Open Access Article. Published on 26 2021. Downloaded on 2025/10/31 23:23:10.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Polymer
Chemistry

COMMUNICATION

{ '.) Check for updates ‘

Cite this: Polym. Chem., 2021, 12,
1918

Received 13th December 2020,
Accepted 3rd February 2021

DOI: 10.1039/d0py01696a

Anton A. A. Smith,
Eric A. Appel (& *2P

rsc.li/polymers

Thermoresponsive hydrogel materials show promise as biomater-
ials as their properties can be widely tuned to fit engineering
requirements for an array of important applications. Here we show
that the properties of thermogelling tri-block copolymers consist-
poly(ethylene glycol) block and pendant
N-substituted polyacrylamides can be tuned by altering the
random terpolymer compositions. The heterogeneity of the

ing of a central

pendant terpolymer blocks is reflected in the concentration
dependence of their critical solution behavior. The lower critical
solution temperature (LCST) of the pendant blocks can be finely
tuned, enabling controlled modulation of thermogel properties.
Altering terpolymer composition to control LCST behaviour, there-
fore, provides a facile approach to design thermogel properties.

Introduction

Thermoresponsive gelators, or thermogels, are materials that
undergo a transition from sol to gel in aqueous solution at
elevated temperatures. A class of these materials are multi-
block copolymers wherein one or more blocks undergo phase
separation when the temperature is elevated above the lower
critical solution temperature (LCST). Pluronics, which are tri-
block copolymers comprising poly(ethylene oxide) (PEO) and
poly(propylene oxide), are an example of thermogel materials
that have found broad use as biomaterials in both tissue
engineering and drug delivery.' Acrylic based polymers with
thermogelation properties are often based on poly(N-isopropyl
acrylamide) (PNIPAM), since PNIPAM exhibits an LCST at
32 °C, conveniently between ambient and physiological temp-
eratures.® When ABA or ABC triblock copolymers containing
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terminal PNIPAM blocks are raised above their LCST, the term-
inal blocks phase separate and form micelles that are con-
nected into a 3D network by a hydrophilic block.”™* As the
LCST of these PNIPAM blocks are the fundamental feature
enabling thermogel formulation, modulation of this critical
solution behaviour provides a unique opportunity to tune ther-
mogel properties. It is well known that the LCST of PNIPAM
can be modulated through copolymerization, whereby
inclusion of hydrophobic monomers, such as tertbutyl acryl-
amide (TBAM), decreases the LCST and inclusion of hydro-
philic monomers, such as hydroxyethyl acrylamide (HEAM),
increases the LCST.">'® In addition to changing the LCST,
thermogel properties can be modulated through the compo-
sition and lengths of either the hydrophobic or hydrophilic
blocks within the copolymer.”' In this study, we perform a
systematic variation of terpolymer composition of terminal
thermally-responsive blocks to ascert greater control over criti-
cal solution behaviour, and correspondingly modulate cross-
link strength and dynamics in triblock copolymer thermogel-
ling systems. Towards this goal, NIPAM is copolymerized with
TBAM and/or HEAM and the critical solution behaviour of the
resulting copolymers are measured. We hypothesize that ther-
mogelation temperature and mechanical properties of triblock
copolymers can be modulated through alterations to the
ternary composition of the phase-transitioning block. The ter-
polymer compositions are used to extend a 24 kDa PEG bifunc-
tional RAFT agent to create triblock copolymers (Fig. 1), and
the gel transition temperatures and mechanical properties are
measured for the resulting gels.

Experimental
Materials and methods

All  chemicals were obtained through Millipore-Sigma.
N-Hydroxyethyl acrylamide was passed through basic alumina
prior to use. N-Isopropyl acrylamide was recrystallized from
hexane and dried in vacuo prior to use. Commercial 20 kDa

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 A PEG based bifunctional RAFT agent extended with terpolymer
compositions of N-substituted acrylamides form 3D physically cross-
linked networks upon heating due to LCST transition of terminal blocks.
Gelation temperature is controlled by monomer composition of terminal
blocks.

PEG was measured to be 24 kDa by PEG callibrated DMF GPC,
and was used as such. Molecular weights and dispersity
indexes were determined by GPC callibrated with PEG stan-
dards using two size exclusion chromatography columns in
sequence, Resolve Mixed Bed Low DVB, ID 7.8 mm, M,, range
200-600 000 g mol™" (Jordi Labs) in a mobile phase of N,N-di-
methylformamide (DMF) with 0.1 M LiBr at 35 °C and a flow
rate of 1.0 mL min~'. The GPC was a Dionex Ultimate 3000
pump, degasser, and autosampler (Thermo Fisher Scientific),
equipped with an ERC RefractoMax520 RI refractometer.
Fluorescense determination of LCST was performed with
dansyl hydroxypropyl suphonamide as the probe at 40 pg
mL ™", using a BioTek Synergy H1 microplate reader, exciting at
350 nm and recording a full excitation spectrum.

Rheological characterization

All rheometry experiments were performed on a torque-con-
trolled Discovery HR2 Rheometer (TA Instruments). Small
amplitude oscillatory shear (SAOS) measurements were per-
formed using a 8 mm parallel plate geometry (Peltier plate
steel) from 0.6 rad s~ to 10 rad s~' at a strain amplitude
within the linear viscoelastic regime. Polymer solutions were
tested at 5 wt% polymer for rheological experiments. SAOS
measurements below the LCST of all polymers were performed
at 25 °C. Measurements above the LCST of all polymers were
performed at 78 °C unless otherwise specified. SAOS tempera-
ture ramps were performed at a frequency of 6 rad s~ with a
ramp rate of 2 °C min~". All experiments were performed in
triplicate, with the mean being reported, except #13, which
was performed in duplicate.

Synthetic procedures

For the synthesis of PEG-DOPAT RAFT agent (Scheme 1A), PEG
24 kDa (3 g, 0.125 mmol), 2-(dodecylthiocarbonothioylthio)

This journal is © The Royal Society of Chemistry 2021

View Article Online

Communication

s pic o 1
H H DMAP
Cr2 25\SJ\SJ\B/OH+ Hoé/\o) _— ~o S S Cipts
pCMm

VA-044

j\ o .
CyoH OH
255g S)\g/ # \)I\H‘R" H,0 : Dioxane 1:1

R
o R -
IR . |
o VA-044 EAOWSIS\CQHQS | RI ,\t |
_—
+ R, L
1 \)LN’ * " H,0 : Dioxane 1:1 HN" N0 ! < OH‘
H By I R e~ |
Lo _ a

Scheme 1 Synthesis of NIPAM-based copolymers. (A) PEG-DOPAT
RAFT agent was made with DIC coupling to DOPAT. (B and C) RAFT
polymerizations using either PEG-DOPAT RAFT agent or DOPAT varying
acrylamide ratios.

propionic acid (DOPAT) (0.26 g, 0.75 mmol), and 4-(dimethyl-
amino)pyridine (5.5 mg, 0.05 mmol) was dissolved in 50 mL
DCM. N,N'-Diisopropylcarbodiimide (DIC) (0.95 g, 0.75 mmol)
in 5 mL DCM was added, and the reaction mixture stirred at
room temperature overnight. The solution was precipitated
into diethyl ether, and the product was recovered by filtration
and dried in vacuo. 'H-NMR characterization shown in
Fig. S1.f Polymerizations with PEG-DOPAT RAFT agent
(Scheme 1C) were conducted in a total reaction volume of
4 mL of water:dioxane (1:1 v/v), containing PEG-DOPAT
(0.45 g, 0.0186 mmol), 120 eq. monomers (2.25 mmol), and
0.48 eq. VA-044 thermal initiator (0.3 mg, 0.009 mmol). The
reaction mixtures were heated to 100 °C for 3 minutes.
Following polymerization, all volatiles were removed in vacuo
by a GeneVac evaporator to recover the polymers. '"H-NMR
characterization shown in Fig. S2.7 Characteristics shown for
all polymers in Table S1.}

Polymerizations with DOPAT (Scheme 1B) were conducted
in a total reaction volume of 1 mL of water : dioxane (1:1 v/v)
containing DOPAT (10 mg, 0.029 mmol), 100 eq. of monomers
(0.29 mmol), and 0.2 eq. VA-044 thermal initiator (1. mg,
5.7 pmol). Following polymerization, volatiles were removed
in vacuo, and the polymers washed with a 1:1 mixture of
diethyl ether and acetone. "H-NMR characterization shown in
Fig. S3.1 Characteristics shown for all polymers in Table S1.7
Dansyl hydroxypropyl suphonamide was synthesized as
described in literature."”

Results and discussion
LCST of terpolymers

We first synthesized a series of NIPAM-based copolymers
through NIPAM copolymerization with TBAM and/or HEAM.
The compositions were varied in mol% of each of the three
monomers of interest as shown in Scheme 1 and Table 1. For
all polymerizations we used the ultrafast oxygen tolerant con-
ditions developed by Perrier et al. for Reverible Addition-
Fragmentation chain-Transfer (RAFT) polymerization, enabling
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Polymer #

1 2 3 4 5 6 7 8 9 10 11 12 13 14
I NiPAM % 100 95 90 95 90 85 85 80 80 80 75 75 75 75
II TBAM % 5 10 5 10 5 15 10 5 20 15 10 5
III HEAM % 5 5 5 10 5 10 15 5 10 15 20

References to polymers in text is given by the polymer number followed by the composition in mol % (NIPAM : TBAM : HEAM).

rapid generation of the desired collection of acrylamide-
derived copolymers.'® The DOPAT polymers exhibited higher
dispersities than expected, which we attribute to a low solubi-
lity of DOPAT at low temperatures. All DOPAT was dissolved in
the reaction vessel by gentle heating, prior to reaching the tar-
geted reaction temperature, though some unintended
initiation likely occurred in some samples. The same issue was
not observed for the PEG-DOPAT RAFT agent polymerizations.
PNIPAM retains a relatively high water content after phase sep-
aration from aqueous solutions at temperatures above the
LCST, previously characterized to be
20-50 wt%."’

We hypothesized that in the context of thermogelling block
copolymers, the entrapped water effectively functions as a plas-
ticizer within the phase-segregated micellar domains that act
as physical crosslinks in the thermogelling networks. For ther-
mogels, the chain dynamics of the PNIPAM polymers within
these phase segregated domains is expected to correlate to the
strength and dynamics of the networks at a given temperature.
Following on this rationale, we hypothesized that a lowering of
the water content within these micellar domains should
produce stronger crosslinks, and that such a decrease in
entrapped water can be achieved by introducing more hydro-
phobic monomers into the terpolymer to alter the critical solu-
tion behavior of these materials. For measuring LCST, an
amphiphilic dansyl derived fluorescent probe was chosen in
favour of the traditional cloud point measurement. When in a
hydrophobic environment, the fluorescence emission of
dansyl derivatives increases markedly,”® making it an efficient
probe for LCST transitions at very low concentrations of the
polymer. This allowed for a rapid high-throughput characteriz-
ation of LCST behavior, as well as a qualitative assessment of
overall hydrophobicity of the polymers, due to the overall
increased fluorescent emission caused by more hydrophobic
polymers (Fig. 2, Fig. S4 and Table S2}). Polymer 1 (100:0: 0),
which is a PNIPAM homopolymer, exhibited an onset of fluore-
scense at the same temperature at all signal producing concen-
trations, whereas polymer 2 (95 :5: 0), which is a P(NIPAM-co-
TBAM) copolymer, showed a concentration dependent onset
temperature for probe fluorescence. This distinct behaviour
likely reflects the heterogeneity of the copolymer, where some
chains exhibit different critical solution behavior and com-
mensurate LCSTs than others, depending on the exact TBAM
content in individual chains. With more TBAM, the concen-
tration dependence of the LCST is even further increased,

approximately
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Fig. 2 LCST determination for PNIPAM copolymers at various concen-
trations. LCSTs were determined for all copolymer compositions in the
temperature range of 25-40 °C across different concentrations using
dansyl hydroxypropyl suphonamide as a fluorescent probe. Onset of
LCST is defined as an increase in slope of the 500 nm/450 nm emission
ratio. A pure PNIPAM polymer 1 (100:0:0) displayed an LCST at
35-36 °C, whereas a copolymer containing 10% TBAM, polymer 3
(90:0:10), had a broad onset spanning 27-39 °C. A PNIPAM copolymer
containing 5% HEAM, polymer 4 (95:0:5), exhibited homogeneous
onset at 39 °C, whereas terpolymers containing NIPAM, TBAM and
HEAM, polymer 8 (80 : 15 : 5), exhibited LCST onset spanning 25-37 °C.

again suggesting an impact on measured LCSTs from hetero-
geneous polymer composition. Polymer 4 (95:0:5), which is a
P(NIPAM-co-HEAM) copolymer, a homogeneous onset of
signal is observed, albeit at a higher temperature than for the
PNIPAM homopolymer, consistent with literature reports.>*

We expect the onset from polymer 4 (95:0:5) arises from
the subset of polymers containing little to no HEAM. The
greatest concentration dependence is observed for copolymers
containing 10-20% TBAM and 5% HEAM, where the sporadic
incorporation of HEAM increases the heterogeneity of the
copolymers. In all samples, it is likely that the dodecyl Z-group
has contributed to the LCST. Altogether, the concentration
dependence of the LCSTs observed for these copolymers is
heavily influenced by the heterogeneity in monomer compo-
sition encorporated into the chains for short polymers. The
LCST for all polymers for all concentrations are listed in
Table S2.7

We then employed the program ‘Compositional Drift’ to
simulate the incorporation distribution of HEAM and TBAM
comonomers into PNIPAM polymers at feed ratios of 5%, 10%,
15%, and 20% mol% for copolymers with a degree of polymer-
ization 50 and dispersities of P = 1.02 and P = 1.32 (Fig. 3A).”*
Even with D = 1.02, the distribution of comonomers across all

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Simulated composition variation for various copolymers. (A)
Variation in absolute number of comonomers per chain at different
mol% for copolymers with a degree of polymerization of 50, for two
different polymer dispersity indexes. While the number average number
of comonomers reflects the monomer ratio, the distribution is wide
regardless of polymer dispersity index. Correspondingly, any short
copolymer will always have a wide distribution of polymers with critical
solution behaviours, which is reflected in the wide onset of LCST temp-
eratures reported for some copolymers above. (B) Simulated variation in
% co-monomer incorporation, at DP 50 and DP 1000. At DP 1000, the
variation in composition has decreased significantly for all compositions.
All simulations are done assuming reactivity ratios of 1 for all monomers
and complete conversion.

mol% feed ratios is quite broad, and this breadth is exascer-
bated further when b = 1.32. This inherent heterogeneity of
comonomer incorporation, even for low dispersity polymers,
can be expected to translate into broad temperature depen-
dence of the mechanical properties for thermogels using rela-
tively short terpolymers as a thermally-responsive phase-transi-
tioning block. This distribution narrows as DP increases, and
simulated DP 1000 show a narrow compositional variation
(Fig. 3B).

A bifunctional PEG RAFT agent (PEG-DOPAT) was syn-
thesized and RAFT polymerization was employed to generate
ABA triblock copolymers with various (ter)polymer compo-
sitions for the phase-transitioning A blocks (Scheme 1B). We
explored the thermogelling behaviour using a combination of
dynamic frequency and temperature sweep rheological
measurements. The frequency sweeps (Fig. S5 and S6t) pro-
vided valuable information about the viscoelasticity of the
fluids or gels below and above the LCST for the phase-transi-
tioning blocks. The temperature ramps (Fig. S7t1) provided
information about the temperature responsiveness of the for-
mulations, including the LCST and gelation temperature. We
hypothesized that the phase separation behaviour above the
LCST would alter the amount of viscous dissipation (G")
observed within these triblock copolymer hydrogels and that
the appearance of interchain crosslinks above the LCST of

This journal is © The Royal Society of Chemistry 2021
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each formulation would significantly increase the elastic
response (G'). All NIPAM-based (co)polymer formulations
showed liquid-like behaviour at 25 °C (Fig. S6t), demonstrating
loss moduli greater than storage moduli at all frequencies
measured. Indeed, for every formulation the loss modulus (G")
scaled linearly with frequency throughout the entire frequency
regime evaluated, and the storage modulus (G’) scaled with the
frequency squared, characteristic of viscous fluid-like behav-
iour.”® Temperature ramps were performed at a frequency of
1 s from 25 °C to 78 °C (unless otherwise specified) at 2 °C
min~'. For a typical (co)polymer solution, increases in the
temperature are analogous to decreasing measurement fre-
quencies,” resulting in a decrease in the storage and loss
modulus and an increase in tan §. For these LCST block copo-
lymers, behaviour similar to that of a viscous solution was
observed up to the LCST temperature, beyond which the (co)
polymers start to phase separate. Temperature ramps (Fig. 4Ai
and Bi) reveal peaks in tan §, indicating temperatures at which
the viscoelasticity stops scaling as a simple viscous fluid.

The terpolymer compositions tested showed peaks in tan §
ranging from 25 °C to 36 °C, indicative of the LCST tempera-
ture, where the polymers begin to phase separate and stop con-
tributing to viscous dissipation within the solution The LCST
measured for the triblock copolymer compositions by fluores-
cense was in good agreement with the temperature that corres-
ponds to the peak value in tan§ (Fig. S7;1 Fluorescence LCST
vs. Peak TanDelta LCST). The peak in tan § preceded a cross-
over of the storage and loss modulus, which is indicative of
gelation and occurred at a temperature (Ty) approximately
double the LCST (Fig. 4C and Fig. S8, S97). At this temperature,
sufficient network formation results in an elastically dominant
mechanical response. Gelation temperatures were measured in
the range of 45 °C and 80 °C and gelation was observed for
every formulation tested except those with HEAM compo-
sitions exceeding 15 mol%. The storage modulus of the result-
ing gels increases with temperature, as water is excluded from
the terpolymer rich mesoglobular phase, to the point of
forming an elastic network.

The viscoelasticity of each formulation was measured at
elevated temperatures to probe their frequency-dependent
mechanical response after gelation (Fig. 4 and Fig. S5t). This
analysis was particularly important for formulations which
demonstrated higher LCSTs and no crossover during the temp-
erature ramp at a frequency of 1 s™'. Fig. 4Aii and Bii show
characteristic responses for a lower LCST polymer and a higher
LCST polymer, respectively. The frequency sweeps at 78 °C
showed complex viscoelastic behaviours with a rubbery
plateau and a crossover frequency. We found that as the temp-
erature is increased past the Ty the crossover frequency of the
hydrogels continues to decrease. The crossover frequency for
each formulation shown as a function of (78 °C - Ty ) high-
lights the decrease in crossover frequency as the distance from
Tyl increases (Fig. 4D). The crossover frequency is the inverse
of the relaxation time, so as the crossover frequency decreases
the relaxation time of the network increases. Interestingly,
these observations suggest that the NIPAM-based copolymers
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Fig. 4 Thermogelling behaviour of NIPAM-based (co)polymer formulations. Temperature responsive hydrogel formation for a representative (A) low
LCST polymer and (B) high LCST polymer. (i) Temperature ramps show the transition from a primarily viscous material response to the formation of a
hydrogel with a primarily elastic response. The onset of phase separation was observed as tan § decreases after surpassing the LCST. Network for-
mation is observed by the crossover of the storage and loss moduli at increased temperatures. (C) Scaling of the gelation temperature vs. the temp-
erature at the peak of tan 6. The gelation temperature is approximately double the LCST temperature for all formulations that gelled. (D) Crossover
frequency vs. the distance from the gel point. The crossover frequency measured for each formulation decreased as the distance from the gel point
increased, indicating the continued formation of an elastic network after the LCST.

continue to phase separate as the temperature of the system is
increased, retarding the relaxation processes in the hydrogels.
Several of the compositions tested did not demonstrate cross-
over frequencies at 78 °C. In contrast, polymers 2 (95:5:0),
3 (90:10:0), 6 (85:10:5), 8 (80:15:5), and 11 (75:20:5)
showed solid-like behavior throughout the entire frequency
range measured (0.5-100 rad s™'). All compositions demon-
strated similar plateau values for both the storage and loss
moduli (with the exception of polymers 8 and 9), demonstrat-
ing that these (co)polymers generate a similar network struc-
ture after gelation. Therefore, modification of the copolymer
LCST through alteration of terpolymer compositions affords
tunability over the temperature transitions and viscoelastic
responses of triblock thermogelling materials.

It is curious that the T for these ABA triblock copolymers
does not coincide with the LCST of the NIPAM-based copoly-
mer A blocks. We hypothesize that this transition occurs at
higher temperatures due to local rearrangements of the poly-
mers near the LCST, whereby higher temperatures are required
to expel sufficient water from the micellar crosslinks to
produce sufficiently strong crosslinks for gellation. Similar
above-LCST behaviour has been observed for NIPAM-based
hydrogels,”® and the observations made here corroborates that
transitions above the LCST can be exploited in the design of
the mechanical responses of thermoresponsive materials.

1922 | Polym. Chem., 2021, 12,1918-1923

Conclusions

In this work we show that the critical solution behavior of
PNIPAM heteropolymers can be modulated through the
copolymerization of both hydrophilic and hydrophobic mono-
mers to create terpolymers. For short polymers, copolymeriza-
tion introduces a broad dispersity in polymer composition,
where the LCST of a specific subpopulation of polymer chains
will be determined by its specific composition. This dispersity
of copolymer composition translates to different thermo-
responsive behaviours when used as the temperature-depen-
dent phase transitioning block in thermogelling heteropoly-
mers. The storage and loss moduli plateau values determined
well above the LCST of the phase transitioning blocks are
similar for all polymers evaluated, regardless of composition,
suggesting these polymers eventually assume a similar
network structure. The minor differences in mechanical beha-
viours observed across different copolymer compositions likely
reflect variation in the strength and dynamics of the physical
crosslinks that correlated to the LCST, whereby copolymers
with lower LCST values produced slightly stiffer and less
dynamic gels. All together, heteropolymer LCST can be fine-
tuned by their exact monomer composition, and the resulting
phase segregation behaviour can translate into control of
material properties of the ABA triblock thermogels.

This journal is © The Royal Society of Chemistry 2021
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