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ABSTRACT

Thermoresponsive polymers have attracted much scientific attention due to their capacity for temperature-driven hydrogel formation. For biomedical applications,
such as drug delivery, this transition should be tuned below body temperature to facilitate controlled and targeted drug release. We have recently developed a
thermoresponsive polymer that forms gel at low concentrations (2 w/w%) in aqueous media and offers a cost-effective alternative to thermoresponsive systems
currently being applied in clinics. This polymer is an ABC triblock terpolymer, where A, B, and C correspond to oligo(ethylene glycol) methyl ether methacrylate with
average M, 300 g mol~* (OEGMA300), n-butyl methacrylate (BuMA), and di(ethylene glycol) methyl ether methacrylate (DEGMA). To investigate the self-assembly
and the gelation mechanism in diluted solutions, we used small-angle neutron scattering (SANS) on 1 w/w% (below the gelation concentration) and 5 w/w% so-
lutions (above the gelation concentration). As a comparison, we also investigated the solutions of the most studied thermoresponsive polymer, namely, Pluronic
F127, an ABA triblock bipolymer made of ethylene glycol (A) and propylene glycol (B) blocks. SANS revealed that the in-house synthesised polymer forms elliptical
cylinders, whose length increases significantly with temperature. In contrast, Pluronic F127 solutions form core-shell spherical micelles, which slightly elongate with
temperature. Transmission electron microscopy images support the SANS findings, with tubular/worm structures being present. Variable-temperature circular di-
chroism (CD) and proton nuclear magnetic resonance (*H NMR) spectroscopy experiments reveal insights on the tacticity, structural changes, and molecular origin of
the self-assembly.

1. Introduction

Thermoresponsive block copolymers are amphiphilic polymers
which comprise at least a hydrophobic block and a hydrophilic and
thermoresponsive block; the hydrophilicity of the latter changes with
temperature. These polymers self-assemble into micelles and the ther-
mal response is manifested by a cloud point in dilute conditions, while at
higher concentrations, they form a 3-D network. Several underlying
gelation mechanisms have been reported in the literature regarding this
temperature-driven network formation, such as micellar packing,
bridging of flower-like micelles, and micelle elongation [1].

Pluronics are commercially available thermoresponsive polymers
with temperature-driven self-assembly, whose gelation is known to be
attributed to micellar packing. More specifically, these polymers are
ABA triblock bipolymers with A blocks being ethylene glycol (EG) and
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the central B block consisting of propylene glycol (PG). Below the crit-
ical micellisation temperature (CMT), PG units are hydrophilic, thus
their aqueous solutions consist of unimers and aggregates. PG units
gradually become hydrophobic with increasing temperature, thus these
copolymers become amphiphilic and self-assemble into micelles at the
CMT. When in concentrated solutions, polymer network formation oc-
curs. The most widely studied Pluronic is F127 (average molar mass,
MM, ~12,600 g mol ! and PG content 30 %), as it presents the lowest
gelation concentration. Thus, it has been studied in several fields, such
as biomedical engineering [2,3], drug delivery [4-6], 3-D printing
[7-9], and formulation chemistry, primarily as a gelling agent [10,11].
Its self-assembly and gelation mechanisms have been extensively
investigated, and small-angle neutron scattering (SANS) studies have
revealed a temperature- and concentration-driven self-assembly into
core-shell spherical micelles [12-15], whose packing into a

Received 7 February 2024; Received in revised form 13 April 2024; Accepted 15 April 2024

Available online 18 April 2024

0032-3861/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:t.georgiou@imperial.ac.uk
www.sciencedirect.com/science/journal/00323861
https://www.elsevier.com/locate/polymer
https://doi.org/10.1016/j.polymer.2024.127075
https://doi.org/10.1016/j.polymer.2024.127075
https://doi.org/10.1016/j.polymer.2024.127075
http://creativecommons.org/licenses/by/4.0/

A.P. Constantinou et al.

body-centred-cubic (BCC) structure is responsible for gelation [16].

The gelation mechanism of a triblock copolymer consisting of an EG-
based hydrophilic central block, and two hydrophobic outer blocks
consisting of butylene glycol was also studied through scattering tech-
niques by Castelletto et al. [17] This type of amphiphilic copolymer is
expected to form flower-like micelles, whereby polymer chains loop
back to insert their hydrophobic end-blocks within the core of the mi-
celles (forming the petals of the flower) or act as bridges between
adjacent micelles. SANS studies on the diluted solutions revealed that
the polymer chains act as bridges between the micelles, which increase
in number as a function of the polymer concentration, thus leading to
stronger gels (i.e., gels with a higher storage modulus, G’, as measured
by oscillatory shear rheology). Small-angle X-ray scattering (SAXS)
showed that the organisation of the micelles in the gel state is charac-
terised by a BCC structure [17].

Thermoresponsive gelation can also be achieved by the formation of
wormlike micelles with diblock copolymers, as has been reported by
Armes’ group [18-20]. In their first study, diblock copolymers
comprising of poly(2-hydroxypropyl methacrylate) (PHPMA) and poly
(glycerol monomethacrylate) were investigated [19]. Visual tests and
rheological measurements revealed a transition from solution (at 4 °C)
to gel (at 21 °C) while transmission electron microscopy (TEM) and
SAXS revealed that this behaviour could be explained by a shape tran-
sition from spherical micelles (at 4 °C) to wormlike micelles (at 21 °C)
[19]. Recently, similar findings were reported for a diblock copolymer
consisting of poly(2-(methacryloyloxy)ethyl phosphorylcholine and
PHPMA [20]. In another study by the same group, a novel diblock
copolymer, namely, poly(N,N-dimethacrylamide)-poly(4-hydroxybutyl
acrylate-stat-diacetone acrylamide), showed sol-gel-sol-gel transition
upon heating, as confirmed visually and by rheology [18]. Interestingly,
this unique transition was caused by a change in the self-assembly from
spheres (solution at 1 °C) to worm-like structures (gel at 25 °C), to
vesicles (solution at 50 °C), to lamellae (gel at 70 °C), as revealed by
TEM and SAXS [18].

Most of the published studies on this topic focus on diblock and
triblock bipolymers, due to their abundance in the literature, attributed
primarily to their easier synthesis. To the best of our knowledge, only a
limited number of studies has investigated the gelation mechanism of
ABC triblock terpolymers. Lodge’s group has also reported the investi-
gation of ABC triblock terpolymers, poly(ethylene-alt-propylene)-b-
polyEG-b-poly(N-isopropylacrylamide) (PON) [21,22] and poly(1,
2-butadiene)-b-polyEG-b-poly(perfluoropropylene oxide) [23] by means
of SAXS and SANS. In addition, double-responsive, i.e., pH- and ther-
moresponsive, triblock terpolymers were investigated by SANS; these
triblock terpolymers are poly(2-vinylpyridine)-b-polyEG-b-poly(glycidyl
methyl ether-co-ethyl glycidyl ether) [24,25] and polystyrene-b-poly
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(2-vinylpyridine)-b-polyEG [26].

Our group has previously reported a new family of thermoresponsive
ABC triblock terpolymers of constant MM and varying compositions,
where A, B and C consist of oligo(ethylene glycol) methyl methacrylate
with number-average MM (M;) 300 g mol ! (OEGMA300), n-butyl
methacrylate (BuMA) and di(ethylene glycol) methyl ether methacry-
late (DEGMA), respectively [27]. A member of this family, namely
OEGMA300,6-b-BuMA,g-b-DEGMA;5, Fig. 1, presents interesting gela-
tion properties, with a critical gelation concentration as low as 2 w/w%,
as revealed by visual tests and rheology. This observation in combina-
tion with the limited literature investigating the gelation mechanism of
ABC triblock terpolymers prompt an in-depth investigation of its
self-assembly and gelation mechanism. In the current study, we inves-
tigate its aqueous solutions at 1 w/w% and 5 w/w% over a range of
temperatures by SANS and compare with the corresponding solutions of
Pluronic F127. In addition to investigating the self-assembly of these
polymers at the nanoscale, we visualise the self-assembled structures by
both cryogenic and conventional transmission electron microscopy
(cryoTEM and TEM, respectively). Finally, we also monitor
temperature-driven structural changes by circular dichroism (CD) and
nuclear magnetic resonance (NMR) spectroscopy.

2. Experimental
2.1. Materials

Pluronic F127, average MM 12600 g mol ™! and ~70 % EG, phos-
phate buffered saline (PBS) tablets, and deuterium oxide (D20) were
purchased from Sigma Aldrich Ltd., UK. The ABC triblock terpolymer
was synthesised via group transfer polymerisation (GTP), and the syn-
thesis has been previously reported [27]. Cuvettes for dynamic light
scattering (DLS) experiments were purchased from VWR International.

2.2. Methods

2.2.1. Dynamic light scattering (DLS)

The solutions of the polymers at 1 w/w% in D2O/PBS (same solvent
as in SANS) were measured by dynamic light scattering (DLS) with
temperature ramps using a Zetasizer Nano ZSP (Malvern Instruments
Ltd), and the data analysis was performed using a Zetasizer software
(version 7.11) from Malvern Panalytical. The scattered light was
collected at a backscatter angle of 173°, and the sample was analysed
three times at each temperature step. One should bear in mind that DLS
technique assumes the formation of spheres.

28 15
o0~ O

O
2
Di(ethylene glycol) methyl
Ether methacrylate
(DEGMA)

Fig. 1. Schematic representation and chemical structure of the ABC triblock terpolymer.
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2.2.2. Small-angle neutron scattering (SANS)

Temperature ramp measurements were performed on solutions of
the polymers (1 and 5 w/w%) in D,O/PBS and monitored by SANS. The
experiments were performed at the ISIS pulsed neutron source at the
Rutherford Appleton Laboratory (Didcot, UK), using a time-of-flight
SANS instrument ZOOM, and a source to sample and sample to detec-
tor distance of 4 m, and wavelength range 1.5-16.5 A. The instrument
was equipped with an Anton Paar rheometer (Physica MCR501), loaded
with a special Searle-Couette (rotating stator) measuring geometry in
Grade-V Titanium. The strain was kept constant at 1 %, and the angular
frequency at 1 rad s™!. As the mechanical perturbations applied were
small (within the linear viscoelastic area), the conformation of the
polymers was not disrupted, thus the analysis and discussion are focused
on the structure (rather than any effect of shear). During this experi-
ment, the beam travelled through the centre of the geometry, and the
temperature was kept constant while collecting the SANS data, with
each step lasting 6 min and 7 s. Data reduction was performed using
MantidPlot [28].

2.2.3. Modelling of SANS data

The results were fitted using SasView software (versions 5.0 for
OEGMA30016-b-BuMA,g-b-DEGMA;5 and 4.2.2 for Pluronic F127) [28,
29]. Scattering curves from OEGMA300;4-b-BuMA3g-b-DEGMA;5 mi-
celles were best fitted to an elliptical cylinder model (minor radius,
major radius and length of the cylinder), as ellipsoid model showed
poorer quality fits. The scattering length density (SLD) value of the
solvent (D,O/PBS) was fixed at 6.36 x 107® A~2 and the SLD of the
polymer at 0.64 x 10~® A=2, The SANS data for the 1 % solution were
not fitted above 38 °C, as phase separation occurs. At 5 %, the samples
form a gel at higher temperatures, which was fitted using a BroadPeak
model (peak position in ¢, A™1); the gel then destabilises via syneresis
and precipitation at the highest temperatures. Scattering curves from
Pluronic F127 were fitted to a core-shell sphere model with a
hard-sphere structure factor. To take into consideration the contribution
from the poly(ethylene glycol) PEG shell, as well as unimers in solution —
visible in the high-q region —, a Gaussian coil with Rg =7 A was added to
the modelling, similarly to previous studies [15]. In order to reduce the
number of fitting parameters, the SLD values were kept constant at 6.00
x 107® A2 for the shell and at 6.36 x 10°® A~2 for the solvent
(D20/PBS). The SLD of the core was kept fixed at 1.5 x 107° A2 for the
1 w/w% solution, indicating a slightly hydrated core, as previously
observed [14], while the SLD of the core was kept fixed at 0.4 x 107
A~2 for the 5 w/w% solution, indicating a very dehydrated core, as in
previous studies on similar systems [15,30-32]. The polydispersity of
the core size and the shell thickness of the micelles were also fixed, to
0.15 and 0.2, respectively, as in previous work [14].

2.2.4. Transmission electron microscopy (TEM)

The self-assembled structures of both copolymers at 1 w/w% and 5
w/w% in deionised water were visualised via TEM. For sample prepa-
ration, 10 pL of the aqueous polymer solution was pipetted onto an S160
carbon film on 200 mesh grid copper (Agar Scientific Ltd, UK). Once 60 s
have passed, the excess of sample was removed using a filter paper, and
subsequently the sample was washed by pipetting 30 pL of DI water. For
achieving contrast on the TEM, the samples were negatively stained by
using 2 w/v% uranyl acetate. The staining was performed by pipetting
30 pL of stain solution, while holding the TEM grids at an angle of 45°,
and the sample was left to air dry. The TEM images were recorded using
a JEOL STEM 2100Plus transmission electron microscope, operated at
80 kV to enhance contrast for bright field TEM, and by using an objective
aperture of 70 pm.

2.2.5. Cryogenic Transmission Electron Microscopy (Cryo-TEM)
Cryo-TEM was performed on the samples of OEGMA300;¢-b-

BuMA,g-b-DEGMA 5 solution at 5 w/w% and 10 w/w% in PBS at room

temperature (liquid state) and 37 °C (gel state). For visualising the self-
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assembly at room temperature, 5 pL of sample was applied to a glow-
discharged Lacey carbon grid (EM Resolutions, UK) inside the cham-
ber of a Leica GP2 plunge-freezing device held at 20 °C. Excess sample
was blotted off in two 5s blotting steps before plunging in liquefied
propane/ethane mixture. Samples were imaged using a Gatan 626 cryo-
holder on a JEOL 2200FS TEM with a Gatan K2 direct electron detector.
To image the sample at 37 °C, while it is at the gel state, the sample was
manually blotted while held outside the chamber, then incubated inside
the chamber at 37 °C for 200 s, before plunging into the propane/ethane
mixture as for the room temperature samples.

2.2.6. Circular dichroism (CD) spectroscopy

Temperature variable CD experiments were performed on a Chir-
ascan CD spectrometer (Applied Photophysics Ltd, Leatherhead, Surrey,
UK) with a Quantum Northwest Peltier temperature controller (Quan-
tum Northwest Inc., Liberty Lake, Washington, USA), as previously
described [33]. Briefly, samples were placed in a quartz cuvette (Starna
Scientific Ltd, Ilford, UK) and measured with a 1 °C min ! heating rate
between 25 °C and 45 °C with a 0.2 °C tolerance. Spectroscopic data was
collected between 260 and 190 nm. For each sample, the phosphate
buffered saline solvent was measured in triplicate at 25 °C, averaged and
subtracted from the temperature variable CD data of each sample. The
Origin software (OriginLab Corporation, Northampton, Massachusetts,
USA) was used to analyse the data. The data was zero and smoothed
using Savitzky-Golay method with 7 points and polynomial order 5 and
the mean residual ellipticity (MRE) was calculated by accurately ac-
counting for polymer mean residual weight and concentration.

2.2.7. Proton nuclear magnetic resonance ( TH NMR) spectroscopy

H NMR spectroscopy was performed using a JEOL400 NMR Spec-
trometer. Both OEGMA300;¢-b-BuMA,3-b-DEGMA; 5 and Pluronic F127
were analysed in CDCl3 at a concentration of 10 mg mL ! (1 w/v%). The
copolymers were also dissolved in DO at 10 w/w% and were analysed
via 'H NMR at different temperatures, specifically, 25 °C, 31 °C, and
37 °C (32 scans).

3. Results and discussion
3.1. Micellar structure of OEGMA30014-b-BuMA 28-b-DEGMA 15

OEGMA300;6-b-BuMAg-b-DEGMA;5 at 1 w/w% in PBS displays a
thermal response reflected by a cloud point (38 °C) and precipitation
(39 °C) [27]. This polymer presents a gelation concentration as low as 2
w/w% in PBS, with gelation temperature at 39 °C [27], and therefore
understanding its self-assembly in diluted solutions is of major interest.
Thus, SANS was used to investigate the effect of temperature on its
self-assembly behaviour at 1 w/w%, which is below its gelation con-
centration, Fig. 2 a) and Table 1. To achieve a good neutron contrast, the
experiments were performed in D,O/PBS, in which the cloud point and
precipitation were visually detected at 37 °C and 38 °C, respectively,
equal to PBS only, within the error of the technique (£+2 °C).

To preliminary assess the size evolution prior to the SANS mea-
surements, we performed DLS measurements at different temperatures,
Fig. S1. We observed a monomodal distribution with the average size of
the aggregates which remained unchanged at approximately 35 nm up
to 31 °C. Above 34 °C, the size increased drastically, reflecting aggre-
gation into larger clusters, with sizes of the order of 100s of nm. This
behaviour is indicative of a sharp transition in self-assembly structures
just below physiological temperature. While DLS is useful to detect
changes due to temperature, specific sizes are not discussed further, as
the technique assumes a spherical shape from the scattering objects,
which — as we show later from the SANS analysis — is incorrect.

SANS was used to provide an insight into the morphology of the
aggregates. The scattering signals from the micelles of OEGMA300,¢-b-
BuMA,g-b-DEGMA 5 were best fitted to an elliptical cylinder model, i.e.,
a cylinder with an elliptical cross-section, as simpler models, such as
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OEGMA300,;-b-BuMA ,;-b-DEGMA,5
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Fig. 2. Top - Small-angle neutron scattering curves from OEGMA300,¢-b-BuMA5-b-DEGMA; 5 at different temperatures in D,O/PBS at a) 1 w/w% and b) 5 w/w%.
and c) Bottom - Small-angle neutron scattering curves from Pluronic F127 at different temperatures in D;O/PBS of at ¢) 1 w/w% and d) 5 w/w%.

Table 1
Structural Parameters obtained by SANS analysis on solutions of OEGMA300, ¢-
b-BuMAg-b-DEGMA ;5 at 1 w/w% in D,O/PBS.

Temperature Minor Radius (A) + Major Radius A) + Length A)+5
0 5% 5% %
23 48 59 243
25 48 60 235
27 48 61 240
29 47 65 420
31 46 66 600
33 46 67 730
34 47 68 720
35 47 69 660
36 44 65 590
37 47 69 506
38 46 68 526
39 47 70 547
40 49 77 562
41 47 80 1000

% SANS data were fitted to an elliptical cylinder model, i.e., a cylinder with an
elliptical cross-section.

ellipsoid, did not provide the best fits. Representative SANS profiles are
presented in Fig. 2 a), and the complete set of data is shown in
Figs. $2-S4. The best-fit minor radius decreased slightly from 48 A to 44
A as the temperature was increased from 23 °C to 36 °C (Figure S4 a) and

Table 1), while the best-fit major radius increased from 59 A to 65 A as
the temperature was increased from 23 °C to 36 °C, Table 1. Interest-
ingly, the best-fit length of the elliptical cylinder was 235 A at room
temperature, and it gradually increased, reaching values of the order of
500-700 A (Figure S4 b). Beyond the onset of precipitation (visually
detected at 38 °C), a slight upturn at low q could be an indication of a
sharp interface, suggesting the presence of very large aggregates not
measured by SANS, while the values obtained for the cylinders is
indicative only (due to the likely presence of other structures). This
elongation explains the drastic size increase observed in DLS
measurements.

To investigate the self-assembly of OEGMA300;4-b-BuMAgg-b-
DEGMA 5 above its critical gelation concentration (2 w/w%), its solu-
tion at 5 w/w% in D,O/PBS was investigated by SANS over a range of
temperatures. This sample visually forms a gel at 35 °C, which desta-
bilises via gel syneresis at 46 °C, with the onset of precipitation taking
place at 47 °C. The resulting scattering patterns were best fitted using an
elliptical cylinder model up to 44 °C, Table 2, and Fig. 2 b), S5 and S6,
while the data at higher temperatures, i.e., at temperatures at which the
gel visually destabilises, were fitted with a Broadpeak model, Table 3,
and Fig. S7.

The scattering patterns of OEGMA30016-b-BuMAyg-b-DEGMA;5 so-
lution at 5 w/w% and the effect of temperature are similar to the ones
obtained at 1 w/w%, Fig. 2 b). Specifically, the scattering patterns show
an increase in intensity in the low q region, with temperature increasing
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Table 2

Structural Parameters obtained by SANS analysis on solutions of OEGMA300,¢-
b-BuMAg-b-DEGMA ;5 at 5 w/w% in D;O/PBS up to 36 °C. Note: the sample gels
visually at 35 °C, and it remains stable up to 45 °C, above which, gel syneresis and
precipitation are observed.

Temperature Minor Radius (&) + Major Radius A + Length @A) +5
Q) 5% 5% %

23 49 66 210
25 50 66 207
27 50 66 213
29 50 66 218
31 50 66 250
32 50 67 337
33 48 67 750
35 48 68 1050
36 48 69 2200
37 47 69 10000
38 47 72 10000
40 46 82 10000
42 45 394 10000
44 43 258 10000

ASANS data was fitted to an elliptical cylinder model, i.e., a cylinder with an
elliptical crossection.

Table 3

Structural parameters obtained by SANS analysis on gels of
OEGMA300;6-b-BuMA,g-b-DEGMA;5 at 5 w/w% in D,O/PBS
from 46 °C to 52 °C. Note: the sample presents gel syneresis, fol-
lowed by precipitation, at this temperature range.

Temperature (°C) Peak Position (A’l)

46 0.046
48 0.050
50 0.053
52 0.055

4SANS data was fitted to a BroadPeak model [29].

from 31 °C to 42 °C. Upon heating to 46 °C, a peak appears at g ~ 0.05
A™1, whose position changes with temperature. These are discussed
below in more detail.

From the values returned by the fits, the best fit to the minor radius of
the elliptical cross-section of the cylinder remains relatively stable at
around 48 A to 50 A up to 36 °C, Table 2 and Figure S8 a). The values as
well as the trend are similar to the ones obtained with the 1 w/w% so-
lution. In addition, the length of the elliptical cylinder drastically in-
creases from 210 A (at 23 °C) to 750 A (at 33 °C), which is below the
visual gelation temperature of 35 °C, Figure S8 b). At the onset of the
gelation, the elliptical cylinder model is unable to describe the data at
low-q, which likely reflects further drastic elongation of the micelles
(sizes beyond the size measurable by SANS), or the appearance of larger
clusters in solution, Table 2.

As the temperature increases further, the gel destabilises by means of
gel syneresis, i.e., shrinking of the gel due to internal forces [34,35],
which is visually observed at 46 °C as a slight exclusion of solvent. The
sample progressively excludes more solvent as the temperature in-
creases further, and precipitation is observed at 47 °C. Starting from
46 °C, a peak is noticeable in the scattering data at q¢ ~ 0.05 A~
Therefore, the data were best fitted using the “Broadpeak model” [29],
which suggests the presence of scattering inhomogeneities, such as
lamellar, cylindrical, or bicontinuous structures [36]. The peak position
shifts from 0.046 A~! to 0.055 A~! with temperature, indicating that the
distance between the scattering inhomogeneities decreases from 136 A
to 113 A. This can be explained as the polymer network progressively
excludes more solvent, thus the aggregates come closer to each other,
until eventually complete phase separation is achieved.

Polymer 302 (2024) 127075
3.2. Micellar structure of Pluronic F127

As OEGMA3006-b-BuMA,g-b-DEGMA; 5 outperforms Pluronic F127
in terms of low gelation concentration [27], the most studied thermor-
esponsive polymer in the scientific community [37], we investigated the
self-assembly of Pluronic F127 at 1 w/w% in D>O/PBS by SANS for
comparison.

DLS temperature ramp measurements were performed to first assess
the size evolution, similarly to OEGMA300,¢-b-BuMAyg-b-DEGMA5
solution. At temperatures close to its critical micellisation temperature
(CMT), determined at 24 °C for 1 % solution in DO [13], the coexistence
of unimers and micelles is observed up to 25 °C, Fig. S9. In addition to
the unimers and micelles, very large aggregates with hydrodynamic
diameter larger than 200 nm were also detected at the lower tempera-
tures. This feature is often observed in Pluronic and Tetronic solutions,
and it is attributed to clusters of hydrophobic impurities in the form of
mono- or diblock copolymers, which then become solubilised in the
hydrophobic core of the micelles at higher temperatures [32,38,39].
Upon completion of the micellisation, monomodal distribution with
sizes corresponding to the micelles was observed up to 51 °C. This shows
the temperature-driven self-assembly of Pluronic F127, caused by the
thermoresponse of the poly(propylene glycol) (PPG) middle block. This
is in contrast with the self-assembly of OEGMA300;¢-b-Bu-
MAg-b-DEGMA; 5, which consists of a permanently hydrophobic middle
block, namely BuMA, thus thermodynamically favouring its
self-assembly to avoid interactions with water.

The scattering patterns of Pluronic F127 at 1 w/w% show an increase
in intensity upon heating, Fig. 2 ¢), S10, and S11. In addition, while the
signal at high g at 23 °C and 25 °C, which is around the CMT, corre-
sponds to the one expected for polymer chains, starting from 27 °C, the
signal becomes more characteristic of structured, spherical objects, here
micelles. These general observations agree with the results obtained by
DLS measurements.

The SANS signals of Pluronic F127 at 23 °C and 25 °C were fitted
with a combination of core-shell sphere model and the Guinier-Debye
model for Gaussian coils, which describes solvated polymer coils in a
theta solvent. At higher temperatures, a core-shell sphere model com-
bined with a hard-sphere structure factor was used instead, indicating a
significant change in the morphology of the scattering objects, i.e., a
transition from random coils to micelles. The SLD of the solvent was
fixed at 6.36 x 107° A’Z, while the SLD of the shell was fixed at 6 x
107® A2, indicating a highly solvated corona, similarly to previous
studies on this polymer [15]. The SLD of the core was initially let to vary,
resulting in values close to 1.5 x 10~% A2, thus it was fixed to this value
to minimise the number of parameters to fit. This value is higher than
0.4 x 107 12\_2, the SLD value corresponding to the PPG block [14,15],
indicating that the core is hydrated at ca. 18 %. At 23 °C, data analysis
returned a radius of gyration of the unimers at 58 A, lying within the
range reported previously [13], and a core radius of 48 A and shell
thickness of 61 A for the micelles, Table 4. Similar results were obtained
at 25 °C. At higher temperatures, at which the complete transition from
unimers to micelles is observed, data analysis returned a core radius of
43 A and a shell thickness of 67 A at 29 °C, Table 4, and Fig. S12. These
values are in a good agreement with values reported at 29 °C for Plur-
onic F127 at 1 % in D0, with a 42 A core radius and 61 A shell thickness
[13]. When compared to OEGMA300;4-b-BuMAg-b-DEGMA;5 under
the same conditions, the major radius of OEGMA300;¢-b-Bu-
MAg-b-DEGMA7 5 is slightly smaller than the total radius of the sphere
adopted by Pluronic F127 (65 A versus 110 [o\). However, OEG-
MA300;6-b-BuMA2g-b-DEGMA; 5 is considerably more elongated, as the
best-fit length of the elliptical cylinder is 420 A. As temperature in-
creases from 31 °C to 37 °C, the core radius increases slightly from 44 A
to 48 A, Table 4 and Fig. S12, in agreement with the observations of
Grillo et al. [13].

As a comparison with OEGMA30016-b-BuMA,g-b-DEGMAjs, the self-
assembly of Pluronic F127 at 5 w/w% over a range of temperatures was
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Table 4
Structural Parameters obtained by DLS and SANS analysis on solutions of
Pluronic F127 at 1 w/w% in D,O/PBS.

Temperature Core Radius (A) Shell Thickness (A) Total Radius (nm)”
QO +5% +5% +5%
23 48 61 10.9
25 47 61 10.8
27 39 66 10.5
29 43 67 11.0
31 44 70 11.4
33 46 69 11.5
35 47 70 11.7
37 48 70 11.8
39 49 68 11.7
41 49 70 11.9
43 50 68 11.8
45 50 69 11.9
47 51 68 11.9
49 53 65 11.8
51 53 65 11.8

Note: SANS data at 23 °C and 25 °C were fitted using a combination of a core-
shell sphere model and mono-gauss coils, while at higher temperatures, the data
were fitted to core-shell model with a hard-sphere structure factor; a Gaussian
coil (Rg =7 A) was used to fit the high-q region. For more information, please
refer to the Experimental Section.

2 The total radius (nm) has been calculated as the sum of the core radius and
shell thickness; the values of the latter have been obtained through the fits.

also investigated via SANS (Fig. 2d)-Table 5, and Figs. S13-S14) using
an analysis similar to previous studies [12,14,15]. For the analysis, the
SLD of the shell was fixed at 6 x 10~ A2, in analogy to the analysis on 1
w/w% solution case and previous studies [15]. The SLD of the core could
be fixed at 0.4 x 10~® A~2, suggesting no solvent penetration, as pre-
viously observed in poloxamine micelles [14,15,30-32]. Fixing these
parameters leads to core radius values increasing from 39 A to 51 A with
a temperature increase from 23 °C to 51 °C, while the shell thickness
varies from 59 A to 66 A, Table 5 and Fig. $15. These values are in good
agreement with previously reported values on the same system [14,15].

3.3. Imaging of the micellar and gel structure

The solutions of both OEGMA300;4-b-BuMA,g-b-DEGMA;5 and
Pluronic F127 at 1 w/w% and 5 w/w% at room temperature were
imaged via TEM, Fig. 3. Near-spherical structures were captured for both

Table 5
Structural Parameters obtained by DLS and SANS analysis on solutions of
Pluronic F127 at 5 w/w% in D,O/PBS.

Temperature Core Radius (A)” Shell Thickness (A)" Total Radius (nm)”
Q) +5% +5% +5%
23 39 61 10.0
25 40 64 10.4
27 42 65 10.7
29 43 66 10.9
31 45 66 11.1
33 46 66 11.2
35 46 66 11.2
37 47 65 11.2
39 48 64 11.2
41 48 63 11.1
43 49 63 11.2
45 49 62 11.1
47 50 60 11.0
49 50 61 11.1
51 51 59 11.0

@ SANS data was fitted to core-shell model with a hard-sphere structure factor;
a Gaussian coil (Rg = 7 A) was used to fit the high-q region. For more infor-
mation, please refer to the Experimental Section.

b The total radius (nm) has been calculated as the sum of the core radius and
shell thickness; the values of the latter have been obtained through the fits.
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polymers at 1 w/w% in deionised water, with the micelles of
OEGMA30016-b-BuMA2g-b-DEGMA 5 being slightly larger than those of
Pluronic F127. More specifically, clear spherical structures of size
around 15-25 nm in diameter are observed for OEGMA3001-b-BuMA g-
b-DEGMA 5. These values agree with the ones resulted by DLS and SANS
under the same conditions, which revealed hydrodynamic diameters of
32.7 nm (by intensity) and 15.7 nm (by number), and best-fit length of
the elliptical cylinder of 23.5 nm. On the other hand, smaller micelles of
around 10-14 nm in diameter are adopted by Pluronic F127, whose
properties remain unchanged with increasing the concentration from 1
w/w% to 5 w/w%. These are slightly smaller than the ones detected by
DLS and SANS (24.4 and 22 nm, respectively). Any minor differences
could be attributed to TEM being performed in the dry state, while
solvated self-assembled structures are analysed by DLS and SANS, an
observation previously reported [40,41]. Interestingly, in OEG-
MA30016-b-BuMAg-b-DEGMA; 5 solutions at 5 w/w%, co-existence of
spherical structures with tubular/worm micelles is observed, with the
diameter of both being in the same range as at 1 w/w%. This observation
agrees with the cylindrical structures obtained by SANS analysis, as
previously discussed.

To gain further insights on the self-assembly behaviour and gel for-
mation of OEGMA300,¢-b-BuMA,g-b-DEGMA;5 at 5 and 10 w/w% in
PBS, we visualised the samples at 20 °C (free-flowing solution) and 37 °C
(free-standing gel) by cryo-TEM, Fig. 4. Co-existence of spherical and
tubular structures is observed, with the sizes being similar to the ones
detected by TEM at 1 and 5 w/w% in deionised water (see Fig. 3).
Localised mesh/tube structures are detected for the 5 w/w% sample at
37 °C, while a network formed by individual worm-like micelles is
visualised at 10 w/w%, presumably due to the higher concentration.

3.4. Structural changes of triblock copolymers

The aqueous solutions of both OEGMA300;¢-b-BuMA,g-b-DEGMA 15
and Pluronic F127 were tested at 1 and 5 w/w% in PBS by performing
variable temperature circular dichroism (CD) spectroscopy experiments.
The CD spectra of both polymers showed a minimum between approx-
imately 210-220 nm, Fig. 5. Notably, the spectra of the OEGMA300,¢-b-
BuMAg-b-DEGMA; 5 samples presented deeper initial minima (Fig. 5 a)
and 5b)) compared to the Pluronic F127 samples (Fig. 5d) and 5e)). We
suggest that this is due to the lower number of asymmetric centres
present in Pluronic F127 compared to OEGMA300;4-b-BuMAgg-b-
DEGMA;s5 [42], [[,43] as previously observed in poly(N-iso-
propylacrylamide-co-N-methacryloyl-L-leucine) copolymers [44]. More
specifically, each methacrylate wunit in OEGMA300;¢-b-Bu-
MAg-b-DEGMA;5 contains a chiral carbon on the backbone, while
Pluronic F127 contains an asymmetric carbon only in the PPG block.

Regarding OEGMA300;6-b-BuMA2g-b-DEGMA;5, we attribute the
minimum of each sample to the n—z* and n—n* of the carbonyl group
[45-47] on the methacrylate side chain and asymmetric carbon on the
methacrylate backbone. The observation of the negative bands in this
wavelength range, assigned to the n—xn* and n—=* transitions has pre-
viously been reported in several polymeric systems, such as poly
(N-isopropylacrylamide)-b-poly(L-glutamic acid) [48], and poly(N-iso-
propylacrylamide)-b-poly(glycidyl methacrylate-g-L-glutamic acid)
[49]. Minimal changes are observed upon heating the 1 w/w% sample,
consistent with the sample visually remaining in a runny solution state
up to 39 °C, where the onset of precipitation is observed. As the tem-
perature is raised further, a slight shift to higher wavelengths is
observed. Interestingly, for the solution at 5 w/w%, we observe a shift in
the minimun to higher wavelengths, and greatest change in intensity of
the negative peak upon heating. As depicted in Fig. 5¢), where the MRE
(MRE,n) values are plotted as a function of temperature, a plateau is
observed at low temperatures, likely corresponding to the runny solu-
tion state of the sample. An abrupt increase in the MRE,;, values is
observed upon heating from 35 to 40 °C, where a second plateau is
observed up to 45 °C. This is consistent with the visual formation of a gel
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by 5w

W

Fig. 3. Transmission Electron Microscopy (TEM) images of: Top — sample of OEGMA300;6-b-BuMA,g-b-DEGMA;5 at a) 1 w/w% and b) 5 w/w% in deionised water.
Bottom — sample of Pluronic® F127 at a) 1 w/w% and b) 5 w/w% in deionised water. The arrows indicate selected cases of worm-like micelles.

OEGMA300,4-b-BuMA ,¢-b-DEGMA ;5
a) 5 wiw%, 20 °C b) 5 wiw%, 37 °C

'4

c) 10 wiw%, 20 °C

d) 10 w/w%, 37 °C
~

Fig. 4. Cryogenic Transmission Electron Microscopy (Cryo-TEM) images of the
OEGMA300; 6-b-BuMA»g-b-DEGMA; 5 samples in PBS: Top —5 w/w% at a) 20 °C
(solution) and b) 37 °C (gel). Bottom — 10 w/w% at c¢) 20 °C (solution) and d)
37 °C (gel). The arrows indicate selected mess-like and tubular structures.

at 35 °C, which remains stable up to 46 °C. The decrease in the intensity
of the negative peak and shift to higher wavelengths upon heating has
previously been observed in PEGylated poly(L-glutamate) polymers and
attributed to the temperature-induced aggregation above the lower
critical solution temperature (LCST) [50].

Pluronic F127 solutions at 1 and 5 w/w% showed similar CD spectra
with the negative bands attributed to the n—n* and n—x* of the asym-
metric carbon in its PG unit, forming the central thermoresponsive block
[45-47]. Notably, the Pluronic F127 samples exhibited minimal changes
in MRE with increasing temperature, consistent with the previous re-
sults. More specifically, Pluronic F127 solutions at the concentrations
studied remain transparent runny solutions upon heating, with the
self-assembled structures minimally affected by these temperature and
concentration changes, as supported by SANS and TEM analysis.

Following this logic, we suggest that the micellar structures of
OEGMA300;4-b-BuMAg-b-DEGMA;5 are more dynamic in nature
compared to Pluronic F127. Accordingly, the distinct structural changes
observed with elevated temperature for the OEGMA30014-b-BuMAg-b-
DEGMA; 5 samples likely reflect the greater conformational fluctuations
and mobility of their micelles, ultimately resulting in heat-induced
gelation.

3.5. Molecular origin of the self-assembly

Variable-temperature NMR experiments were previously employed
to monitor the thermoresponse of polymers in aqueous media [51-58].
In this study, we performed variable-temperature NMR experiments on
10 w/w% solutions in D20 for both copolymers to probe the molecular
origin of the self-assembly. At this concentration, the OEGMA300,¢-b--
BuMAys-b-DEGMA;5 solution forms a stable gel at 32 °C in PBS and
31 °C in Dy0/PBS, while Pluronic samples do not form a gel at this
concentration [59].

The 'H NMR spectra of OEGMA30014-b-BuMA2g-b-DEGMA;s, Fig. 6
a), reveal a highly dehydrated BuMA-based core of the self-assembled
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Fig. 5. a) and b) The mean residue ellipticity (MRE) calculated from the temperature variable CD spectroscopy data for OEGMA300;6-b-BuMA,g-b-DEGMA; 5 at 1 and
5 w/w% in PBS, respectively. ¢) MRE,i, values as a function of temperature for OEGMA300,¢-b-BuMAyg-b-DEGMA; 5 at 1 (black squares) and 5 w/w% (turquoise
triangles) in PBS, respectively. d) and e) The MRE calculated from the temperature variable CD spectroscopy data for Pluronic® F127 at 1 and 5 w/w% in PBS,

respectively.

structures, as confirmed by the low intensity peaks that correspond to
BuMA — see '"H NMR spectrum in CDClg (Fig. 6 a)) for comparison. In
addition to the low intensity BuMA peaks, the signals corresponding to
the backbone protons are also low, indicating minimal interactions of
these protons with the solvent. On the other hand, the peaks originating
from PEG side chains, which form the corona of the self-assembled
structures, are visible in D,O. While the methoxy peak corresponding
to the “e” and “1” protons of OEGMA300 and DEGMA units, respectively,

is split in two partially merged peaks in CDCls, this is not observed in
Dy0, presumably due to the DEGMA units also being partially dehy-
drated at 25 °C, which is close to their cloud point [60]. A decrease in
intensity of those peaks is observed as the temperature increases from
25 °C to 31 °C, due to further thermoresponse of the DEGMA units, i.e.,
transition from a hydrophilic to a hydrophobic state, and consequent
formation of a gel. More specifically, the integration of the “d” and “k”
protons decreases by 60 %, while the one of the “e” and “1” protons
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Fig. 6. 'H NMR spectra of OEGMA300, -b-BuMA,g-b-DEGMA; 5 in D,0 at various temperatures and b) CDCls for comparison. The spectra in D,O were normalised

relative to the signal originating from the solvent.

decreases by 80 %, as the temperature shifts from 25 °C to 31 °C. No
further decrease is observed when the system is heated further to 37 °C,
supporting the visual tests, according to which the sample remains in the
gel state. Interestingly, a shift of the peaks to downfield is observed upon
heating, which may be attributed to reduced polymer-water hydrogen
bonding, as previously observed, and reported [58,61] (See Fig. 7).
Regarding Pluronic F127 samples under the same conditions, the “a”
proton of the PEG blocks, and the “b”, “c”, and “e” protons belonging to
the PPG block are visible in both CDCl3 and D50, which indicates a
greater degree of hydration of these core-forming units when compared
to the BuMA ones; note that the “e” protons do not appear in D50, due to
exchange of the labile -OH protons with deuterium in the solvent. No
change in the intensity of the peaks is observed upon heating, as ex-
pected, due to the sample remaining in solution state at all temperatures
tested. However, a shift of the peaks to higher ppm values is observed,
similar to the observations made for OEGMA300;4-b-BuMAg-b-
DEGMA 5, due to reduced polymer-water hydrogen bonding.

4. Conclusions

In this work, we have investigated the self-assembly of diluted

solutions of an in-house synthesised polymer, namely OEGMA300;¢-b-
BuMAgg-b-DEGMA;5, by means of SANS, electron microscopy tech-
niques, CD and NMR spectroscopy experiments at varying temperatures.
The self-assembly behaviour was compared directly to Pluronic F127
under the same conditions. In SANS, the effects of temperature and
concentration on its self-assembly properties were investigated by
testing its aqueous solution at 1 w/w% and 5 w/w% in D,O/PBS at a
range of temperatures. It is noteworthy that at 5 w/w% this polymer
solution forms a polymer network, which then destabilises by means of
gel syneresis and precipitation. At both concentrations, the resulting
SANS patterns were best fitted with an elliptical cylinder model at low
temperature, with a significant increase in the length of the cylinder
with temperature. More elongated cylinders were formed at 5 w/w%,
thus indicating that a polymer network is only formed once a critical
length is reached, which sustains the gelation process. The scattering
patterns at higher temperatures indicate the presence of scattering in-
homogeneities. In contrast, Pluronic F127 forms core-shell spherical
micelles, whose core is slightly hydrated at 1 w/w%, while no solvent
penetration is observed for the 5 w/w% solution. The self-assembled
structures were visualised by TEM, which revealed the presence of
tubular/worm-like structures for OEGMA300,¢-b-BuMAg-b-DEGMA 5,
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Fig. 7. 'H NMR spectra of Pluronic F127 in a) D,0 at various temperatures and b) CDCl; for comparison. The spectra in D,0 were normalised relative to the signal

originating from the solvent.

while only spherical ensembles were detected for Pluronic F127.
Variable-temperature CD and NMR experiments demonstrate the dif-
ferences between OEGMA3001¢-b-BuMAsg-b-DEGMA75 and Pluronic
F127 and provide complementary information on the molecular origin
of the self-assembly. To conclude, this study gives insights on the self-
assembly of an ABC triblock terpolymer, which is critical for its low
critical gelation concentration.
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