at 120 °C under vacuum (0.1 mbar)

for 1 h prior to use. Analytical grade diethyl ether, chloroform, toluene, ethyl acetate,

N, N-dimethylformamide (DMF), acetone and hexane were purchased from Chem-Supply.
All reagents were used as received unless otherwise stated. For DLS experiments, ultrapure
water with a resistivity of > 18.2 MQ.cm was obtained from a Sartorius Arium® ultrapure
water purification system. For Synchrotron SAXS experiments, ultrapure water with a
resistivity of 18.2 MQ-cm, interfacial tension of 72.4 mN-m~1 at 22°C, and less than 4

ppb of total organic carbon was obtained from a Milli-Q Advantage A10 water purification
system.

2.2. Characterisation

Nuclear magnetic resonance (NMR) spectroscopy—One-dimensional NMR
spectroscopy experiments were performed on a 600 MHz Bruker Avance 111 HD
spectrometer (Bruker BioSpin). For proton (*H) NMR spectroscopy of the polymers a
sample concentration of 5-30 mg/mL in CDCl3 or D,O was used. The M,, values of the PCL
blocks of the copolymers were calculated from the ratio between the integral values of the
methylene protons adjacent to the ester group in the PCL repeat unit (64 4.06 ppm) and the
methylene protons in the PEG repeat unit (6 3.65 ppm) from spectra acquired in CDCls,
referencing to the M, values of PEG provided by the manufacturers.

Diffusion NMR measurements—Diffusion NMR spectroscopy experiments were
performed with PEG and PEG-4&-PCL copolymer solutions (1 mg/mL, 500 L) in D50,
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using 5 mm NMR tubes (Aldrich, ColorSpec). The D of the polymers were measured using
1H pulsed gradient stimulated echo (PGStE) NMR experiments at 600 MHz with a 14.09

T superconducting vertical bore magnet, a Micro5 Imaging Probe, a 5 mm radio frequency
coil, and a Diff30 (11.7 T/m maximum) gradient set.36 PGStE experiments were performed
in the Diff module of TopSpin 3.2 (Bruker) and used sinusoidal gradient pulse shapes with
pulse duration of 6= 1.58 ms. The time between the leading edges of the pulses (A) defines
the observation time of the diffusion measurement and was set to 100 ms. The repetition
time was 10 s. For each experiment, 32 gradient points were acquired with 16 averages

and the gradient amplitude, g, varied linearly to 11.67 T/m. Experiments were performed
at a core temperature of 25 °C. Attenuation of spectrally resolved PEG and PCL signals
was modeled as arising from a lognormal distribution of diffusion coefficients.3738 Refer to
Supplementary Information (SI) for further details on the processing parameters employed
in diffusion NMR analysis, and representative signal attenuation and model fits (S, Figure
S1).

Gel permeation chromatography (GPC)—GPC was performed on a Prominence
Liquid Chromatography system (Shimadzu) equipped with a RID-10A refractive index
detector and three Shimadzu Shim-pack columns in series (GPC-8025D, GPC-805D and
GPC-80MD) at 60 °C. 0.05 M LiCl in DMF was used as the mobile phase at a flow rate of
1.0 mL/min. Sample concentrations of 10 mg/mL were used with an injection volume of 50
pL. MW characteristics were determined with reference to a conventional calibration with
PEG standards (Polymer Standards Service GmbH; molar mass at peak maximum (M) =
194 to 969 kDa).

Dynamic light scattering (DLS) experiments—DLS was conducted using a Malvern
Zetasizer NANO ZS (Malvern Instruments) equipped with a 4 mW He—Ne laser operating at
a wavelength of 633 nm. Samples were prepared in ultrapure water and analysed at an angle
of 173 ° using a quartz cuvette. The polydispersity index (PDI) values were determined
from the correlograms using the Zetasizer 7.11 software (Malvern Instruments). All DLS
experiments were conducted in triplicate for three independent repeats to calculate the
average values and standard deviation of PDI from the correlation analysis.

Small-angle X-ray scattering (SAXS) experiments—SAXS measurements were
performed on the SAXS/WAXS beamline at the Australian Nuclear Science and Technology
Organisation (ANSTO), Australian Synchrotron, Melbourne.3® Samples were loaded into
glass capillaries with wall thickness of 0.01 mm and a nominal external diameter of 1.5 mm
(Charles Supper), before being placed into a custom built thermostated capillary holder. The
temperature of the capillary holder was controlled by a circulating water bath and set to 37
°C. The temperature during the SAXS experiments was monitored using a thermocouple,
which was inserted into one of the empty capillaries. Two detector configurations were
used: (i) photon energy = 15.1 keV (wavelength, A = 0.821 A) with a sample-to detector
distance of 1350 mm, and (ii) photon energy = 11.0 keV (A = 1.127 A) with a sample-to
detector distance of 7398 mm. 2D scattering patterns were recorded for each sample using a
Dectris Pilatus 2M detector and the data were reduced to profiles of scattered X-ray intensity
[(/(Q)] versusthe magnitude of the scattering vector Q [= (41/A)sinG, 26 = scattering
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angle] using the in-house developed software Scatterbrain. Data from the two detector
configurations were stitched together into a single continuous scattering profile witha Q
range from 1.9 x 1073 to 2.0 x 1071 A~1 using the /RENA small-angle scattering macros
(release 2.68) within the IgorPro software package (version 7.0.8.1).40 These scattering
profiles were subsequently analysed using the SASView small angle scattering data analysis
package (version 5.0).41 Full descriptions of the form factor modelling are given in the SI
and parameters that are pertinent to describing the shape and size of the polymer aggregates
are provided in the results and discussion section (vide infra). Given the small variations
between capillaries (i.e., the thickness of the capillary walls and their inner diameters), and
hence the variation in the pathlength in the X-ray beam, the scattered X-ray intensity was not
placed on an absolute scale as the absolute scattering volume was not known precisely. Only
the shape of the particles in solution was therefore analysed, not their absolute scattering
power (scattering length density).

Methods

Synthesis of PEG-b-PCL block copolymers—PEG-4-PCL block copolymers

were synthesised v7a ring-opening polymerisation (ROP) of e-caprolactone from PEG
macroinitiators (M, =2, 5 and 10 kDa) using Sn(Oct) as the catalyst. Slightly different
methods were used for each of the macroinitiators as described in greater detail below. The
block copolymers are referred to as PEGxPCLy, copolymers where the subscripts x and y
refer to the M, (kDa) of the respective blocks.

For the PEG,PCL, block copolymer series, PEG, macroinitiator (1.5 g, 0.75 mmol) was
weighed into a Schlenk flask and dried /77 vacuo (0.1 mbar) at 120 °C for 1 h before
back-filling with nitrogen (99.999% purity, BOC). The flask was placed in a preheated

oil bath at 115 °C, and e-caprolactone (8.8 mL, 79 mmol) and Sn(Oct), (0.12 mL,

0.38 mmol) were added consecutively under an atmosphere of nitrogen to provide a
monomer:initiator:catalyst ([M]:[1]:[cat]) mole ratio of 210:2:1. PEG,PCL 4, PEG,PCL 3,
PEG,PCL1 g and PEG,PCL4 o were prepared using polymerisation times of 40, 60, 120
and 230 min, respectively. The crude reaction mixture was cooled to ambient temperature,
diluted in chloroform (4 mL) and precipitated into diethyl ether (40 mL). The precipitated
polymer was collected via centrifugation (6000 rpm, 15 min). This precipitation procedure
was repeated three times to remove all unreacted monomer and catalyst. The polymer was
then dried /n vacuo (0.01 mbar) for 72 h and stored at ambient temperature, protected from
light. 1H NMR spectra and GPC differential refractive index (DRI) chromatograms of the
polymers are provided in the S, Figures S2 and S3, respectively.

For the PEGsPCLy block copolymer series, PEGs macroinitiator (1.5 g, 0.30 mmol)
was weighed into a Schlenk flask and dried /in vacuo at 120 °C for 1 h before back-
filling with nitrogen. The flask was placed in a preheated oil bath at 120 °C, and
e-caprolactone (3.5 mL, 32 mmol) and Sn(Oct), (0.049 mL, 0.15 mmol) were added
consecutively under an atmosphere of nitrogen to provide a [M]:[I]:[cat] mole ratio of
210:2:1. PEGsPCL g, PEGsPCL; 3, PEG5PCL, 3, PEGsPCL4 » and PEGsPCLg 4 Were
prepared using polymerisation times of 2, 6, 10, 24 and 50 min, respectively. The crude
reaction mixture was cooled to ambient temperature, diluted in chloroform (4 mL) and
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precipitated into 30% v/v ethyl acetate in diethyl ether (40 mL). The polymer was collected
via centrifugation (6000 rpm, 15 min). This precipitation procedure was repeated three times
and the polymers were then dried /n vacuo (0.01 mbar) for 72 h and stored at ambient
temperature, protected from light. 1H NMR spectra and GPC DRI chromatograms of the
polymers are provided in the Sl, Figures S4 and S5, respectively.

For the PEG1oPCL,, block copolymer series, PEG;o macroinitiator (1.0 g, 0.10 mmol)

was weighed into a Schlenk flask and purged with nitrogen. The Schlenk flask was

then placed in an oil bath at 120 °C. Anhydrous toluene (5 mL), e-caprolactone (4.3

mL, 39 mmol) and Sn(Oct), (0.064 mL, 0.20 mmol) were added consecutively under an
atmosphere of nitrogen to provide a [M]:[I]:[cat] mole ratio of 395:1:2. PEG1gPCL3 5,
PEG19PCL7 g, PEG19PCL1g 7, and PEG1oPCL 4.9 Were prepared using polymerisation times
of 30, 135, 210 and 300 min, respectively. The crude reaction mixture was cooled to ambient
temperature, diluted in chloroform (4 mL) and precipitated into diethyl ether (40 mL). The
polymer was collected via centrifugation (6000 rpm, 15 min). This precipitation procedure
was repeated three times and the polymers were then dried /in7 vacuo (0.01 mbar) for 72 h
and stored at ambient temperature, protected from light. 1H NMR spectra and GPC DRI
chromatograms of the polymers are provided in the S, Figures S6 and S7, respectively.

Self-assembly of PEG-b-PCL copolymers in water—Self-assembly of PEG-6-PCL
copolymers in ultrapure water or D,O was conducted using a solvent evaporation technique.
Polymer solutions were prepared in acetone (1 mL, 1 mg/mL) in vials (4 mL) and 1

mL of D,O (for NMR experiments) or ultrapure water (for DLS and synchrotron SAXS
experiments) was then added dropwise. The vials were placed in a pre-heated block heater at
60 °C and the solvent level was checked periodically until the volume was ~ 1 mL. The vials
were then placed in a vacuum desiccator (0.1 mbar) for 1 h to remove the residual organic
solvent, and the solvent volume was readjusted with D,O or ultrapure water on a mass basis
taking into consideration the density of the solvent to ensure a polymer concentration of 1
mg/mL. Complete removal of the organic solvent was confirmed by IH NMR spectroscopy
that revealed the absence of acetone resonances that would be expected at 4 2.22 ppm

(SI, Figure S8). All solutions were prepared fresh prior to analysis. In this study, polymer
concentrations of 1 mg/mL were used to minimise secondary aggregate formation and to
avoid microscopic averaging effects during NMR diffusion experiments, whilst still being
sufficient to generate a strong NMR signal.38 In addition, it is important to note that the
concentration used (1 mg/mL) was above the critical micelle concentration (CMC) (< 50
pg/mL) reported for PEG-4-PCL copolymers.27:3342

3. RESULTS AND DISCUSSION

3.1. Synthesis and characterisation of PEG-b-PCL block copolymers

The PEG-4-PCL block copolymers were synthesised v/ia ROP of e-caprolactone from
PEG macroinitiators (M, = 2, 5 and 10 kDa) using Sn(Oct), as the catalyst, as has
previously been reported.3 A library of copolymers was prepared by varying the degree
of polymerisation (DP) of both blocks to allow for the effect of the microstructure on
their self-assembly to be studied in detail. The block copolymers are herein referred to as
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PEG4PCLy copolymers where the subscript x and y refer to the M), (kDa) of the respective
blocks. The copolymers were characterised using 1H NMR spectroscopy to determine their
M, (Figure 1 and SI, Figures S2, S4, and S6) and GPC to determine their dispersity (£) (SI,
Figures S3, S5, and S7), and the results are summarised in Table 1.

1H NMR spectra of all copolymers revealed characteristic resonances corresponding to the
methylene protons of the PEG repeat unit (RU) at 64 3.65 ppm and PCL RU at 64 1.40
(-CH,CH,CH»-), 1.66 (-CH,CH,CH»-), 2.31 (-COCH,CH,-) and 4.06 (-CH,CH,0-)
ppm. For lower MW polymers, resonances corresponding to the methoxy protons from the
PEG end-group (6 3.40 ppm), the methylene protons adjacent to the hydroxyl end-group of
the PCL block (64 3.56 ppm) and the methylene protons from the PEG RU adjacent to the
ester group joining the PEG and PCL blocks (&4 4.23 ppm) were also clearly visible (e.g.,
Figure 1). Comparison of the integral ratios between the PCL and PEG RUs were used to
calculate the M,, of the PCL blocks with reference to the M, of PEG block (Table 1).

GPC DRI chromatograms of the copolymers revealed narrow £ peaks shifting to lower
retention times (i.e., higher MW) with increasing PCL DP (SI, Figure S2 and Table 1), with
the exception of PEG5PCL,4 5, PEG5PCLg 5 and PEG1gPCL 14 9 Which displayed slight peak
broadening most likely as a result of transesterification reactions. Nevertheless, narrow £
values below 1.12 were obtained for the complete library, indicative of well-defined block
copolymers.

3.2. Correlating PEG-b-PCL microstructure to self-assembly behaviour

The library of PEG-b6-PCL copolymers prepared in this study allowed a detailed
investigation of the effect of copolymer microstructure (e.g., copolymer and block M,

and 7 that correlates to the hydrophobic:hydrophilic balance) on their self-assembly
behaviour in water and the resulting morphology of their aggregated colloids. The PEG-4
PCL copolymers were self-assembled in water using the solvent evaporation technique.
Although there are various approaches to facilitate amphiphilic copolymer assembly in water
(e.g., solid dispersion, dialysis, oil-in-water emulsion), the solvent evaporation technique
was selected as this method enables good control over the assembly process, and is
applicable to a wide variety of amphiphilic polymers and payloads.4-46 However, it is
worth noting that differences in each preparation technique may modify the thermodynamic
parameters of self-assembly resulting in distinct aggregates or micelles, and therefore,

this study is only reflective of aggregated colloids prepared by the solvent evaporation
approach.*” The aggregates were initially studied by diffusion NMR spectroscopy and

DLS analysis to provide complementary information about the effect of the copolymer
microstructure on the dispersity of the aggregates. Subsequently, synchrotron SAXS
experiments were employed to provide details about the structure and size of the aggregates.

Diffusion NMR spectroscopy of PEG-b-PCL aggregates—The dispersity of the
aggregates in DO was analysed by interpreting the D distribution obtained from diffusion
NMR experiments. The D distribution also reflects the distribution of aggregate sizes as
described by the Stokes-Einstein—Sutherland equation.*84% Analysis of the hydrophilic
PEG,, PEGs, and PEG;g homopolymers (1 mg/mL) was initially conducted to establish
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a baseline from which to compare with the aggregates (Figure 2). The attenuation of the
methylene proton signals from the PEG backbone (64 3.65 ppm) was used to calculate D
for the PEG,, PEGs, and PEG9 homopolymers (D= 14.2 x 10711 8.61 x 107! and 5.8 x
10711 m?/s, respectively), which were similar to previously reported values.3” As expected,
the D value of the homopolymers decreased with increasing MW due to an increase in the
hydrodynamic size of the randomly coiled polymers in solution, and the D distributions
were narrow due to the homopolymers’ narrow £.1H NMR spectroscopic analysis of the
block copolymers in D,O revealed characteristic methylene proton resonances from both
the PEG and PCL blocks, although a reduction in intensity and broadening of signals for
the latter was noted (Figure 1). Previous studies have reported that the self-assembly of
amphiphilic copolymers in water results in the disappearance of proton resonances of the
core-forming, hydrophobic block, which has been attributed to the formation of a dehydrated
‘solid” core.33:50 However, in this study the characteristic PCL resonances were clearly
visible in the NMR spectra of the copolymers in D20, albeit without the resolution of
signal multiplicity observed in CDClI3 (Figure 1), which is attributed to a collection of
species that are chemically similar yet possessing a different degree of mobility. Jette et
al. also reported the presence of characteristic PCL resonances from *H NMR analysis of
PEG-4-PCL micelles and concluded that PCL resonances broaden as a result of aggregate
core formation.5! The presence of the PCL resonances would indicate that the aggregates
contain some protons on PCL that are rotationally mobile leading to long enough relaxation
times for detection, potentially originating from a semi-hydrated core or a boundary layer
between the core and corona (shell). The penetration of water into the hydrophobic core of
surfactant®253 and amphiphilic polymer®* micelles has also previously been reported.

The diffusion NMR measurement is sensitive to net displacements occurring during the
observation time, r = 100 ms. Diffusion length scales, / are therefore well-defined by mean
square displacement (MSD) through the relation / = /M'SD = JaDr (where the a is the
constant depending on dimensionality and is 2 in 1D diffusion because NMR measures
diffusion along the direction of the applied gradients). By this relation, aggregates with D=
10712 m2/s (roughly the smallest D measured in this study) displace on average /= 450 nm,
which is much greater than the size of the aggregated structures (at maximum a few tens of
nm). Therefore, diffusion NMR measures the D of the aggregates.

In this study, the PEG and PCL resonances (& 3.65 and 1.66 ppm, respectively) were
separately analysed to produce two D distributions corresponding to the PEG and PCL
blocks, respectively. As the PEG and PCL blocks are covalently tethered to one another in
the copolymers one may expect that the distributions should be similar for the aggregates.
However, certain weighting effects can cause deviations of the two measured D distributions,
which can be indicative of underlying heterogeneity.®® In particular, differences in NMR
relaxation times between blocks, a dependence of relaxation time on aggregate structure, and
a broad distribution of structures can cause the measured D distributions of the two blocks

to deviate from one another, an effect broadly known as relaxation weighting.>® In particular,
the protons on PCL have varying degrees of mobility depending on the structure formed.
This leads to the PCL signals being preferentially visible from some structures more than
others. Therefore, the PCL D distribution is weighted towards a different D distribution from
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the PEG although the PEG and PCL are tethered. Differences between PEG and PCL D
distributions indicate heterogeneity in aggregate structures.

The Ddistributions for the PEG,PCL,, copolymer series revealed that there was a significant
change in aggregate morphology as the 7p¢; increased (Figure 3a). The PEG and PCL

D distributions for the PEG,PCLg 4 copolymer revealed similar D values to the PEG»
homopolymer distribution, although slightly broadened. The lack of a shift in D is indicative
of the block copolymers existing as individually solvated molecules (unimers) or loosely
associated unimers in solution, whereas the overlapping and narrow D distributions for the
two blocks suggest that the blocks exist in a consistent physical environment (solvation
environment) with a high degree of uniformity. These results imply that the /¢ values
below 0.17 fail to promote assembly into aggregates when the PEG block M, is 2 kDa,

and that the CMC for PEG,PCL 4 is > 1 mg/mL. As the main driving force behind
aggregate formation is hydrophobic interactions between the PCL blocks in the core due to
energetically unfavorable PCL-water interactions,®:57 it is evident that for the PEG,PCLg 4
copolymer the short PCL block (DP ~ 3.5) is insufficient to induce self-assembly. Thus,

the enthalpic gain from aggregating a very short hydrophobic block from the solvent when
attached to a relatively large hydrophilic block is not sufficient to overcome the loss in
entropy associated with aggregation. Additionally, at very low PCL DPs the interaction of
the hydroxyl end-group of the PCL block with water may still be significant when compared
to PCL blocks with much higher DPs, which might increase their solvation and reduce
hydrophobic interactions between the short PCL blocks.®® This behaviour has also been
observed by Rager et al. for poly(acrylic acid-6-methyl methacrylate) (PAA-6-MMA) block
copolymers with short MMA blocks, which were reported to be mainly present in aqueous
solution as unassociated unimers.12

In comparison, the D distributions for the PEG,PCL 4 1 and PEG,PCL g copolymers were
shifted to significantly lower values, consistent with the formation of larger aggregates that
diffuse more slowly through their solutions. Furthermore, the PEG and PCL distributions
were broader and diverged from one another, indicating some underlying heterogeneity
within the structure of the aggregates or between different aggregates. These results are
consistent with TEM studies conducted by Rizis ef a/. on PEG,PCL, copolymers, which
were found to adopt structurally heterogeneous aggregates due to the presence of both
spherical and rod-like micelles.>® For the PEG,PCL 4  copolymer the narrow D distributions
for the PEG and PCL blocks coincided and were shifted to lower D values compared to
the PEG, homopolymer, indicative of well-defined aggregates (i.e., micelles) with low size
dispersity and high homogeneity.

For the PEGsPCLy, copolymer series, with the exception of the PEGsPCLq g copolymer,
the D distributions for the PEG and PCL blocks converged and were shifted to lower

D values when compared to the PEGs homopolymer (Figure 3b), indicating that they
all form well-defined aggregates of increasing size. The D distributions were found to
become narrower as the %¢| increased from 0.21 (PEG5PCL; 3) to 0.66 (PEG5PCLg 5),
indicating the formation of lower dispersity aggregates coinciding with an increase in
hydrophobic interactions. For the PEG5PCLg g copolymer, the shift in D values relative
to the PEGs homopolymer indicates aggregation, but the D distribution for the PCL
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block was significantly broader than that of the PEG block, implying some underlying
heterogeneity in the aggregate structure, possibly due to the formation of loosely bound or
unstable aggregates. The fact that the PEGsPCL g copolymer forms aggregates when the
PEG,PCL 4 copolymer does not, suggests that either the PCL block length (DP ~ 5.3) is
sufficient to induce hydrophobic interactions in the former or that the PEG block length
plays a role in stabilising hydrophobic interactions.

The trends observed for the D distributions for the PEG1oPCLy, copolymer series (Figure
3c) somewhat resemble those for the PEGsPCL,, copolymer series, with larger 7/oc_ leading
to the formation of well-defined aggregates. However, The PEG and PCL D distributions
for the PEG1oPCL3 » copolymer are distinctly different, with the former being narrow and
the latter very broad. This would indicate that the aggregates are structurally heterogeneous,
although the reason for this is not obvious given that the /¢ (0.24) and PCL DP (~ 28)

are relatively large and PEGsPCL,, copolymers with similar PCL DPs formed well-defined
aggregates.

The mean diffusivities ((D)) and their standard deviations for the copolymers were
calculated from triplicate experiments performed on three independent repeats and plotted
against the /¢ to allow trends across the three copolymer series to be examined

(Figure 4). Of the copolymers that formed aggregates, the standard deviations of (D)

were significant for PEG,PCL 1 and PEGsPCL g, revealing the presence of metastable
aggregates for which the fractions of molecules filling those states can vary from sample-
to-sample. Interestingly, the standard deviations of (D) for the PEG1oPCL3 4 copolymer
were significantly smaller despite distinctly different ( D) for the PEG and PCL blocks,
indicating the consistent formation of heterogeneous aggregates. Overall, the (D) were found
to decrease with increasing PEG block M, and /¢ up to 0.4, after which the (D) remained
constant for the PEGsPCLy and PEG1oPCLy, copolymer series.

DLS analysis of PEG-b-PCL copolymers in water—Typically, DLS data is

reported as intensity, volume or number particle size distributions (PSDs) determined
mathematically from the translational diffusion coefficient, which in turn is calculated

from the correlation function. The particle’s hydrodynamic diameter is calculated from the
Stokes-Einstein equation for known refractive index and viscosity of samples. Importantly,
this mathematical transformation, presumes that the particles being analysed are spherical in
shape. However, the self-assembly of copolymers into micelles can deviate significantly
from spherical structures leading to erroneous results. Furthermore, intense scattering

from small populations of larger aggregates heavily influences the determination of the
diffusion coefficient. In this study, measurement of the (D) for the copolymer solutions via
DLS deviated significantly from (D) values determined by diffusion NMR spectroscopy
experiments (SI, Figure S9), indicating the presence of larger (secondary) aggregates. This
was further confirmed from the intensity vs O, plots that revealed aggregates with diameters
> 100 nm, particularly when the /¢ < 0.4 for the PEG,PCLy and PEGsPCLy, copolymer
series (Sl, Figure S10). The significantly higher (D) values determined from diffusion

NMR spectroscopy experiments that are not influenced by particle size indicates that the
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DLS results discriminate against the smaller aggregates and the results are skewed due the
presence of a small population of larger aggregates.

Given the limitations of DLS to provide a true representation of the complete population of
copolymer aggregates, DLS experiments were performed in triplicate on three independent
repeats for all copolymer solutions to determine the PDI of the aggregates with respect to
the o (Figure 5). Similar to the widths of the D distributions from NMR spectroscopy
experiments, the PDI acts as a measure of the variation in aggregate sizes (dispersity), with
values approaching zero representative of a monodisperse system. As the /¢ increased,
the mean value of PDI was found to decrease indicating the formation of well-defined and
structurally similar aggregates, consistent with diffusion NMR spectroscopy experiments.
For the PEG5PCL g copolymer the mean value of PDI (0.46) and deviation of the PDI
across multiple samples was very high, which is consistent with the presence of metastable,
loosely associated unimers.

Synchrotron SAXS analysis of PEG-b-PCL copolymers in water—Synchrotron
SAXS experiments were performed on the copolymer solutions in ultrapure water (1
mg/mL) and the scattered X-ray intensity was fitted to various form factor models to
determine the shape and size of the resulting aggregates (Figure 6; refer to Sl for model
fitting parameters). The scattering contrast between the aqueous dispersant and hydrated
PEG corona and PCL core domains was estimated form reports of the polymer electron
densities and core/corona hydration in block copolymer micelles (SI, Figure S11; refer to
Sl for calculations).>#60 This revealed that scattering from the PCL core would dominate
the scattered X-ray intensity, with the corona only scattering weakly in these micellar
systems. The observed scattering patterns were therefore attributed to scattering from the
hydrophobic cores of PEG-PCL micelles given the typically strong hydration of the PEG
corona. Interestingly, the model fitting revealed that there is a transition in the aggregate
structure across each copolymer series as the /¢ is increased, trending towards well-
defined cylindrical or oblate ellipsoidal micelles.

The scattering profile of the PEG,PCL 4 copolymer had a power law (Q~2%6) dependence
in scattered X-ray intensity, which is consistent with random walk polymer structures
(polymer in theta solvent) or disk-like aggregates (Figure 6),% and implies that the
hydrophobic PCL attached to PEG decreases its overall solubility in water. A mass fractal
model was used to interpret the scattering data, and indicated the presence of polymer
segments with radii of 2.5 nm in large (~87 nm) fractal aggregates with a mass fractal
dimension of 2.06.52 The individual sub-units of the mass fractal were presumed to be
small and mobile, corresponding to the high D observed in the diffusion NMR spectroscopy
results. These small mabile units are likely well solvated PEG sections of the polymer
chains, with the aggregate held together by hydrophobic interactions between the short PCL
blocks in the polymer.

The scattering profiles of the PEG,PCL 1 1, PEG,PCL g and PEG,PCL4 o copolymers all
had power law dependences at Q “0.005 A1 (S1 Figure S12), and when fitted in isolation,
the power law exponents were —2.63, —1.88 and —2.03, respectively. Initially, flexible/worm-
like cylinder models were used to fit the data but they only give a good fit when the low Q
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power law exponent was close to —2.0 as the model assumes that the flexible cylinders
follow a random (Gaussian) walk. However, the low Q power laws were too shallow

for PEG,PCL 1 1 and PEG,PCL4 g, and for PEG,PCL 1 g and the fit in the high Q region

of the scattering profile was poor. The presence of the steep power law dependence in

the scattering profiles at low Q was therefore attributed to surface scattering from large
secondary aggregates resulting from aggregation of primary particles. Models comprising a
cylindrical form factor for the smaller primary particles added to a power law representing
larger aggregates (power-law+cylinder) effectively modelled the X-ray scattering data from
PEG,PCL 1, PEG,PCL1 g and PEG,PCL 4 g copolymer solutions. The modelled power law
exponents were greater than those determined from the low Q fits in isolation, suggesting
that an insufficiently low Q range was measured to effectively model the aggregate fractal
dimension (SI, Figure S12). The Q™1 power law at the low Q end of the cylinder form
factor also makes a significant contribution to the scattering intensity at low Q in the region
overlapping with the power law fit, so the power law gradient at low Q is convoluted with
the cylinder form factor. Unfortunately, this meant that the cylinder lengths could not be
determined as the low Q Guinier plateau was obscured by the power law scattering from the
larger aggregates; however, the radii of the cylindrical aggregates were observed to increase
as the 7pc; was increased (Table 2). These results are consistent with previous studies by
Rizis et al. on PEG-b-PCL copolymers with short PEG (2 kDa) block lengths whereby long
thread-like or cylindrical aggregates were observed via TEM,9 and support the predictions
of Nagarajan based upon thermodynamic considerations between the core and corona that
smaller hydrophilic blocks will result in the formation of cylindrical micelles.1* A more
complete discussion on molecular packing in the micelles is given at the end of this section.

The presence of two broad knee-like features around Q = 0.005 and 0.020 A1 in the
scattering profile of the PEGsPCL g copolymer (Figure 6 and Sl, Figure S13) indicated

the presence of two different aggregate populations, which would explain the broad D
distribution observed in the diffusion NMR spectroscopy experiments and high PDI in the
DLS results. The scattering profile was fitted with two Guinier-Porod models, one for the
low Q region and another for high Q. The Guinier region at low Q describes the particle
size (radius of gyration) and shape based on the low Q power law exponent and the Porod
region at high Q describes the surface roughness/uniformity of the particles through a power
law exponent.53 The higher Q particle population fitting indicated that the smaller particles
in the system were cylindrical micelles (shape factor (s) = 1.17) (refer to SI for model
fitting parameters) consistent with the PEG,PCL,, polymers with higher 7pc;. The whole
scattering profile could be fitted effectively by adding a second Guinier-Porod model for the
larger particle population at low Q with a shape factor = 2, suggesting the presence of larger
aggregates with fractal dimensions equivalent to random walk polymers or disks.

Further increases in the fpc; for the PEGsPCLy, copolymer series resulted in a transition
from cylindrical to oblate ellipsoidal micelles. The lengths of the cylindrical micelles of
PEG5PCL; 3 and PEG5PCL 4 were indeterminate due to the low Q Guinier plateau being
obscured by the dominant power law scattering from large secondary aggregates (Figure 6
and S, Figure S13). However, their radii were determined to be on the order of 5.6-6.2
nm. The scattering from PEG5PCL4 » and PEG5PCLg 5 at high Q was more consistent with
oblate ellipsoid form factors than cylinders (Figure 6 and SI, Figure S14). The equatorial
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and polar radii of the ellipsoidal micelles were on the order of 12-20 nm and 7-8 nm,
respectively, with the volume increasing with increasing 7oy .

In general, the form factor models used to fit the X-ray scattering profiles from the
PEGsPCLy copolymers incorporated a power law (with exponents between —2.6 and —3.0) at
low Q consistent with larger secondary aggregates, which were not observed in the diffusion
NMR spectroscopy experiments that displayed narrow D distributions (with the exception

of PEGsPCL ) (Figure 6). This discrepancy may result from the relative proportion of
secondary aggregates being very small as the X-ray scattering from particles scales with the
cubed particle volume, and therefore, the number densities of the large aggregate particles
are likely to be below the threshold detection limit of the NMR spectroscopy experiments.
This is also supported by the narrow PDI values obtained from DLS for the PEG5PCL4 » and
PEGsPCLg 5 copolymers, which imply that the proportion of larger secondary aggregates
are small; while intensity PSDs reveal the presence of larger aggregates, volume PSDs
confirm that they are very small in number (SI, Figure S10). That being said, the broad D
distributions and PDI for the PEG5PCL g g copolymer indicate that the relative proportion of
larger aggregates is higher in this system.

The scattering profile of the PEG1gPCL3 2 copolymer solution was similar to that of the
PEGsPCLg g copolymer and indicated the presence of a polydisperse system with large
and small polymer aggregates (Figure 6). The low Q scattering shows a Q=3 power

law dependency representative of the large aggregates; whilst scattering in the high Q
region could be fitted with a Guinier-Porod model with a shape factor s = 0 and the

Porod exponent of 2.5, which indicates spherical clusters comprising a mass fractal

with fractal dimension consistent with partially collapsed random walk polymers. These
results suggest that at lower #¢| and higher PEG block M,, (10 kDa) the copolymers

are observed in a transitional state between ill-defined polymer clusters and metastable
aggregates, supporting the NMR spectroscopy experiments and DLS results. Similar to the
PEGsPCLy copolymer series, the PEG1oPCLy series was observed to undergo a transition
from metastable aggregates to cylindrical, and finally, ellipsoidal micelles as the fpr; was
increased (Figure 6). PEG1oPCL7 g was observed as cylinders ~35 nm in length and 10 nm
in radius. PEG1gPCL1g.7 and PCL1oPCL14 9 Were effectively modelled as oblate ellipsoids
with equatorial radii of 14-22 nm and polar radii of 6.3 nm.

Overall, the synchrotron SAXS analysis reveals the emergence of defined aggregate shapes,
including cylindrical and ellipsoidal micelles with increasing fpc;, regardless of the PEG
M. Similarly, Rajagoal et a/. investigated the effect of PEG and PCL MW on micelle
formation for a series of PEGxPCL,, copolymers using fluorescent imaging.23 Although

in most cases the fp; was significantly > 0.5, several of the copolymers (PEG,PCL g,
PEG5PCL3 g, PEGsPCLs g and PEGsPCLg g) were similar in composition to those reported
in our study. Interestingly, Rajagoal et a/. imaged these copolymers as spherical micelles and
in no instances observed a transition from cylindrical to spherical micelles with increasing
focr .23 These differences possibly highlight the effect of fluorescent dyes or slightly
different preparation techniques on micelle formation. Furthermore, the resolution of the
imaging technique may have prevented spherical micelles from being distinguished from
ellipsoidal micelles.
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In general, an increase in the fc| at a constant PEG M,, led to an increase in aggregate
radius (for both cylindrical and ellipsoidal micelles) (Table 2). This is further supported by
a decrease in (D) values calculated from diffusion NMR experiments (Figure 4). However,
a slight decrease in the aggregate radius (equatorial radius) was observed in going from
PEG1oPCL1g.7 to PEG1gPCL14.9.

In terms of molecular packing considerations,1* increasing the length of the hydrophilic
block (PEG) leads to increasing inter-headgroup repulsions in the corona. This effectively
increases the surface area occupied by each polymer molecules at the core-aqueous interface
(). This lowers the critical packing parameter [CPP = W ak, where Vis the volume
occupied by the hydrophobic tail block and £ is the extended length of the tail] and

drives the micelle shape towards a more spherical geometry. Based on the observation that
increasing the hydrophobic PCL block length for a given PEG M, also drives the micelles
towards a more spherical geometry suggests that the ratio V/ 4 becomes smaller with
increasing PCL block length, that is to say that the increase in the extended length of the
PCL block is proportionally larger than the equivalent increase in the volume it occupies in
the micelle core. This is commensurate with the increase in average particle radii measured
by SAXS, with the average radii of the hydrophaobic cores of the ellipsoidal particles being
greater than the equivalent cylindrical particles with the same PEG M,,

Correlation of NMR spectroscopy, DLS and SAXS data, and interpretation of
trends in copolymer self-assembly—Taken together, the diffusion NMR spectroscopy,
DLS and synchrotron SAXS results present a compelling picture of aggregate evolution

for the copolymers investigated in this study. The diffusion NMR spectroscopy experiments
revealed that the mean and spread of the D distributions can be utilised as a measure

of the transition in size dispersity of the copolymer aggregates in solution with respect

to changes in the PEG block M, and 7% ; along with PDI values measured from DLS
experiments. Under the conditions studied, these results indicate that there are three
different aggregate states, namely loosely associated polymer clusters (mass fractal particle),
metastable aggregates (very disperse systems containing different size and shape aggregates)
and stable micelles (well-defined shape with a narrow dispersity) (Figure 7).

For low ¢ (e.g., PEG,PCL g 4) diffusion NMR spectroscopy indicates the presence of
unimers or loosely associated unimers (Figure 3) and DLS indicates the presence of very
disperse aggregates (Figure 5), which implies that the system consists of loosely associated
polymer clusters, which retain the mobility and diffusivity of the unimers. This is further
supported by the SAXS analysis for which the scattering profile is consistent with the
mass fractal model, whereby small particles in the large mass fractal particle might have
diffusivities similar to unimers. For the PEGsPCLg g and PEG1gPCL3 2> copolymers with

a low fo¢c, diffusion NMR spectroscopy revealed a significant decrease in the diffusivity
indicative of aggregate formation. However, the large differences in the D distributions for
the two blocks may be due to relaxation weighting and indicate structure size and mobility
heterogeneity. The presence of aggregates with a broad distribution of sizes seen in DLS

is further supported by the SAXS results that reveal the formation of a dispersed system
containing large aggregates and small cylindrical micelles (metastable system). These
differences in the D distributions and broad dispersity are also observed for the PEG,PCL 1
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and PEG,PCL g copolymers implying that these form metastable aggregates, although
SAXS would indicate that these aggregates have more defined cylindrical structures.
However, the power-laws in the low Q region of the SAXS data indicates the presence

of larger secondary aggregates, which might explain the differences noted in the diffusion
NMR spectroscopy data for the two blocks (Figure 3 and Figure 6). With increasing ¢,
the SAXS analysis reveals that the PEGsPCL 3, PEG5PCL, 4 and PEG1gPCL7 g copolymers
form cylindrical aggregates, however, the good agreement between the D distributions

for the PEG and PCL blocks in the diffusion NMR spectroscopy experiments and lower
dispersity in DLS analysis implies that these are stable and relatively well-defined micelles.
At larger foc the results from all three complementary analytical techniques indicate well-
defined and stable micelles that trend towards ellipsoidal (oblate) micelles with lower aspect
ratios.

Overall, several trends in the aggregation behaviour with respect to the copolymer
microstructure can be concluded from this study. Whilst an increase in the ¢ results

in more stable and well-defined micellar structures, the PEG M, is also important, with
lower M, PEG (e.g., 2 kDa) failing to stabilise aggregate formation until the /o > 0.5. This
is further supported by the fact that copolymers with similar /¢ (e.9., PEG,PCL g versus
PEG5PCL 4 2) behave very differently, implying that the MW of the individual blocks, as
well as their respective MW ratio, is critical in controlling the self-assembly process. Whilst
the increase in PCL block M, between the PEG,PCL 4 g and PEG5PCL4 > copolymers might,
in isolation, be attributable to the formation of stable aggregates, it does not explain why the
PEGsPCL 1 3 copolymer forms stable aggregates, and the PEG1oPCL3 » copolymer does not.
Thus, it can be concluded that there is a threshold ratio between the /¢ and PEG block M,,
that is responsible for controlling the formation of stable and well-defined micelles.

Furthermore, the /¢ and PEG block M, are also responsible for controlling the aggregate
structure. From a thermodynamic perspective, the self-assembly of block copolymers is
governed by the interfacial energy between the core and solvent, the free energy of
deformation of the polymer chains in the core, and the free energy associated with the
interaction of chains in the corona.1® However, the current thermodynamic model for
aggregate (micelle) formation relies on two key assumptions: (i) the aggregate core is
fully segregated with no solvent, and (ii) the core and corona have a sharp interface.54

As has been shown previously, water penetration into the hydrophobic core of micelles

is significant, which clearly indicates that there is a region of the core or boundary layer
between the core and corona that is more hydrated.>2-54 Furthermore, as we have shown
in this study, the presence of characteristic PCL signals in NMR spectra of aggregates

also implies the presence of a semi-hydrated core or boundary layer. If indeed there is a
semi-hydrated boundary layer it would influence the interfacial energy and deformation of
the blocks, which is not currently accounted for in the existing thermodynamic model of
block copolymer self-assembly.

4. CONCLUSIONS

This work elucidates the key relationships between the compositional attributes of PEG-6-
PCL block copolymers and their hierarchical colloidal assemblies as formed in aqueous
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systems. This represents the first use of a completely complementary suite of non-
interfering analytical techniques for the thorough characterisation of PEG-4-PCL aggregated
assemblies. Previously reported investigation of the microstructure-assembly relationships of
PEG-6-PCL copolymers have been restricted by the use of a limiting range of observational
techniques, and/or have been limited to smaller sample libraries.23-26 These shortfalls have
been overcome in this work through a systematic evaluation using a series of complementary
techniques to evaluate a larger, clearly defined library of copolymers and their assemblies.

It was demonstrated that for PEG-6-PCL copolymer series investigated the fp; confers a
dominant effect on aggregate formation, stability and morphology, while the PEG block M,
plays a lesser, but still important role. At low fpc; the copolymers existed as metastable
aggregates which transitioned to cylindrical and well-defined ellipsoidal micelles as the fooy
increased. This provides evidence of a critical 7o, and M, for stable aggregate formation
from amphiphilic block copolymers in water, whilst demonstrating that the size and shape

of aggregates are tunable through careful selection of polymers of particular microstructural
composition. This constitutes a significant advancement in knowledge within this field. As
such, we anticipate that this provides a fundamental basis for understanding the parameters
of aggregate formation from PEG-4-PCL block copolymers, and that this will prove valuable
to the rational design of micellar drug delivery systems, where aggregate morphology may
be closely correlated with their biological fate. For instance, no aggregates evaluated within
this study formed perfectly spherical micelle-like aggregates, with SAXS showing that all
micelle structures were elongated. However, future studies are required to determine what
effects the inclusion of small hydrophobic drug molecules may have on the block copolymer
self-assembly process and aggregate structure, and to determine if the trends observed for
the PEG-5-PCL block copolymer system are more broadly applicable to similar amphiphilic
copolymers.
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Figure 1:
IH NMR spectra (600 MHz, 25 °C) of (a) PEGs homopolymer in D,0, and PEG5PCL 4

copolymer in (b) CDCl3 and (c) D,0O. Aggregation of the block copolymer in D,O results in
broadening of the characteristic PCL signals and a reduction in their intensity relative to the
PEG signal indicative of the changing physical environment and reduced rotational mobility
of protons on the hydrophobic block.
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Figure 2:
(a) PGStE NMR spectroscopy attenuation of signal intensity and (b) D distributions for the

methylene protons of the PEG backbone (64 3.65 ppm) of the PEG, (blue), PEGg (red)
and PEG1 (green) homopolymers in D,O. The scale of the x axis was chosen for ease

of comparison with subsequent figures which exhibit self-diffusion coefficients across this
range.
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Figure 3:

D distributions for the PEG (solid red) and PCL (dashed blue) blocks of (a) PEG»
homopolymer and the PEG,PCL, copolymer series, (b) PEGs homopolymer and PEG5PCLy
copolymer series, and (c) PEG1o homopolymer and PEG1oPCLy, copolymer series in D,0.
Differences between PEG and PCL D distributions arise due to relaxation weighting and
indicate aggregated structure heterogeneity.
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Figure 4:
Mean (marker) and standard deviation (error bars) of { D) measured on three separate

self-assembled samples (independent experiments) for each PEGxPCL,, copolymer, plotted
against f>c . In most cases, error bars are smaller than symbols. The solid and open symbols
represent the (D) of the PEG and PCL blocks, respectively, for the PEG,PCL,, (blue),
PEGsPCLy (red) and PEG1oPCLy (green) copolymer series. Dashed lines are included as a
guide to the eye and join the PEG (D) for each series.
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Figure 5:
Mean (marker) and standard deviation (error bars) of PDI measured on three independent

experiments of each PEGPCL,, copolymer solution, plotted against /¢y .
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Page 27

Synchrotron small-angle X-ray scattering profiles and model fitting for PEG-b-PCL block
copolymers in water. Illustrations indicate the proposed structure of the aggregates, wherein
the PCL cores are depicted as red, and the PEG coronas are shown in blue. The models
which have been applied for fitting are denoted as follows: MF = mass fractal (random-walk
polymers loosely clustered), PL = power-law scattering from secondary polymer aggregates,
CY = cylindrical micelles, GP = Guinier-Porod (collapsed polymer chain), EL = ellipsoidal

micelles.
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Figure 7:

Phase diagram for aggregates formed from the PEG,PCL,, (diamonds), PEGsPCL,, (squares)
and PEG1oPCLy (circles) block copolymer series in water, indicating the aggregate structure
with respect to /¢ . The diagram combines aggregation states measured by SAXS
measurements (shown by colors defined in the figure legend) and by NMR and DLS (with
the dashed and solid black lines dividing the samples based on aggregation stability).

J Colloid Interface Sci. Author manuscript; available in PMC 2022 January 15.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Faisal et al.

Table 1:

Page 29

Composition and molecular weight characteristics of PEG macroinitiators and PEG-5-PCL block copolymers.

pec PCL Copolymer D Mass fraction
Polymer M, n n My/Mp EIEG; PCL

(kDa) (kpa)® (kDa)® b frec  feeL
PEG,PCLos 20 04 24 1.03 45; 4 083 017
PEG,PCL;; 20 11 3.1 1.02 45: 10 0.65 035
PEG,PCL;g 20 18 3.8 1.02 45: 16 053 047
PEG,PCL,, 2.0 4.0 6.0 1.03 45; 35 033 067
PEGsPCLys 5.0 0.6 5.6 1.01 114; 5 089 011
PEGsPCL, 3 5.0 13 6.3 1.02 114,11 079 021
PEGsPCL 4 5.0 2.4 7.4 1.02 114; 21 0.68  0.32
PEGsPCLs, 5.0 42 9.2 1.03 114; 37 054 046
PEGsPCLgs 5.0 9.5 14.5 1.09 114; 83 0.34  0.66
PEG;,PCLs, 100 3.2 13.2 1.02 227: 28 0.76  0.24
PEG,PCL; 100 7.9 17.9 1.04 227; 69 056 0.4
PEG;PCLy; 100  10.7 20.7 1.04 227; 94 048 052
PEG;PCLy;q 100  14.9 24.9 1.12 227: 131 040  0.60

a
Mp calculated from 14 NMR spectroscopy.

b . . S . .
Mpand D calculated by GPC with reference to a conventional column calibration with narrow molecular weight PEG standards.
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Model fitting parameters pertinent to the shape and size of polymer aggregates observed in this study. Models
are denoted as follows: MF = mass fractal, PL = power law, CY = cylinder, GP = Guinier-Porod and EL =

ellipsoid.
Low Q power Radius (nm)
Polymer Model 12 (Q™) Particle Radius of Cylinder Ellipsoid Ellipsoid polar
radius gyration (Rg) radius equatorial radius  radius

PEG,PCLy4s  MF 2.1 2.6 - - - -
PEG,PCL;;  PL+CY 34 - - 4.6 - -
PEG,PCL; g PL+CY 26 - - 6.6 - -
PEG,PCL44 PL+CY 26 - - 6.4 - -
PEGsPCLys  GP+CY 20 - 13.7 2.1 - -
PEGsPCL; 3 PL+CY 26 5.6 - -
PEGsPCL,4 CY - - 6.2 - -
PEGsPCL,, PL+EL 26 - - - 12.1 7.0
PEGsPCLg5s EL - - - 20.3 8.1
PEGoPCL3, PL+GP 3.0 - 16.3 - - -
PEG;PCL;g PL+CY 26 - - 9.4 - -
PEG;PCLy; EL - - - 22.0 6.3
PEGyoPCLy49 PL+EL 24 - - - 135 6.3
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