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polymers can be critical for their applicability. It is well
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Thermogels are an exciting class of stimuli responsive materials with many promising applications ranging
from the medical field to additive manufacturing. This review focuses on the structure—property relationship
of thermoresponsive block copolymers, with emphasis on the effect of architecture. Polymers based on
Pluronic®, N-isopropylacrylamide, oligo(ethylene glycol) (meth)acrylate units, and 2-oxazoline units, which
are amongst the most studied thermoresponsive units, are discussed. The effect of the polymer's architec-
ture is crucial for controlling the thermoresponsive properties, such as cloud point and gelation temperature.
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Introduction

Thermoresponsive polymers, also called temperature-responsive
polymers, are polymers which exhibit a drastic change in their
solubility as a response to temperature. When reduction in solu-
bility at elevated temperatures is detected, this behaviour is
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characterised as a lower critical solution temperature (LCST)
behaviour, while an upper critical solution temperature (UCST)
is presented when the solubility is enhanced upon heating.
This change in solubility can be manifested by means of (i)
cloud point (CP), ie., the solution turns cloudy/opaque, (ii) pre-
cipitation, i.e., complete phase separation to a solid (polymer)
and a liquid (solvent), and (ii) gelation, i.e., formation of a 3-D
polymer network, Fig. 1, for LCST-type systems. The evolution
of the CP with the concentration is depicted as a parabolic
curve with the minimum corresponding to the LCST, Fig. 1(a),
even though the terms CP and LCST are often used interchange-
ably in the literature. Similarly, a parabolic curve with a
maximum is representative of the UCST-type behaviour. An
appropriate combination of the polymer structure and the
solvent triggers a reversible transition from solution to gel,
which is favoured at higher concentrations, Fig. 1(b). These
systems are widely known by the terms thermoresponsive gels,
thermoreversible gels, thermogelators, and thermogels. Further
heating of the gel might lead to destabilisation, such as gel
syneresis, i.e., exclusion of the solvent from the gel matrix due
to internal stresses, and precipitation.

The LCST behaviour is attributed to the “hydrophobic
effect”.’”? Thermodynamically speaking, an increased change
in the entropy of the system (AS) takes place upon heating,
which contributes to lowering the Gibbs free energy (AG):
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AG = AH — TAS. In more detail, when the temperature of the
thermoresponsive polymer solution increases, the interactions,
such as hydrogen bonding (if any), between the polymer and
the water molecules are weakened, and the entropic contri-
bution of the water increases."”” Therefore, driven by the
change in the entropy of the system, a thermoresponse takes
place, during which the separation between the polymer
chains and the water molecules occurs, Fig. 2.
Thermoresponsive polymers have a wide range of appli-
cations, from biomedical applications, like drug delivery and
tissue engineering,®™® to catalysis,”® purification,'®'* and addi-
tive manufacturing (3D printing) and fabrication of 3-D struc-
tures and objects,">"* Fig. 3. In the healthcare sector, the scien-
tific interest has been focused on LCST-type systems, as the
structural integrity of biologicals, such as proteins, genes,
drugs, and cells, is preserved throughout the temperature
window of the application. Tissue engineering and drug delivery
are amongst the most popular applications of thermoresponsive
gels with the LCST, which are used as depots for tissue regener-
ation or sustained and topical delivery, respectively.’
Injectability is a key feature which makes thermoresponsive gels
popular candidates in biomedical engineering as they offer a
minimally invasive alternative to traditional implantation.'* In
addition to this, the high content of water and the soft tissue-
resembling properties support their suitability in the tissue

Professor Theoni K. Georgiou
obtained a PhD in Polymer
Chemistry under the supervision
of Professor Costas Patrickios at
the University of Cyprus in 2006.
She  then worked as a
Postdoctoral Fellow under the
supervision of Professor Antonios
Mikos at Rice University, USA. In
2007 she moved to the University
of Hull as a Research Councils of
UK (RCUK) Academic Fellow. In
2014 she joined the Department
of Materials at Imperial College
London as a Lecturer where she is now a Professor in Polymer
Chemistry. She is an expert in the synthesis and characterisation
of well-defined polymers of various architectures with a special
focus in group transfer polymerisation (GTP). She has special
interest in thermoresponsive polymers and specifically thermogels
and how these can be tailored by varying the polymer chemistry,
molar mass and polymer architecture. In 2017 she was awarded
the 2016 Macro Group UK Young Researchers Medal for “contri-
butions to polymer science which show outstanding promise for
the future”. She is an active member of the polymer community.
Specifically, she has served as the Chair of Macrogroup UK
(2019-2022), is a member of the editorial board for several
polymer journals and is an Associate Editor for European
Polymer Journal.

Theoni K. Georgiou

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py01097f

Open Access Article. Published on 23 berfw-Obubuo 2022. Downloaded on 2026/02/06 11:43:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

(a) (b)

<—— LCST

Temperature

One phase

N

X Concentration

View Article Online

Review

Two phases:
Precipitation or
\\Gel Syneresis

~

Temperature ,

One phase

“——, Concentration

ABC triblock terpolymer
A: hydrophilic block
B: hydrophobic block

Fig. 1 Phase diagrams of (a) an aqueous solution of a thermoresponsive homopolymer presenting LCST behaviour and (b) an aqueous solution of a
thermoresponsive ABC triblock terpolymer with LCST type thermogelling behaviour; A, B, and C blocks are shown in blue, purple, and orange,

respectively.
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17

T
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Fig. 2 Schematic illustration of the "hydrophobic effect”, with a transition from hydrophilic polymer coils below the LCST to hydrophobic globules

above the LCST.

engineering field."” Thus, this literature review focuses on sum-
marising and discussing LCST-type polymers.

LCST-type thermoresponsive units

Several LCST-type thermoresponsive units, whose homo- or co-
polymerisation produces thermoresponsive polymers have
been well established in the literature. Amongst the most
popular ones are N-isopropylacrylamide (NIPAAm) and ethyl-
ene glycol (EG), often combined with propylene glycol (PG),
e.g., Pluronic® polymers.'® Other units presenting LCST-type

This journal is © The Royal Society of Chemistry 2023

thermoresponse are 2-(dimethylamino) ethyl methacrylate
(DMAEMA),"” EG-based (meth)acrylate units,"”'® and
N-vinylcaprolactam (VCL)." 2-Oxazoline-** and peptide-based
thermoresponsive polymers have also been reported. The
chemical structures, names and abbreviations of these units
are shown in Fig. 4.

Block copolymers

It is widely accepted that block copolymers, defined as “poly-

mers composed of block macromolecules”,”® have gained

Polym. Chem., 2023, 14, 223-247 | 225
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Fig. 3 Applications of thermoresponsive polymers with a lower critical
solution temperature (LCST).

popularity over statistical copolymers, despite the ease in the
synthesis of the latter. It is well known that the architecture
governs the final properties, and several advantages of the
block copolymers have been well established. Amphiphilic
block copolymers, i.e., polymers with both hydrophilic and
hydrophobic blocks, self-assemble into well-ordered structures
when dissolved in water, such as micelles of various shapes,

HO\G/\O%H HO\é)\oﬁ,H
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including spherical core-shell micelles, flower-like micelles,
and polymersomes, Fig. 5. The size of the self-assembled struc-
tures depends on the polymer characteristics, such as molar
mass and composition,>* while the type and shape, such as
spherical versus worm-like,*® or micelles versus polymersomes/
polymer vesicles,>* can be controlled by varying the comono-
mer composition (hydrophilic/hydrophobic ratio) and the
preparation method. Polymersome formation can also be
temperature-driven, as previously reported for ABC triblock
copolymers based on EG (A block), a random copolymer of EG
and butylene glycol (B block), and isoprene (C block), respect-
ively.”® In these self-assembled structures, the hydrophobic
blocks interact with each other, thus avoiding interactions
with water, while the hydrophilic ones interact with water,
either via hydrogen bonding, ion-dipole, or dipole-dipole
interactions. Adopting such configurations enhances the water
solubility, in contrast to the statistical copolymers, which do
not self-assemble into well-ordered structures, due to the lack
of distinct hydrophobic and hydrophilic blocks. In addition,
hydrophobic drugs can be solubilised in the hydrophobic part
of these self-assembled structures, thus enabling these struc-
tures to act as drug delivery vehicles. Block copolymers also
favour the formation of physical gels via interconnection of
the micelles, with their statistical counterparts being unable to
form gels or the gels formed are less stable.>*?” Physical gels
have been extensively studied by researchers in the tissue
engineering and drug delivery fields for curing numerous dis-
eases, such as cancer and diabetes, thus highlighting the sig-
nificance of studying block copolymers.

Block copolymers can be categorised by the number of
blocks, with thermoresponsive diblock copolymers being the

AT
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(PDMAEMA)
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Poly(2-oxazoline)
(POx)
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Fig. 4 Chemical structures, names, and abbreviations (if any) of the main thermoresponsive polymers reported in the literature.
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Fig. 5 Self-assembled structures adopted by amphiphilic block copolymers: (a) core—shell micelles by the AB, ABA, and ABC architectures, (b)
flower-like micelles by the BAB architecture, and (c) polymersomes by the AB architecture. Blue and purple represent the hydrophilic and hydro-
phobic blocks, respectively, while when a second hydrophilic block is present, this is shown in orange. In the self-assembled structures, the

compact hydrophobic part is represented by purple spheres.

most commonly reported because they are the easiest to make.
Thermoresponsive triblock bipolymers, i.e., polymers with
three blocks and two different repeating units, namely ABA,
have been extensively studied, with the thermoresponsive
gels applied in clinical trials falling into this category. These
are Pluronic® F127 (A = EG and B = PG) and ReGel® (A = poly
(r-lactide-co-glycolide, PLGA, and B = EG). Thermoresponsive
triblock terpolymers, i.e., polymers with three blocks, each
consisting of a different repeating unit, have also been
studied, but fewer studies have been reported, due to their
more difficult synthesis, as discussed in the following section.
Increasing the complexity of the architecture to tetrablock
(four blocks), pentablock (five blocks), hexablock (six blocks),
heptablock (seven blocks), etc. opens new possibilities for
developing novel thermoresponsive polymers with exciting
self-assembling properties. Therefore, this review focuses on
summarising and discussing studies on thermoresponsive
multiblock copolymers, i.e., block copolymers with more than
two blocks, and the effect of temperature on their self-assem-
bly and gelation properties. Each section summarises studies
based on the same thermoresponsive unit, and the studies are
discussed based on the increasing complexity of architecture,
as can be seen in Table 1. The effect of architecture on the pro-
perties is identified and conclusions are drawn, whenever
possible.

Da Silva et al. reported the synthesis and investigation of a
library of ABA triblock copolymers consisting of PEG as the B
central block and two thermoresponsive outer A blocks,
varying from NIPAAm, to DMAEMA, to methoxy di(ethylene
glycol) methacrylate (MDEGMA).>® Extensive SANS measure-
ments revealed that the self-assembly at the nanoscale driving

This journal is © The Royal Society of Chemistry 2023

the thermogelling properties was highly depended on the MM
of the blocks and the chemical nature of the thermo-
responsive unit. Gels with a sharp sol-gel transition were
formed by the mDEGMA- and NIPAAM-based analogues when
the MM of the blocks was targeted to 10 kDa (B block) and
either 10 or 20 kDa (A block). These copolymers adopted
spherical or ellipsoid micellar structures, and the network for-
mation was attributed to the bridging of the flower-like
micelles by unimers.”®

Synthetic approaches

The synthesis of block copolymers has been more challenging
compared to statistical copolymers, as it requires multiple and
controlled synthetic steps, and thus it has only been achieved
with the discovery of living and controlled polymerisation tech-
niques. These techniques include, but are not limited to,
anionic polymerisation, ring opening polymerisation (ROP),
group transfer polymerisation (GTP), reversible addition-frag-
mentation chain-transfer (RAFT) polymerisation, and atom
transfer radical polymerisation (ATRP). The synthesis of block
copolymers via these techniques is carried out in a controlled
manner, with sequential addition of monomers leading to
chain extension, which is possible due to the living/controlled
nature of these polymerisation techniques. In 2016, Gody et al.
published a report on the experimental requirements of chain
growth polymerisation techniques that are needed to precisely
control the polymer structure.”® They reported that a
minimum degree of polymerisation of 6 is required for produ-
cing icosablock copolymers with 95% fidelity, i.e., to ensure

Polym. Chem., 2023,14, 223-247 | 227
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Table 1 The general category of thermoresponsive copolymers, the polymer architecture, and the comonomer(s) used

Main category of

thermoresponsive polymers Architecture Comonomer(s) Ref.
Pluronic® (EG/A and PG/B) Triblock (ABA/BAB) — 32-38
Pentablock DEAEMA, tBAEMA, DMAEMA, DiPAEMA, NIPAAm 39-49
Multiblock — 50
EG-containing degradable Triblock (ABA/BAB) LA, GA, CL & derivatives, depsipeptides 51-71
Pentablock CL, LA, t-lysine, t-histidine, y-benzyl-L-glutamate 72-74
Hyperbranched PG, CL 75
Multiblock PG, 1,4-butylene adipate, betulin 76,77
Alternating block Hydrophobic polyesters 78
Acrylamide NIPAAmM Triblock (ABA/BAB) St, tBuSt, BrBzA, EtHexA, OcDecA, AA & derivatives, 79-94
DMAAm, Adac, ionic liquid, EG, VP, betaine ester,
TEMPO, HTPB, HEMA, EtA
Triblock (ABC) CL, MA-POSS, mPEGV, St, MAGIc, 95-107
HEMA, EG, LA, ethylene, propylene,
BuA, NAM, NBOCAEMA, DEAEA, mOEGA480
Tetrablock DMAAm, EG, St, DMAEMA 108, 109
Pentablock DEAEMA, EG, DEAAm, PG, AA, tBA 110-114
Multiblock EG, DEAAm 115
Star EG, [R]-3-hydroxybutylate, PEGMA-co-PPGMA 116 and 117
DEAAmM Triblock (ABA) EG 118
Triblock (ABC) EG, DiBuAAm 119
Amine - DMAEMA Triblock (ABA/BAB) 6-O-methacryloyl-p-galactopyranose, BUMA 120-122
Triblock (ABC) mDEGMA, TEGMA, mOEGMA300, mOEGMAS500, 26 and 123-126
MMA, EtMA, BuMA, HexMA
Tetrablock OEGMA300, BUMA 127
Pentablock BuMA 128
Heptablock
Nonablock
Graft VB, CL 129
EG-based (meth)acrylate mDEGMA Triblock (ABA/BAB) mOEGA480, HEMA, MPC 130-132
Triblock (ABC) mPEG, HMAAm, DEAEMA, eDEGMA, MAEtMAmM, 133-136
RhoMA, BuMA, mOEGMA300
Tetrablock mOEGMA300, BuMA 137
Star mOEGA480, mOEGMA500, CL 130 and 138
mTEGMA Pentablock EG, DMAEMA, BUMA 139
mOEGMA300 Triblock (ABC) BuMA, DEAEMA 140
mOEGMA500 Triblock (ABA/BAB)  CL 141
MMEGA Triblock (ABA/BAB)  HEA 142
mDEGA Triblock (ABA/BAB) St 143-145
Star
eDEGA Triblock (ABA/BAB) ~ mOEGA480 146
Other VCL Triblock (ABA/BAB) VP, {BA, AA 147-149
Polypeptides Tetrablock Amino acids 150
EtOx Triblock (ABA/BAB) LA, CL 151
nProOx Triblock (ABA/BAB) EtOx, MeOx 152 and 153
iProOx Triblock (ABA/BAB) MeOx, BuOx 154
MeOx & iBuOx Triblock (ABA/BAB) — 155

Abbreviations (in the order they appear in the Table): EG, ethylene glycol; PG, propylene glycol, DEAEMA, 2-(diethylamino)ethyl methacrylate;
tBAEMA, 2-(t-butylamino)ethyl methacrylate; DMAEMA, 2-(dimethylamino)ethyl methacrylate; DiPAEMA, 2-(diisopropylamino)ethyl methacrylate
NIPAAm, N-isopropylacrylamide; LA, lactic acid; GA, glycolic acid; CL, e-caprolactone; St, styrene; tBuSt, 4-t-butylstyrene; BrBzA, 3,5-
dibromobenzyl acrylate; EtHexA, 2-ethylhexyl acrylate; OcDecA, octadecyl acrylate; AA, acrylic acid; Adac, adamantane acrylate; VP,
N-vinylpyrrolidone; TEMPO, 2,2,6,6-tetramethylpiperidine-1-oxyl; HTPB, hydroxyterminated polybutadiene; HEMA, 2-hydroxyethyl methacrylate;
EtA, ethyl acrylate; MA-POSS, 3-methacryloxypropylheptaphenyl polyhedral oligomeric silsesquioxanes; mPEGYV, poly(ethylene glycol) methyl
ether vinylphenyl; MAGIe, poly(3-O-methacryloyl-a,f-p-glucopyranose; BuA, n-butyl acrylate; NAM, 4-acryloylmorpholine; NBOCAEMA, 2-((((2-
nitrobenzyl)oxy)carbonyl)Jamino) ethyl methacrylate; DEAEA, 2-(dimethylamino)ethyl acrylate; mOEGA480, methoxy oligo(ethylene glycol) acrylate
with an average M, of 480 g mol~*; DMAAm, N,N-dimethylacrylamide; DEAAm, N,N-diethylacrylamide; PEGMA-co-PPGMA, poly(ethylene glycol)
methacrylate-co-poly(propylene glycol) methacrylate; DiBuAAm, N,N-dibutylacrylamide; BuMA, n-butyl methacrylate, nDEGMA, methoxy di(ethyl-
ene glycol) methacrylate; TEGMA, tri(ethylene glycol) methyl ether methacrylate; mOEGMA300, methoxy oligo(ethylene glycol) methacrylate with
an average M,, of 300 g mol™'; mOEGMA500, methoxy oligo(ethylene glycol) methacrylate with an average M,, of 500 ¢ mol™"; MMA, methyl meth-
acrylate; EtMA, ethyl methacrylate; HexMA, n-hexyl methacrylate, VB, 4-vinyl benzyl; mTEGMA, methoxy tri(ethylene glycol) methacrylate;
mMMEGA, methoxy mono(ethylene glycol) acrylate; mDEGA, methoxy di(ethylene glycol) acrylate; eDEGA, ethoxy di(ethylene glycol) acrylate; MPC,
2-methacryloyloxyethyl phosphorylcholine; mPEG, monomethoxy poly(ethylene glycol); HMAAm, N-hydroxymethyl acrylamide; eDEGMA, ethoxy
di(ethylene glycol) methacrylate; MAEtMAm, 2-(methacryloyloxy)ethyltrimethylammonium iodide; RhoMA, rhodamine-containing methacrylate;
HEA, 2-hydroxyethyl acrylate; VCL, N-vinylcaprolactam; ¢BA, t-butyl acrylate; EtOx, 2-ethyl-2-oxazoline; nProOx, 2-n-propyl-2-oxazoline; iProOx,
2-isopropyl-2-oxazoline; MeOx, 2-methyl-2-oxazoline; BuOx, 2-butyl-2-oxazoline; iBuOx, 2-isobutyl-2-oxazoline.

228 | Polym. Chem., 2023, 14, 223-247 This journal is © The Royal Society of Chemistry 2023
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that each polymer chain contains at least one repeating unit
for the targeted block.>®

The difficulty of the synthesis relies on several factors, such
as the number of blocks and the symmetry of the structure.
While diblock copolymers are easily synthesised via a two-step
synthetic procedure, the synthesis of multiblock copolymers is
more complicated, as has been highlighted by a recent review
by Becer’s group,®® because the polymer chain should be
extended without termination. In reality, termination might be
detected, but this should be kept at minimum to ensure that
the molar mass distribution of the final polymer is mono-
modal, i.e., polymer chains from different synthetic steps do not
co-exist, thus ensuring reproducibility of the properties. The
conventional way of synthesising block copolymers is sequen-
tial polymerisation by using a monofunctional initiator, thus
resulting in unidirectional growth of the polymer chain.
Triblock terpolymers (ABC), tetrablock ter- and quater-poly-
mers, etc. are inevitably synthesised using a monofunctional
initiator, thus increasing the complexity of their synthesis,
evident from the limited studies published. On the other
hand, a bifunctional initiator can be used for the synthesis of
symmetric polymers, such as ABA triblock bipolymers and
ABCBA pentablock terpolymers, to complete the synthesis in
two and three steps, respectively, instead of the three and five

(a)

View Article Online

Review

steps needed, respectively, when using a monofunctional
initiator. Another approach that has been followed to syn-
thesise ABCBA pentablock terpolymers is the conversion of a
commercially available triblock bipolymer to a bifunctional
initiator, followed by chain growth and consequent formation
of a pentablock terpolymer in only one step. A combination of
polymerisation techniques might be adopted to obtain the
desired polymer structure. For example, for synthesising ABA
triblock copolymers based on NIPAAm and poly(2-ethyl-2-oxa-
zoline), Sahn et al. synthesised the middle oxazoline-based
block via living cationic ring-opening polymerisation, while
RAFT polymerisation facilitated the synthesis of the outer
NIPAAm-based blocks.?! These synthetic routes are illustrated
schematically in Fig. 6.

Characterisation methods

Monitoring the polymer synthesis and characterising the
polymer structure are necessary, with gel permeation chrom-
atography (GPC) and nuclear magnetic resonance spectroscopy
(NMR) being the most popular techniques amongst polymer
chemists. Thus, GPC and NMR are normally used to monitor
and confirm the molar mass and composition of the polymers,
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Fig. 6 Common synthetic approaches followed for the synthesis of thermoresponsive block copolymers: (a) synthesis of block copolymers using a
monofunctional initiator, with unidirectional chain extension taking place upon addition of a different monomer. The chain growth from a homo-
polymer to a pentablock quintopolymer is given as an example. (b) Synthesis of block copolymers using a bifunctional initiator, with bidirectional
chain growth taking place upon addition of a different monomer. The chain growth from a homopolymer to a symmetrical pentablock terpolymer is
shown. (c) One-step synthesis of pentablock terpolymers using a triblock bipolymer-based bifunctional initiator, obtained by modification of a com-

mercially available triblock bipolymer, with bidirectional chain growth.
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Fig. 7 (a) Determination of the cloud point (CP) by (i) visual tests, as the temperature at which the solution turns cloudy, (ii) UV-Vis spectroscopy, as

the temperature at which the transmittance drops to 50%, and (iii) dynamic light scattering (DLS), as the temperature at which 50% aggregation
occurs. (b) Determination of the gelation temperature (Tge) by (i) visual tests, as the temperature at which the sample does not flow upon tube inver-
sion, and (i) rheology, as the temperature at which the shear storage (shear elastic) modulus, G, overcomes the shear loss (shear viscous), G”,

modulus. * The y axis indicated should be plotted in a logarithmic scale.

respectively. The following paragraphs will focus on how the
thermoresponsiveness of the polymers is studied.

The thermoresponse of the polymers in solution can be
monitored via a plethora of techniques, Fig. 7. Temperature-
driven cloudiness/turbidity is detected visually or by ultra-
violet-visible (UV-Vis) spectroscopy; the CP is determined by
UV-Vis as the temperature at which the transmittance drops to
50%. A complementary technique for determining the CP is
differential scanning calorimetry (DSC), including microDSC,
with the phase separation presented as an endothermic peak
on the DSC thermogram.*”*®'%1%7 The effect of temperature
on the self-assembly of thermoresponsive polymers has also
received much attention, with dynamic light scattering (DLS)
being used as an indication of the presence and size of the
unimers (free polymer chains in solution), micelles or bigger
aggregates, and static light scattering (SLS) being used to
determine the aggregation number. DLS temperature ramps
can also be performed to determine the CP as the temperature
at which aggregation occurs at 50%. However, one should keep
in mind that the theory of DLS assumes spheres; thus more
powerful techniques, such as small-angle neutron scattering
(SANS) and small-angle X-ray scattering (SAXS), could be used
to determine more accurately the shape and size of the self-
assembled structures. Gel formation as a response to tempera-
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ture can be easily determined by the tube inversion method,
as the temperature at which the sample does not flow when
the vial is inverted, indicating a solid-like material.
Rheological measurements can also detect the gelation temp-
erature (Tye1), which is defined as the temperature at which the
shear elastic modulus (also called the storage modulus, G')
overcomes the shear viscous modulus (also called the loss
modulus, G"), thus indicating a temperature-driven transition
from a free-flowing solution to an elastic gel. In addition to the
Tgel, Theology provides further insight into the rheological pro-
perties of the sample, such as the strength of the gel, gel desta-
bilisation, and changes in the viscosity of the sample as a
response to temperature when no gelation is detected. Both
techniques determining the gelation are complementary and
should be applied for a complete study.

Pluronic®-based polymers

Pluronic® polymers are commercially available thermo-
responsive polymers with temperature driven micellisation,
aggregation, and gelation. As previously mentioned, these
polymers are ABA triblock copolymers with A and B being
based on EG and PG, respectively. It has been previously
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reported that the critical gelation concentration (CGC) and Ty
of these polymers decrease with the increase in MM,**** as
expected, since the viscosity of a polymer solution increases
with its MM (Mark-Houwink’s equation®'). On the other hand,
a decrease in the CP of Pluronic® solutions is observed with a
decrease in MM.** When comparing Pluronic® polymers (ABA)
with their reverse counterparts (BAB), known as reverse
Pluronic® polymers, it is generally concluded that the CP of
the ABA-type polymers increases with increasing polymer con-
centration, while the opposite trend is reported for the BAB-
type polymer.>®> For example, while the CP of Pluronic® L44
(EG10-b-PGy3-b-EGy) increases from 62 °C (at 2 mM) to 73 °C
(at 50 mM), the CP of reverse Pluronic® 10R5 (PGg-b-EG,,-b-
PGy) decreases from 74 °C (at 2 mM) to 58 °C (at 50 mM).*
Similar observations were made for Pluronic® L64 (EGy3-b-
PG;-b-EG;3), with the CP increasing from 52 °C (at 1 w/v%) to
58 °C (25 w/v%).*® In a study by Zhou and Chu,*” Pluronic®
L64 was compared to reverse Pluronic® 17R4 (PGy4-b-EG,,4-b-
PGy,), and it was found that the ABA triblock bipolymer forms
micelles in a wider range of temperatures and concentrations,
while its BAB counterpart presents only a narrow window of
micelle formation under the same conditions.?” In addition to
this, the CPs of the BAB are lower than the ones of the ABA
polymer.>” These observations indicate an architecture effect
on the micellisation and CP, with the ABA triblock bipolymer
forming more stable micelles in wider temperature and con-
centration ranges compared to the BAB one, presumably due
to the entropically more favourable self-assembly into core-
shell micelles (ABA), as opposed to the flower-like micelles
(BAB).

Well-defined reverse Pluronic® polymers have been syn-
thesised by Markus et al. via organocatalytic polymerisation;
the P values varied from 1.02 to 1.07.>®* The MM of the middle
hydrophilic block ranged from 4 to 20 kg mol~*, while the DP
of the outer hydrophobic blocks varied from 12 to 128.
Copolymers with 20 kg mol™" middle block and the DP of the
outer blocks varying between 77 and 128 formed gels with an
exceptionally high storage modulus, which is tenfold relative
to Pluronic® F127. In addition, gel formation was detected at
three times lower gelation concentration than Pluronic®
F127.%% Even though the authors have attributed these superior
thermogelling properties to both the increased MM and BAB
architecture, for clear trends to be established, a comparison
should be made between copolymers differing in only one
structural parameter.

Mallapragada and co-workers have previously reported the
synthesis and investigation of thermoresponsive pentablock
terpolymers with Pluronic® F127 (EGgg-b-PGee-h-EGgg, MM =
12400 g mol ") as a central triblock terpolymer.**™*® The syn-
thesis of the pentablock terpolymer was carried out by bidirec-
tional chain-extension of Pluronic® F127, via ATRP3%4%42716 or
oxyanionic polymerisation,*** with outer blocks consisting of
an amine-containing methacrylate monomer, which provides
pH-response. In most of the studies, 2-(diethylamino)ethyl
methacrylate (DEAEMA) was used,’>*'™*® while in one of the
studies the hydrophobicity of the amine-containing monomer
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was varied from 2-(t-butylamino)ethyl methacrylate ((BAEMA),
to DMAEMA, to DEAEMA, to 2-(diisopropylamino)ethyl meth-
acrylate (DiPAEMA)."® Copolymers with different MMs of the
outer blocks were studied, thus simultaneously altering the
total MM and composition of the copolymers. More specifi-
cally, pentablock terpolymers, with the total MM ranging from
12 800 to 22 000 g mol ™", were reported, which preserved ther-
mogelation. The T could be tuned by changing the pH, with
the lower pH increasing the Ty..'’ Thus, these copolymers
were studied as pH-responsive release depots, as gel dis-
solution, and thus release of the compound of interest, was
promoted by decreasing the pH. Nile blue chloride,** lyso-
zyme,*” plasmid DNA,** and siRNA combined with gold nano-
particles®® were tested, and it was found that the lower the pH,
the faster the release.*”** The cytotoxic nature of these copoly-
mers was highly associated with the content of DEAEMA, with
the higher content increasing the cytotoxicity,** similarly to
DMAEMA-based systems,"*®*®! as the positive charges destabi-
lise the negatively charged cellular membrane. Interestingly,
the thermogelation could be tuned by changing the hydrophi-
licity of the amine-containing outer blocks.*® While the
tBAEMA-based polymers were too hydrophilic, thus preventing
gelation, the DIiPAEMA-based ones were too hydrophobic, thus
making the polymers insoluble. Both DMAEMA- and DEAEMA-
based polymers formed gels, with the latter lowering the T
and increasing the gel rigidity, presumably due to the
increased hydrophobicity, thus enhancing the “hydrophobic
effect”. A comparison between a DEAEMA-containing penta-
block terpolymer with Pluronic® F127 revealed the formation
of more rigid gels by the latter, thus indicating a disturbance
of the gelation by the addition of the outer blocks, attributed
to the change in the micelle packing,*® as revealed by SANS
and nuclear magnetic resonance spectroscopy.*® Interestingly,
one of the DEAEMA-based pentablock copolymers has recently
been used for membrane fabrication, and its pH- and thermo-
response were found to control the permeability of the mem-
brane, which increased by increasing the pH and temperature.*

Pentablock terpolymers with outer NIPAAm-based blocks,
instead of amino-containing methacrylate units, were also
investigated.*”*° In one of the studies, three different
Pluronic® polymers were used, namely Pluronic® F108, F68,
and F127.*% By increasing the DP of the hydrophobic PG-based
block, and by increasing the length of the NIPAAm-based
outer blocks while keeping the Pluronic® constant, a decrease
in the LCST and a higher aggregation number were recorded.*®
A similar pentablock terpolymer consisting of Pluronic® F127
was investigated via micro-differential scanning calorimetry
(micro-DSC), SANS and NOESY experiments, which revealed
two phase transitions corresponding to the thermoresponse of
PG and NIPAAm, respectively.””*® It was confirmed that the
thermoresponse of NIPAAm units triggered the change from
classical core-shell micelles to flower-like micelles.*”"*®

In another study, Pluronic® F127 multiblock copolymers
were produced by: (i) coupling of Pluronic® F127, ie., four
times and (ii) random coupling of EG- and PG-based blocks,
with the final copolymers having a similar content of EG but a
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different MM of Pluronic® F127.>° In both cases, the viscosity
of the final product exceeded that of Pluronic® F127 by fifteen
and six times, respectively. Prolonged anti-restenosis drug
release was observed for the four-times coupled Pluronic®
F127 (forty days) compared to Pluronic® F127 (seven days).>
However, the favourable gelation characteristics of the syn-
thesised polymers cannot be purely attributed to the multi-
block architecture, as the increased MM does play a strong role
in the viscosity of the solution, and consequently the gelation,
as previously mentioned. Therefore, for clear architecture
effects to be drawn, systematic studies need to be carried out,
in which the feature of interest should be varied while keeping
all the other parameters constant.

EG-containing degradable polymers

Thermoresponsive ABA and BAB triblock copolymers based on
EG (A unit) and PLGA (B unit) have been reported in the litera-
ture, with the BAB counterparts of a specific MM and compo-
sition being trademarked as ReGel®.’' Specifically, ReGel®
polymers’ MM varies from 3100 to 4500 g mol ', while the
composition of the degradable component, i.e., PLGA, varies
from 51 to 83 w/w%, in which the glycolate (GA) content varies
from 15 to 35 w/w%.>! Both structures have been patented by
Macromed Inc.,>*>* with the work to be strongly associated
with Prof Sung Wan Kim (1940-2020, co-founder of Macromed
Inc.)."®*

The composition and the MM of these copolymers strongly
control their gelation properties. When the MM of the central
EG-based block was kept constant (BAB-type), the gelation
temperature was lower for polymers with a higher MM of the
PLGA block and a higher content of p,i-lactate (p,.-LA).>>7®
The latter is expected as LA is more hydrophobic than GA,
owing to the extra methyl group in its structure, thus enhan-
cing the “hydrophobic effect”, responsible for thermore-
sponse. Similarly, the longer the EG-based block, the higher
the gelation temperature.””* Similar observations were made
for the ABA type polymers, as the lower the p,i-LA content, the
higher the CGC.?® On the other hand, when 1-LA was used to
fabricate BAB-type triblock copolymers, the T decreased as
the content in 1-LA decreased, indicating that the effect of
stereochemistry, ie., the increase in crystallinity, overcomes
the effect of hydrophobicity.®*

The content and block length of these BAB triblock copoly-
mers affect their properties at the nanoscale, as revealed by
SANS. While an ellipsoid structure is adopted by the BAB copo-
lymer with a shorter EG-based block in diluted solutions,
core-shell spherical micelles are detected for the one with a
longer EG-based block under the same conditions.>* On the
other hand, at higher concentrations, both copolymers adopt
the core-shell spherical micelle configuration, and their ther-
mally induced gelation is attributed to the packing of the
micelles into cylinders.>®

When the ABA and BAB copolymers are compared, the criti-
cal gelation concentration (CGC) and the Ty of the latter are
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lower than the ones of the former, a feature attributed to the
bridging of adjacent flower-like micelles by the PLGA
blocks.>*®*%* Monte-Carlo simulations in combination with
experimental work revealed a lower CGC, T, and precipi-
tation temperature of the BAB-systems compared to those of
the corresponding ABA and AB polymers.®® The physical cross-
linking of the core-shell micelles formed by the ABA and AB
polymers was attributed to the formation of hydrophobic chan-
nels, throughout the gelation window. On the other hand, the
thermogelation of the flower-like micelles adopted by the BAB
polymer chains takes place in two steps: (i) gelation with a
dominant crosslinking factor with the formation of hydro-
philic bridges at lower temperatures, and (ii) gelation with a
dominant crosslinking factor with the formation of hydro-
phobic channels at higher temperatures. These are shown
schematically in Fig. 8.

e-Caprolactone (CL) was also used as a repeating unit in
combination with EG for the synthesis of degradable ABA and
BAB triblock copolymers. It should be reminded that the
hydrophobicity increases from GA to LA to CL, thus offering
opportunities for modulating the gelation properties of the
polymers and their degradability rate.

Studies on BAB triblock copolymers based on EG (A unit)
and a random copolymer (B block) of CL with either LA®*® or
GA®® were reported. One of the studies on LA-containing poly-
mers reported that the higher the MM of the middle block, the
lower the gelation concentration.”® On the other hand, the
second study reported a lower Ty, a wider gelation region,
and a higher storage modulus, but a higher gelation concen-
tration for the polymer with a longer EG-based middle block.**
However, direct comparison should be avoided due to the
difference in both MM and composition. SANS studies
revealed the transition from core-shell micelles to rod-like
objects for the polymer with a longer middle block, while the
one with a shorter middle block existed as cylinders, regard-
less of the temperature. This was attributed to the shorter
middle block being unable to form a loop, thus promoting
intermicellar bridging.®* As far as GA-containing copolymers
are concerned, it was observed that the higher the CL/GA ratio,
the lower the T, despite the increase in the hydrophobicity
of the structure, indicating that other factors, such as crystalli-
sation, play an important role in the gelation properties.®

In some of the studies, BAB triblock copolymers based on
EG (A unit) and CL’s derivatives (B unit) were investigated.®”-°®
In particular, the CL unit consisted of a benzyl carboxylate
group at the a-position, which was hydrolysed to different
extents to give carboxylic acid groups, which are pH-respon-
sive. Increasing the content of the hydrophobic benzyl groups
decreased the CP and the Ty and increased the strength of
the gels. As far as the carboxyl-containing copolymers are con-
cerned, their micellisation was controlled by the pH, with the
neutrally charged polymers self-assembling into micelles at
lower concentrations.®”’*® However, depending on the poly-
merisation conditions, ie., bulk versus solution, and poly-
merisation time, branching occurred, thus gelation or water-
insolubility were promoted, depending on the level of branch-
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(a) Schematic of the phase diagram of a PLGA-PEG-PLGA triblock copolymer (left) and the suggested gelation mechanism (right), and (b)

schematic of the phase diagram of a PEG-PLGA diblock copolymer and a PEG-PLGA-PEG triblock copolymer (left) and the suggested gelation
mechanism (right). A and B correspond to the hydrophilic PEG block (in blue) and the hydrophobic PLGA block (in purple), respectively. PEG and
PLGA stand for poly(ethylene glycol) and poly(p,L-lactide-co-glycolide), respectively. Adapted with permission from S. Cui, L. Yu, and J. Ding,
Macromolecules, 2019, 52, 3697-3715. Copyright 2019 American Chemical Society.

ing.'®® This indicates the importance of synthesising well-
defined polymers, thus ensuring reproducibility in the syn-
thesis and the final properties.

Degradable BAB and ABA copolymers consisting of EG (A
block) and either CL or depsipeptides (B block) were
studied,’®’® revealing that the architecture has an important
role in the final properties. Concerning the study on CL-based
copolymers, a lower Tg, a wider gelation area and a higher
storage modulus of the gels were obtained when the BAB-type
copolymers were used, a feature attributed to the bridging of
the flower-like micelles.®® This is in agreement with the obser-
vations made on triblock copolymers based on PLGA instead
of CL. In contrast, the ABA-type depsipeptide-containing poly-
mers, which form classical core-shell micelles, showed temp-
erature-driven gelation, while the BAB-type ones only pre-
sented a CP upon heating, which decreased by increasing the
hydrophobicity of the depsipeptide.”’ However, it should be
noted that in the latter study both the composition and the
MM varied, thus illustrating the importance of performing sys-
tematic studies for clear conclusions to be drawn.

In an interesting study by Mohammadi et al., several
degradable triblock copolymers were studied.”! In more detail,
systems containing BAB-type copolymers with the A block con-
sisting of EG and the B block consisting of GA/LA, LA and LA/
CL were investigated. An injectable system which gels at body

This journal is © The Royal Society of Chemistry 2023

temperature was formed by the LA-containing copolymer. On
the other hand, GA/LA copolymers of different structures were
mixed to achieve the same result, similarly to the LA/CL based
copolymers. These thermogelling systems were studied as drug
release depots, with the LA/CL containing systems prolonging
the release,”’ presumably due to the increased hydrophobicity.
This illustrates the potential of designing optimal thermogel-
ling systems by blending of thermoresponsive polymers.
Degradable pentablock copolymers based on EG, CL and/or
LA were also reported in the literature. In one of the studies,
ABCBA pentablock terpolymers consisting of EG (A block), CL
(B block) and LA (C block) of different hydrophobic contents
showed that the higher the content of CL, the lower the T,
and the higher the rigidity of the gel.”” In another study,
ABCBA pentablock terpolymers with various ratios of p-LA (A
block), .-LA (B block) and EG (C block) showed UCST-type gela-
tion, attributed to the intermicellar aggregation and bridging,
revealed by SAXS.”? This observation indicates that slight vari-
ations in the position and chemical nature of the polymers
can result in important differences in their thermogelling pro-
perties. Interestingly, copolymers with an equimolar content
of enantiomers showed a wider gelation area and a higher
storage modulus, as the gel destabilised at higher tempera-
tures. When the pentablock copolymers were compared with
their corresponding triblock copolymers, the gels destabilised
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at lower temperatures from ABCBA, to the ACA/BCB enantio-
meric mixture, to the isotactic BCB, to the atactic copolymer
based on p,.-LA instead. This indicates that the position of the
blocks and the degree of crystallinity are of great importance
for the gelation.”

Hybrid ABCBA pentablock copolymers consisting of the
hydrophilic peptide r-lysine (A unit), a hydrophobic statistical
copolymer of poly(r-histidine)-co-poly(y-benzyl-L-glutamate) as
the B block, and hydrophilic and thermoresponsive EG (C
unit) have been recently reported by Skoulas et al; t-histidine
is pH-responsive.”* Physical hydrogels were formed at room
temperature, which are temperature-insensitive when
t-histidine is neutrally charged. However, when r-histidine
is protonated by lowering the pH from 7.4 to 6.5, weaker
gels with temperature-tuneable viscoelastic properties are
observed.”*

Degradable thermoresponsive copolymers with hyper-
branched/multiblock architectures were also reported in the
literature. In one of the studies, triblock and hyperbranched
copolymers based on EG, PG and CL were compared with the
hyperbranched architecture lowering the CP, the critical gela-
tion temperature (CGT) and the critical gelation concen-
tration.”” Interestingly, the CGC values reported were as low as
4.3 wt%, depending on the composition. These superior gela-
tion properties of the hyperbranched architecture were attribu-
ted to the enhanced chain interactions through hydrogen
bonding between the branches.””> Multiblock terpolymers
based on 1,4-butylene adipate, EG and PG, and multiblock
bipolymers based only on EG and PG were also reported, with
the BA content enhancing the gelation characteristics.”® A
thermoresponsive multiblock bioconjugate was reported,
namely (EG,;-b-betulin-b-EG,3)s, which showed UCST-type
behaviour with a transition from a turbid gel to a transparent
solution to precipitation upon heating.””

An interesting study on thermoresponsive amphiphilic
block copolymers with alternating hydrophilic and hydro-
phobic blocks has been recently published by Kostyurina
et al.”® This library of thermoresponsive polymers consisted of
polyester hydrophobic blocks and PEG hydrophilic blocks of
varying lengths. A linear relationship between the CP and the
length of the hydrophobic block was revealed, while a logarith-

S

Poly(N- Poly(N-
ethylacrylamide), cyclopropylacrylamide),
(polyEAAm, (polyCPAAM,
thermoresponsive, thermoresponsive,

CP = 74 °C165) CP = 57 °C164165)

View Article Online

Polymer Chemistry

mic relationship between the CP and the length of the hydro-
philic block was established instead. Amphiphilic alternating
copolymers with short PEG blocks favour the formation of
highly ordered polymer networks characterised by liquid crys-
talline cubic phases, as revealed by SAXS studies.”®

Acrylamide thermoresponsive units

Several (meth)acrylamide homopolymers have been reported
to present thermoresponse. In 1975, Taylor and Cerankowski
reported the CP of several (meth)acrylamide homopolymer
solutions at 1% in water, such as N-ethylacrylamide (CP =
74 °C), NIPAAm (CP = 32 °C),'** N,N-diethylacrylamide
(DEAAm, CP = 25 °C), and N-cyclopropylacrylamide (CP =
57 °C).’®® The structures and properties of these units are
shown in Fig. 9. Amongst these, NIPAAm has been undoubt-
edly the most popular thermoresponsive unit, and it has been
extensively studied for its thermoresponsive properties, includ-
ing thermogelation. The relevant studies are discussed in the
following paragraphs, with the major interest being focused
on the effect of architecture on the thermoresponsive
properties.

In several studies, NIPAAm (A unit) was combined with
styrene (St, B unit) to form BAB triblock copolymers, which
adopt flower-like configuration when dissolved in aqueous
media.”® ®* SANS studies on copolymers containing deuterated
St revealed the formation of a St-based hydrophobic core, and
a NIPAAm-based hydrophilic corona below the CP. These
micelles collapsed and formed clusters once the CP was
reached. When a higher content of St was used, micelles,
aggregates, and clusters formed both below and above the CP,
as revealed by SANS and light scattering.”®®> When varying
the hydrophobic monomer from St to 4-t-butyl St (¢BuSt), 3,5-
dibromobenzyl acrylate (BrBzA), 2-ethylhexyl acrylate (EtHexA),
to octadecyl acrylate (OcDecA), it was observed that the CGC
decreases, and the gels were stronger, as the glass transition
temperature of the hydrophobic monomer decreased.®* On the
other hand, no effect on the CP was observed, presumably due
to the hydrophobic block being collapsed in the core of the
micelle.*®

UGN
A <

Poly(N- Poly(N-
isopropylacrylamide), diethylacrylamide),
(polyNIPAAm, (polyDEAAM,

thermoresponsive,
CP = 32 °C1%)

thermoresponsive,
CP = 25 °C6%)

Fig. 9 Chemical structures and properties of thermoresponsive acrylamide units.
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Several other units were used to form BAB triblock copoly-
mers with NIPAAm forming the central hydrophilic and
thermoresponsive block. Acrylic acid (AA) was incorporated
into the structure to exhibit pH-responsive properties in
addition to the thermoresponse; deprotonation of the car-
boxylic acid units disrupted thermoresponse, as expected.®’
Post-polymerisation modification of these copolymers with
iron oxide introduced magnetic-responsive properties,®* while
phosphorylation of the AA units decreased the Ty, with
NIPAAM,,,-b-AA(PEA)303-b-NIPAAm,,;  forming  hydrogels
under physiological conditions at only 2 wt%; PEA stands for
O-phosphoethanolamine.®® When the outer blocks consisted
of a random copolymer of N,N-dimethylacrylamide (DMAAm)
and adamantane acrylate (Adac), complexation with cyclodex-
trin was achieved, thus forming thermoresponsive supramole-
cular glycopolymers.®® Incorporation of an ionic liquid,
namely 3-methyl-1-(4-vinylbenzyl)-1-imidazolium chloride (A
block) into the structure of BAB NIPAAm based triblock copoly-
mers formed thermogels.®”

ABA triblock copolymers, with NIPAAm forming the outer
blocks, were also synthesised, and investigated by several
groups. Increasing the length of the hydrophilic EG-based
block resulted in an increase in the CP, as the “hydrophobic
effect” was disrupted,®® while increasing the length of the
thermoresponsive NIPAAm block in copolymers containing
N-vinylpyrrolidone (VP) decreased both the CGC and the Ty
of the system.®® A positively charged betaine ester was incor-
porated into the central block to electrostatically attract the
negatively charged antimicrobial drug, salicylate, thus forming
biocompatible antimicrobial drug release depots based on
thermogelling wound dressing.”® Redox active polymers were
also investigated by incorporating 2,2,6,6-tetramethyl-
piperidine-1-oxyl (TEMPO) units (B unit) into the structure,
and the redox activity was affected by NIPAAm’s thermore-
sponse.”’ In one of the studies, hydrophobic hydroxytermi-
nated polybutadiene (HTPB) was used to form the central
block, and its epoxidation increased the CP due to the intro-
duction of more water molecules.®”

Two studies have been reported in the literature in which
ABA and BAB NIPAAm-based triblock copolymers were com-
pared, and the effect of the architecture was discussed. In the
first study, 2-hydroxyethyl methacrylate (HEMA) was used to
fabricate the B block, and the ABA-type copolymers presented
a lower T than the BAB one.” In the second study, ethyl acry-
late (EtA) was used as the hydrophobic B unit instead.’* While
the critical micellisation concentration (CMC) value of the ABA
architecture was lower than its BAB counterpart, the CP of the
former was higher than the latter.”* These observations can be
explained upon consideration of the self-assembled structures
these copolymers adopt. The ABA architecture, with the hydro-
phobic block in the middle, forms traditional core-shell
micelles, which are easier to form (lower CMC) and remain
stable up to higher temperatures (higher CP). On the other
hand, the BAB architecture forms flower-like micelles, whose
formation requires folding of the polymer chain into a loop,
thus their self-assembly is less favourable (higher CMC) and
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these copolymers destabilise more easily upon heating (lower
CP), due to the folding of the polymer chain.

Several studies reported the synthesis of triblock terpoly-
mers based on NIPAAm and investigation of their thermo-
responsive  properties in terms of the CP. When
PEG-PCL-PNIPAAM copolymers (ABC structure) were studied,
the CP decreased upon increasing the DP of the hydrophobic
and thermoresponsive blocks.”> When their ACB counterparts
were tested, the CP decreased as a function of the polymer con-
centration.’® When the middle block in the ABC structure was
changed to 3-methacryloxypropylheptaphenyl polyhedral oligo-
meric silsesquioxanes (MA-POSS), similar observations were
recorded, ie., the CP decreased when the DP of NIPAAmM
increased.” Double thermoresponsive ACB triblock terpoly-
mers based on poly(ethylene glycol) methyl ether vinylphenyl
(mPEGYV, A block), NIPAAm (B block) and St (C block) pre-
sented two CP values, and the higher the DP of NIPAAm, the
more pronounced the transmittance change.”® When the
change in the size as a function of temperature was monitored,
collapse of the NIPAAm-based block on the hydrophobic core
occurred upon NIPAAm’s thermoresponse, leading to the
shrinkage of the micelles above the CP.”>%°

Two studies on triblock quaterpolymers, i.e., polymer with
three different blocks, with one block consisting of repeating
units with different chemical nature, were reported in the lit-
erature. In one of the studies, thermoresponsive glycopolymers
were studied; these polymers were poly(3-O-methacryloyl-o,p-p-
glucopyranose  (MAGIc)-poly(HEMA-g-PCL))-PNIPAAM.”®  An
increase in the CP was recorded as the DP of both the hydro-
philic MAGIc and the thermoresponsive NIPAAm blocks
increased, due to the increased hydrophilicity in their struc-
ture.”® When PEG-poly(HEMA-g-LA)-PNIPAAm was studied, col-
lapse of the NIPAAm block on the hydrophobic central block,
and thus shrinkage of the micelles occurred above the CP,
similarly to the previous observations.'® It is worth noting
that the highly hydrophilic PEG corona prevented aggregation
above the CP."*

Lodge and co-workers have previously reported several
studies on thermogels from ABC triblock terpolymers, with A,
B, and C blocks being based on poly(ethylene-alt-propylene),
EG, and NIPAAm, respectively."” % In the first study on this
subject, the ABC triblock terpolymers out-performed their CBC
counterparts, by favouring gelation at lower concentrations.
Detailed analysis on the ABC triblock terpolymers via cryo-
genic transmission electron microscopy, cryogenic scanning
electron microscopy, and SANS revealed the formation of two-
compartment polymer networks with distinct poly(ethylene-
alt-propylene) and PNIPAAm cores, which are connected via
hydrophilic PEG bridges. When dissolved in the ionic liquid
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide, NIPAAm presents a UCST-behaviour instead, with two-
compartment ion gels being formed above the UCST."** %3

In an intriguing study by Onoda et al., precise control of
the sol-gel transition by blending two ABC triblock terpoly-
mers was reported.'® More specifically, the two ABC triblock
terpolymers consisted of DMAAm as the central block and a

Polym. Chem., 2023,14, 223-247 | 235


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py01097f

Open Access Article. Published on 23 berfw-Obubuo 2022. Downloaded on 2026/02/06 11:43:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

random copolymer of NIPAAm and n-butyl acrylate (BuA) as
the A block, but they differed in the third block; this was
based either on a random copolymer of NIPAAm and BuA, but
with a different composition from the first block, or a NIPAAm
homopolymer. The Ty of the former was lower than that of
the latter, due to the incorporation of more hydrophobic BuA
units, as expected. Interestingly, the Ty of the polymer blends
varied linearly with the content in the two copolymers, while
keeping the strength of the gel constant."**

Temperature- and photo-responsive hydrogels were fabri-
cated using ABC triblock terpolymers, where A, B and C corres-
pond to NIPAAm, 4-acryloylmorpholine (NAM), and 2-((((2-
nitrobenzyl)oxy)carbonylJamino) ethyl methacrylate
(NBOCAEMA), respectively.'” Self-assembly into core-shell
micelles with the hydrophobic NBOCAEMA and the hydro-
philic NIPAAm and NAM was recorded below the LCST of
NIPAAm, and temperature-induced gelation occurred upon
heating above the LCST. An increase in the Ty upon UV-cross-
linking of the micellar core was observed, thus offering a
second trigger for the gel dissolution, in addition to tempera-
ture. These novel hydrogels were tested for co-delivery of the
hydrophobic drug doxorubicin and the hydrophilic drug
gemcitabine.'®

Two studies reported the synthesis and investigation of
thermoresponsive tetrablock terpolymers. In one of the
studies, ABAB multiblock copolymers based on DMAAm and
NIPAAm were investigated.'®® When comparing two tetrablock
copolymers with similar compositions and different MMs,
gelation was observed only for the higher MM copolymer, due
to the hydrophilic blocks being long enough to act as bridges.
When compared to the corresponding BAB triblock copolymer,
the T, decreased and the strength of the gel increased, as the
complexity of the architecture increased.'®® The self-assembly
of EG-b-St-b-NIPAAm-b-DMAEMA tetrablock quaterpolymers
was tuned by changing the temperature and the pH, thus
employing the thermoresponsive properties of NIPAAm and
the pH-responsive properties of DMAEMA.'*® In addition, by
changing the pH of the solution from acidic to alkaline, the
CP of the copolymers was decreased, due to the increase in the
hydrophobicity of their structure.'®®

Two studies investigated ABCBA pentablock terpolymers
based on the pH responsive DEAEMA (A block), the thermo-
responsive NIPAAm (B block) and the hydrophilic EG (C
block).''%*** Both studies investigated the effect of DEAEMA’s
pH response on the self-assembly and the CP. In an acidic
environment, the amine groups are protonated, thus tempera-
ture-driven micellisation due to NIPAAm’s thermoresponse
was observed. On the other hand, at alkaline pH, DEAEMA is
hydrophobic, thus self-assembly at room temperature was
observed. An increase in the pH lowers the CP, as expected,
due to favouring the “hydrophobic effect”.'***!*

In a recent study by Lv et al., double stimuli responsive
ABCBA pentablock quaterpolymers have been shown to form
different types of self-assembled structures depending on the
pH and temperature.'™® More specifically, these copolymers
consisted of thermosensitive NIPAAm (A unit), PG (C unit),
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and a pH-responsive block based on a random copolymer of
AA and #-butyl acrylate (¢BA), but they differed in the length of
the NIPAAm block and the ratio of AA:¢BA. Interestingly, the
degree of deprotonation of the AA units could determine the
reversibility of the thermosensitive process, and tune the types
of self-assembled nanostructures, with cylinders and spheres
being identified."**

Degradable NIPAAm-containing pentablock terpolymers
have also been reported in the literature. The ABCBA penta-
block terpolymers were based on NIPAAm (A unit) and EG (C
unit), while the B unit was based on a degradable hydro-
phobic monomer, either CL'? or LA."® In both studies,
longer outer NIPAAm chains favoured thermogelation. In the
study by Abandansari et al., the best-performing polymer (CL-
based) presented the Ty at 32 °C and the storage modulus
(G") at 25000 Pa, when the concentration was 20 wt%. Most
importantly, the storage modulus drastically increased to
60000 Pa when the concentration increased to 30 wt%.""?
Concerning the LA-containing pentablock terpolymer, gela-
tion in a physiological medium was visually detected at 10
w/w% and 30 °C, which was not the case for its triblock ABC
analogue, whose aqueous solutions were unable to form
gels.'"?

Interestingly, a study on well-defined NIPAAm-based multi-
block copolymers has been reported by Simula et al.'*® In this
study, thermoresponsive triblock and pentablock copolymers
were synthesised via aqueous Cu(0) mediated living radical
polymerisation (SET-LRP), with excellent control over the mole-
cular mass distribution (P < 1.19), quantitative conversions,
and time-efficiency. Increasing the DP of NIPAAm (B unit) in
BAB triblock copolymers with the PEG central block from 10 to
160 decreases the CP from 71.3 °C to 41.2 °C. Chain extension
with a second thermoresponsive unit, namely DEAAm (C unit),
to form a CBABC pentablock terpolymer reduced the CP from
71.3 °C to 52.5 °C. Substituting the thermoresponsive DEAAmM
unit with the hydrophilic DMAAm unit disrupted the thermo-
response, as no CP was detected up to 90 °C.""*

Two studies discussed the thermoresponse of NIPAAm-
based star copolymers and their comparison with the corres-
ponding linear analogues."'®'"” When A,BA, copolymers (A:
NIPAAm, B: EG) were compared with ABA triblock copolymers
with the same MM and composition, a similar thermogelling
behaviour was recorded. On the other hand, the gelation
characteristics were favoured as the complexity of the architec-
ture increased from ABC, ABCBA, and (ABC), (A: [R]-3-hydroxy-
butyrate, B: NIPAAm, C: poly(ethylene glycol) methacrylate-co-
poly(propylene glycol) methacrylate), PEGMA-co-PPGMA.
Specifically, the higher the complexity of the architecture the
stronger the gels, and the lower the T, with both ABCBA and
(ABC), forming gels at room temperature; the strength of the
latter increased upon NIPAAm’s thermoresponse.'*®*'”

As previously mentioned, DEAAm is a less famous thermo-
responsive unit, whose homopolymers have been reported to
show a CP at 25 °C by Taylor and Cerankowski,'®® and 33 °C by
Idziak et al.’®® The CP being close to the physiological temp-
erature makes this unit a suitable candidate for designing
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thermoresponsive polymers. In a study by Haddow et al., ABA
triblock copolymers based on DEAAm (A unit) and EG (B unit)
were synthesised, and the MM of the blocks was varied.
Copolymers with a longer PEG middle block favoured gelation,
due to the effective bridging of the micelles and the formation
of spherical and elliptical aggregates upon heating, thus
leading to gel formation."™ Grubbs and co-workers reported
the synthesis and investigation of two ABC triblock copolymers
with A, B and C being based on EG, DEAAm, and N,N-dibutyl-
acrylamide (DiBuAAm), respectively."'®> When the thermo-
responsive middle block was short, gelation driven by a sphere
to worm transition was recorded, while an increase in its
length disrupted thermogelation due to difficulties in the re-
arrangement of the self-assembled structures.'"’

Amine-based methacrylate
thermoresponsive units

The DMAEMA unit has been extensively reported in the syn-
thesis of polymers for various applications. Even though
DMAEMA has been mostly incorporated into the polymer
structure to exhibit pH-responsive properties, reports on its
thermoresponse have also been published. The latter are dis-
cussed in the following paragraphs with an increased architec-
ture complexity.

In one of the studies, AB diblock and ABA and BAB triblock
copolymers consisting of hydrophilic 6-O-methacryloyl-p-galac-
topyranose (A unit) and pH- and temperature-responsive
DMAEMA (B unit) were synthesised and investigated in terms
of their thermoresponse.'®® At alkaline pH both units are
water-soluble and thus they exist as unimers in solution below
the LCST of DMAEMA. Upon heating, temperature-driven
micellisation was induced, leading to the formation of tra-
ditional core-shell micelles by the AB and ABA copolymers,
and flower-like micelles by the BAB ones, with their CP being
detected between 35 and 55 °C, depending on their MM and
composition.'*® Direct comparison between the different
architectures cannot be made due to the variations in the MM
and composition, which also affect the CP.

BAB triblock copolymers with DMAEMA units forming the
A block and a random copolymer of DMAEMA and n-butyl
methacrylate (BuMA) forming the B block were reported by
Lauber et al."®" These copolymers formed hydrogels at room
temperature when the degree of ionisation of DMAEMA was
kept at low values. However, the viscosity of the hydrogels
decreased, and eventually homogeneous runny solutions were
formed when protonating the DMAEMA units and thus
increasing the hydrophilicity of the structure. Interestingly,
upon heating of the solutions at high degrees of the protona-
tion of DMAEMA, irreversible hydrogels were formed."*"

A study on the same repeating units has been reported by
our group, with symmetric and asymmetric BAB triblock copo-
lymers being investigated."”> While keeping both the MM and
composition constant, within the same family, the Ty of the
copolymers increased by increasing the asymmetry from BAB
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to B'AB’,, to B"AB”,. This trend was attributed to the insuffi-
cient bridging between the neighbouring flower-like micelles,
thus interrupting the gelation.'**

To the best of our knowledge, only our group has reported
the synthesis and investigation of triblock terpolymers consist-
ing of DMAEMA as the thermoresponsive unit (C
unit).>*'>*712¢ 1n all the studies, the A block was based on a
methoxy EG-based methacrylate unit, e.g., methoxy oligo(ethyl-
ene glycol) methacrylate with an average M, of 300 g mol™*
(mOEGMA300), which is hydrophilic and thermoresponsive at
a temperature higher than 70 °C."7"'®” Note that the thermore-
sponse of the OEGMA monomer depends on the number of
EG groups and the chemistry of the terminal group, as will be
discussed in more detail in the relevant section. The B block
consisted of a hydrophobic unit with a linear alkyl side chain,
e.g., BUAMA. When investigating the MM and composition, it
was observed that the gelation was favoured when the MM, the
hydrophobic content, and the length of the hydrophobic side
chain were increased, and when the length of the hydrophilic
EG-based unit was decreased. The complexity of the architec-
ture was varied by changing the position of the blocks in the
structure, from ABC to ACB to BAC.?®'**'2% From our studies,
it was concluded that the ABC architecture, ie., the one with
the hydrophobic block in the middle, shows the most favour-
able characteristics for injectable systems, as it favours self-
assembly to smaller micelles and thus better dissolution at
room temperature, while it presents a clear solution-gel tran-
sition upon heating.>®">*12¢

The only study on tetrablock terpolymers with DMAEMA as
a thermoresponsive unit has been reported by our group in
2018."” In this study, the copolymers consisted of
mOEGMA300, BuMA and DMAEMA as A, B, and C units
respectively. The MM and composition were kept constant
within the same family and the position of the blocks was
varied as follows: ABCA, ABAC, ACAB, BACB, BABC, ABCB,
CABC, CACB, and ACB. The position of the blocks strongly con-
trolled the solubility, self-assembly and gelation properties of
their aqueous solutions, with the BABC and ACBC architec-
tures showing the widest gelation areas.'®”

Patrickios and co-workers have investigated multiblock
bipolymers composed of DMAEMA and BuMA as the A
and B blocks, respectively."”® BAB, ABABA, BABABAB and
ABABABABA copolymers with the DP, and DPgy being kept
the same in different copolymers, but simultaneously chan-
ging the total MM and composition, were investigated, and
gelation was reported for the heptablock bipolymer. When
the composition and total MM were kept constant in BAB,
BABABAB and ABABABABA copolymers, only the triblock and
heptablock copolymers formed gels. It was concluded that
the gelation was favoured when the BuMA block is located at
the end of the polymer chain, with the hydrophilic and
thermoresponsive  DMAEMA block being long enough to
facilitate micelle bridging. When the DMAEMA block was
incorporated at the end of the polymer chain, electrostatic
repulsion between the positively charged amine groups inter-
rupted gelation.'*®
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DMAEMA-containing thermoresponsive multiblock brush
type graft terpolymers were reported.'* CL,CH,CH,[O(CL,)]
CH,-b-VB,-g-DMAEMA,, copolymers, with VB standing for
4-vinyl benzyl and x, y, z, and w denoting the DP of the corres-
ponding units, showed a CP which was strongly controlled by
the content of DMAEMA."*°

EG-based (meth)acrylate
thermoresponsive units

(Meth)acrylate units with EG on the side chain have received
much scientific interest as alternative thermoresponsive units,
due to the combination of their thermoresponsive ability and
PEG’s biocompatible nature.'®® It is well-documented that
depending on the number of EG groups on the side chain, the
hydrophobicity/hydrophilicity and thermoresponse of these
(meth)acrylate polymers can be varied."”"®'®” As an example,
methoxy mono(ethylene glycol) methacrylate (MEGMA) homo-
polymers are water-insoluble, while methoxy oligo (ethylene

(a) Acrylate Units:

Poly[methoxy Poly[methoxy
mono(ethylene glycol) di(ethylene glycol)
acrylate] acrylate]
(polymMEGA, (polymDEGA,
hydrophobic, thermoresponsive,
Water-insoluble®) CP =40 °C"®)

(b) Methacrylate Units:

57K

ES ES

2 3
Poly[methoxy Poly[methoxy
di(ethylene glycol) tri(ethylene glycol)
methacrylate] methacrylate]
(polymDEGMA, (polymTEGMA,
thermoresponsive, thermoresponsive,

27 <CP <30 °C") 49 <CP <63 °C")

X
/g

oligo(ethylene glycol)
methacrylate with average
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glycol) methacrylate with an average M, of 500 g mol™"
(mOEGMA500) shows no thermoresponse up to 95 °C."7 In
addition, changing the end group on the side chain from
hydroxyl to methyl to ethyl, the CP decreases as the hydropho-
bicity increases.”*® The chemical nature of the backbone, i.e.,
acrylate versus methacrylate, also affects the CP, with the ther-
moresponse of the acrylate units being affected by the length
and the end group of the side chain, similarly to their meth-
acrylate analogues.'® The chemical structures and properties
of EG-based (meth)acrylate units are summarised in Fig. 10.
Thermoresponsive ABA and BAB triblock copolymers con-
sisting only of EG-based (meth)acrylate units were reported by
Xiang et al.™*® In this study, the triblock copolymers were
based on methoxy oligo(ethylene glycol) acrylate with an
average M, of 480 g mol™' (MOEGA480) and mDEGMA and
were compared with their corresponding diblock and star
copolymers [both (AB); and (BA);], with the attention being
focused on the effect of matching the polarity of the end group
(phenyl versus carboxyl) with the polarity of the adjacent
block. Generally, mismatching the polarity disturbs the self-

Y
o 3

Poly[methoxy Poly[ethoxy di(ethylene
oligo(ethylene glycol) glycol) acrylate]
acrylate with average M, (polyeDEGA,

480 g mol-'] thermoresponsive,
(polymOEGA480, CP = 13 °C"9)
thermoresponsive,

CP =92 °C"8)
0~ O o0~ 0O

O
4.5
Poly[methoxy

O
8-9
Poly[methoxy

oligo(ethylene glycol)
methacrylate with average

M, 300 g mol-1] M, 500 g mol-"]
(polymOEGMA300, (polymOEGMAS500,
thermoresponsive, hydrophilic,
71<CP=<76°C") no CP'7)

Fig. 10 Chemical structures and properties of (a) acrylate units and (b) methacrylate units discussed in this review.
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assembly
aggregation.

Negru et al. reported a study on BAB triblock copolymers
consisting of EG (A unit) and a random copolymer of ethoxy di
(ethylene glycol) acrylate (eDEGA) and mOEGA480.'° It was
observed that increasing the DP of either block resulted in a
decrease in the Ty, while when the composition was systema-
tically varied, the Ty decreased as the hydrophilic mOEGA480
content decreased."*°

In three of the studies, hydrophilic and thermoresponsive
methoxy di(ethylene glycol) acrylate (mDEGA, A unit) was com-
bined with hydrophobic styrene (St, B unit) to synthesise
amphiphilic BAB triblock copolymers.'**"'*> Miasnikova et al.
investigated copolymers with a fixed DP of St, and a varied DP
of the mDEGA block.'** They observed that the copolymer
with the shortest DEGA block was insoluble in water, while
solubility was enhanced when longer mDEGA blocks were
incorporated into the structure, which also increased the CP of
these copolymers. While the composition effect dominated the
thermoresponse in diluted solutions, the MM effect controlled
the gelation in concentrated solutions, with the CGC decreas-
ing with the increasing length of the mDEGA block, due to the
easier bridging."** In another study by the same group, the
BAB triblock copolymers were compared with their corres-
ponding AB diblock copolymers and (BA); star copolymers.'*?
Interestingly, increasing the complexity of the architecture
from diblock to triblock to star copolymers favours the thermo-
response by reducing the CP."** In addition to the reports on
micellisation and gelation, thermoresponsive films based on
these triblock copolymers were also investigated.'*® By increas-
ing the temperature of the films, water was excluded from the
structure and shrinkage was observed, driven by DEGA’s
thermoresponse.'*?

Studies in which triblock copolymers consisted of a hydro-
philic and thermoresponsive EG-based (meth)acrylate unit and
2-hydroxyethyl (meth)acrylate were reported. In one of the
studies, two ABA triblock copolymers based on mDEGMA (A
block of constant length) and HEMA (B block of varied length)
were compared, and it was revealed that the CP, the CGC and
the Ty decreased, while the strength of the formed gels
increased by increasing the hydrophobic HEMA content.'*!
BAB triblock copolymers with the B block being based on
2-hydroxyethyl acrylate (HEA) and the A block being based
either only on methoxy mono(ethylene glycol) acrylate
(mMEGA) or a gradient copolymer of HEA and mMEGA were
reported."*> It was observed that the BAB triblock copolymers
presented lower CPs than their corresponding triblock-gradi-
ent copolymers, thus illustrating an architecture effect on the
thermoresponse.'*?

In two of the studies, ATRP facilitated the synthesis of ABA
triblock copolymers consisting of an EG-based methacrylate
unit and either PCL'*" or 2-methacryloyloxyethyl phosphoryl-
choline (MPC).”®> When increasing the length of the
mMOEGMA500 block in mOEGMA500-b-PCL-b-mOEGMA500
polymers, the CMC and the CP decreased, thus indicating that
the MM effect the composition effect.'*!

hydration, leading to

governs

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review

Biocompatible mDEGMA;13-b-MPC,43-b-mDEGMA,,3; copoly-
mers formed physical gels, with the T decreasing from 32 to
19 when the concentration increased from 5 to 25 wt%."*>

Synthesising triblock terpolymers offers the possibility of
incorporating different units into the structure, which may
provide additional properties, e.g., pH-response. To the best of
our knowledge, no study has investigated the effect of architec-
ture of EG-based (meth)acrylate triblock terpolymers, i.e., the
position of the blocks, and how it affects the thermoresponsive
properties. Thus, this paragraph discusses studies in which
the architecture was kept constant. In one of the studies, Liu
et al. investigated thermo- and pH-responsive ABC triblock
copolymers based on monomethoxy poly(ethylene glycol)
(mPEG, A block), mDEGMA-co-N-hydroxymethyl acrylamide
(mMDEGMA-co-HMAAm, B block) and DEAEMA (C unit).'*
These copolymers presented temperature-driven micellisation
at acidic pH, due to the thermoresponse of mDEGMA, and
their CP decreased by increasing the content of HMAAm."??
Double thermoresponsive ABC triblock copolymers were
reported by Hu et al™* These polymers consisted of
ethoxy di(ethylene glycol) methacrylate (eDEGMA, A block)
and 2-(methacryloyloxy)ethyltrimethylammonium iodide
(MAEtMAm, B block), while the C block was based on a
random copolymer of mDEGMA with rhodamine-B containing
methacrylate (RhoMA). Heating the samples above the CP of
eDEGMA resulted in micellisation, while in concentrated solu-
tions, physical hydrogels were formed when the system was
heated above the CP of mDEGMA. Interestingly, incorporation
of thermoresponsive silica nanoparticles resulted in the for-
mation of a hybrid gel with improved mechanical strength,
due to the enhanced intermicellar bridging."** Our group has
previously reported a study on mOEGMA300-b-BuMA-b-
DEAEMA copolymers, where BUuMA stands for n-butyl meth-
acrylate, and the aqueous solutions were investigated at an
initial pH value, at which the DEAEMA copolymers are not pro-
tonated, and thus they are hydrophobic.’*® It was found that
gelation was promoted when BuMA and DEAEMA contents
increased due to the enhanced hydrophobicity.'*® When repla-
cing the DEAEMA block with the thermoresponsive mDEGMA,
and when the composition is targeted appropriately, a promis-
ing biocompatible thermogelling system is fabricated, which
has a low gelation concentration (2 w/w%) and shows great
potential in injectable gel applications.**3¢

Only our group has previously published a study on EG-
based (meth)acrylate tetrablock terpolymers."*” The compo-
sition and MM of the copolymers were kept constant, while
the architecture was varied from ABCA, ABAC, ACAB, BACB,
BABC, BABC, ABCB, CABC, CACB and ACBC; A, B, and C
blocks consisted of mMOEGMA300, BuMA, and mDEGMA,
respectively. When comparing these architectures, it was con-
cluded that higher CPs are detected for copolymers with the
hydrophobic BuMA block being adjacent to the thermo-
responsive . mDEGMA one, as upon thermoresponse of
mDEGMA, self-assembled structures with a BuMA- and
mDEGMA-based core and a hydrated OEGMA300 corona may
be formed. Similarly, self-assembled structures which can pre-
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serve a hydrophilic OEGMA300 corona upon the thermore-
sponse of mMDEGMA favour gelation, with the ABCA architec-
ture forming physical gels at 5 w/w% at physiological
temperature.””

A study on an (A-co-B)-b-C-b-p-b-C-b-(A-co-B) pentablock qua-
terpolymer has been published by Papadakis and co-
workers.'®® The central D block consisted of EG, while the C
block was based on DMAEMA. The outer blocks consisted of a
random copolymer of BuMA and methoxy tri(ethylene glycol)
methacrylate (nTEGMA). It should be noted that this study
was performed in a pH range at which DMAEMA is positively
charged, thus the thermoresponse is provided only by
mMTEGMA. A thorough physicochemical investigation has been
performed using a combination of DLS, SLS, SANS and SAXS,
which revealed significant hydration of the hydrophobic core
and the highly swollen hydrophilic corona, with the number of
loops and tangling chains being highly dependent on the
temperature and pH."*°

Thermoresponsive four-arm star copolymers with the arms
being formed by a triblock terpolymer have been reported in
the literature."*® The architecture of the arms varied from ABC
to ACB, where A, B, and C correspond to CL, mOEGMA500,
and mDEGMA, respectively. In either case, the length of the
outer block was varied, which resulted in two opposite trends:
(i) the longer the mDEGMA block in (ABC), star copolymers,
the more favoured the thermoresponse was (both CP and gela-
tion), and (ii) the longer the mOEGMA500 block in (ACB), star
copolymers, the more interrupted the gelation was, due to the
increase in hydrophilicity. A 10 wt% solution of an (ABC),
copolymer formed gels at a physiologically applicable tempera-
ture.”*® This study indicates an architecture effect, according
to which the position of the block is crucial for promoting
gelation.

Polymers based on other
thermoresponsive units

Several studies have investigated the thermoresponsive pro-
perties of polymers based on VCL, peptides, and oxazolines.
Due to the limited number of studies in which the effect of
architecture has been investigated, the following paragraphs
discuss studies in which generally the effects of the polymer
structure, i.e., architecture, composition, and MM, on the ther-
moresponse have been reported.

Three studies on VCL-based copolymers have been pub-
lished and the effect of composition and MM on the thermo-
responsive properties has been discussed.'””*° Two of the
studies have been carried out by Debuigne’s group, in which
BAB double thermoresponsive copolymers were studied; the B
block consisted of VCL, while the A block was a random copo-
lymer of VCL and N-vinylpyrrolidone (VP)."*”**® It should be
pointed out that VP, which consists of a five-membered ring, is
more hydrophilic when compared to VCL (seven-membered
ring). Two CP values were detected, which correspond to the
thermoresponse of VCL and VP. It was observed that the
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longer the VCL-based outer blocks, the lower the CP and Tg
and the higher the strength of the gels. Addition of salts
lowered the thermoresponsive point, due to the ionic strength
effect."*”'*® The third study investigated the CP of BAB tri-
block copolymers based on VCL (A block) and a random copo-
lymer of tBA and AA (B block).’* In this study, the Turbiscan
Lab instrument was used for the first time to determine the
CP of these copolymers, with the CP increasing with the
content of AA.™*°

To the best of our knowledge, only one study reported
thermoresponsive LCST type polypeptides.”® An elastin-like
(AB), “tetrablock” copolymer with MESLLP{[(VPGVG),-
(VPGEG)-(VPGVG),]10-b-[VGIPG]eo},V was biosynthesised by
Martin et al.; the amino acids used are methionine (M), gluta-
mic acid (E), serine (S), leucine (L), proline (P), valine (V),
glycine (G), and isoleucine (I). This polypeptide was double-
responsive, with the first block being pH-responsive and the
second block showing thermoresponse. Temperature-triggered
gelation was observed in concentrated samples (5 to 15 wt%),
with the storage modulus increasing with the concentration.
Interestingly, patterns with different shapes, such as hexag-
onal, circular, square pits, grooves, and cylindrical pillars,
were created via replica molding, thus indicating the potential
applicability of these polypeptides in the bioengineering
field.'*

Poly(2-oxazoline)s are a special class of polymers with the
tertiary amide bond participating in the backbone of the poly-
mers, Fig. 3.>° By substituting the side chain with hydrophobic
moieties, the hydrophilicity of the structure changes. For
example, polymers consisting of 2-methyl-2-oxazoline (MeOx)
are very hydrophilic, thus showing no thermoresponse, while
polymers based on 2-butyl-2-oxazoline (BuOx) are very hydro-
phobic, and are thus water-insoluble. Poly(2-oxazoline)s
bearing alkyl chains with intermediate lengths are thermo-
responsive, with the transition temperature being controlled
by the chemical nature of the side chain.*® For example, high
MM polymers of 2-ethyl-2-oxazoline (EtOx) present a CP at
around 61 to 69 °C,'®® and polymers of 2-isopropyl-2-oxazoline
(iProOx) present a CP at around 26 to 34 °C,"”>'"* while their
analogues with linear side chains, namely 2-n-propyl-2-oxazo-
line (nProOx), show a CP at 25 °C."7* The structure of poly(2-
oxazoline)s and their respective LCST values (if any) reported
in the literature are summarised in Fig. 11.

A few studies have been reported on the effect of the
polymer structure of poly(2-oxazoline)s on their properties. In
one of the studies, ABA copolymers based on hydrophilic
MeOx (A block) and iProOx-co-BuOx (B block, thermo-
responsive) were investigated, and it was found that the higher
the content of hydrophobic BuOx, the lower the CP,"** as
expected. Luxenhofer’s group reported several studies on oxa-
zoline-based thermogelling triblock copolymers.'>%13%173:174
In three of the studies, the ABA triblock copolymers consisted
of hydrophilic MeOx (A unit) and a hydrophobic block based
on either 2-isobutyl-2-oxazoline (iBuOx), 2-phenethyl-2-oxazo-
line (PhEtOx) or 2-benzhydryl oxazine (BzHOx) as the B
unit.">>'7*17* While none of these units are thermoresponsive,

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2py01097f

Open Access Article. Published on 23 berfw-Obubuo 2022. Downloaded on 2026/02/06 11:43:28 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

PO

Poly(2-methyl-2-oxazoline)
(polyMeOx, hydrophilic,
No CP20)

e

)

Poly(2-isopropyl-2-oxazoline)
(polyiProOx, thermoresponsive,

26 < CP < 34 °C'70.17)

Fig. 11 Chemical structures and properties of poly(2-oxazoline)s.

the combination resulted in the formation of thermo-
responsive gels, and by changing the B block from alkyl to aro-
matic, the thermogelling behaviour changed from the LCST to
UCST, when concentrated solutions (20 wt%)
tested.">>'7>'7* Intriguingly, the UCST-type thermogel based
on PhEtOx was used to fabricate bioink for printing.'”?
Interestingly, the same group has investigated the effect of the
block position on the thermoresponsive properties of triblock
bipolymers, i.e., ABA versus BAB."”> These copolymers con-
sisted of MeOx (A unit) and 2-n-propyl-2-oxazoline (nProOx, B
unit, thermoresponsive), and they presented temperature-
driven self-assembly, but no gelation. While the BAB architec-
ture showed aggregation, presumably due to the flower-like
structure, the ABA one formed smaller self-assembled struc-
tures."? In a similar study on flower-like micelles adopted by
the BAB architecture, where the A and B units are EtOx and
nProOx, respectively, it was observed that the content and
length of the hydrophilic middle block were crucial in gel for-
mation, with the aqueous solution of a copolymer with 78 wt%
of EtOx forming a hydrogel at 20 wt% at physiological
temperature."?

EtOx (A unit) was combined with either .-LA""> or CL"" (B
unit) to form degradable BAB triblock copolymers. It was
found that the CP of the 1-LA-based copolymers increased with
the MM,"”> similarly to what has been previously observed for
Pluronic® polymers, while the gelation was favoured by
increasing the content of the hydrophobic CL,'*" as expected.

were

Effect of architecture — synopsis

In summary, the architecture has a key role in the thermo-
responsive properties of the polymers. However, the effect of

This journal is © The Royal Society of Chemistry 2023
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architecture depends on the chemical nature of the thermo-
responsive units and the repeating units they are copoly-
merised with. The trends reported in the literature are sum-
marised in the following paragraphs and the general trends
identified are listed in Table 2.

The effect of the position of the blocks within the polymer
chain on the thermoresponse is highlighted by the triblock
bipolymers, i.e., ABA- and BAB-type architecture, Table 2. For
example, Pluronic® polymers (ABA) present a CP which
increases with the polymer concentration, while their reverse
counterparts (BAB) show the opposite trend at the specific con-
centrations tested that ranged from 5 to 50 mM.>> The micelli-
sation of these copolymers is also affected by the architec-
ture,”” with the micellisation of the ABA architecture being
favoured compared to the BAB one, presumably due to its self-
assembled structure, i.e., core-shell micelles (ABA) versus
flower-like micelles (BAB); the latter show a lower CP.>” As far
as ABA and BAB triblock copolymers based on PEG (A block)
and PLGA (B block) are concerned, the CGC and Ty of the
BAB architecture are lower than those of the ABA one, due to
the two PLGA outer blocks joining two different adjacent
micelles, thus resulting in bridging.’®°*°>®® Similar trends
were observed when substituting the PLGA block with PCL,
with the BAB counterpart showing a lower Ty, a wider gela-
tion area and a higher storage modulus®® In NIPAAm-based
polymers, when HEMA was used as a comonomer, the ABA-
type copolymers presented a lower Ty than the BAB ones,”
but when EtA was used instead, the CMC value of the ABA
architecture was lower, and the CP was higher than the BAB
one.’* In poly(2-oxazoline)s, aggregation was observed for the
BAB copolymers based on MeOx (A unit) and nProOx (B unit),
with better-defined self-assembled structures being adopted by
the ABA one.'® Generally, it can be concluded that the for-
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mation of well-defined micelles by the ABA architecture is
favoured due to the formation of traditional core-shell
micelles, as the adaptation of flower-like micelles might be
less favourable entropically. As far as gelation is concerned,
the BAB architecture with the B unit being hydrophobic
favours the formation of the network by bridging of adjacent
flower-like micelles.

Moving to triblock terpolymers, to the best of our knowl-
edge, only our group has reported the effect of architecture
within the triblock terpolymer structure.>®'**'*® It has been
concluded that the ABC architecture outperforms the ACB and
BAC architectures by presenting a clear sol-gel transition, i.e.,
a transition from a solution to gel without solubility issues,
upon heating; the A, B and C blocks were based on an EG-
based methacrylate unit, an alkyl methacrylate unit, and
DMAEMA, respectively,”®">*126

Concerning tetrablock copolymers, our group has systemati-
cally investigated the effect of the block position within the tet-
rablock terpolymer architecture in both DMAEMA-'*’ and
DEGMA-containing"®’ thermoresponsive polymers. In both
studies the hydrophilic and hydrophobic blocks were based on
mOEGMA300 (A block) and BuMA (B block), respectively, while
DMAEMA or DEGMA were the C block. It has been generally
observed that architectures with the thermoresponsive block
being adjacent to the hydrophobic one show a higher CP, pre-
sumably due to the re-arrangement of the core-shell micelles
upon heating, with the thermoresponsive block collapsing in
the hydrophobic block upon thermoresponse. Interestingly,
these structures favour thermogelation, as this re-arrangement
might lead to the formation of well-hydrated mOEGMA300
bridges, thus leading to network formation. Due to the different
chemical nature of these two families, i.e., ionic versus non-
ionic, the best architectures were ACBC and ABCA for the
DMAEMA- and DEGMA-containing polymers, respectively.'>”*%”

When multiblock bipolymers consisting of DMAEMA (A
unit) and BuMA (B unit) were systematically compared, only
the BAB triblock and BABABAB heptablock copolymers showed
gelation, while the corresponding ABABABABA nonablock
copolymer did not."?® This was attributed to the hydrophobic
outer blocks facilitating bridging, in contrast to the positively
charged DMAEMA outer blocks preventing gelation.'*®

Increasing the transition to a more complex topology,
specifically from a linear block to a star structure generally
favours thermoresponse. For example, in NIPAAm-containing
polymers, lower T, and stronger gels were formed by the
(ABC), architecture compared to the corresponding ABC
one."® Similar findings were reported when the ABCBA penta-
block terpolymer and the ABC triblock terpolymer were com-
pared.'™® Changing the architecture from AB to BAB to (BA)s,
in mDEGA-containing polymers, reduced the CP.'*?

Conclusions

Thermoresponsive polymers are polymers whose solubility
changes as a response to temperature. Amongst them, LCST-

This journal is © The Royal Society of Chemistry 2023

View Article Online

Review

type polymers are of major importance in biomedical appli-
cations. In this review, we summarised the studies in which
thermoresponsive block copolymers of increasing architecture
complexity have been reported. We have identified four main
categories of polymers, depending on the general chemical
structures, such as Pluronic®-, EG-containing degradable,
acrylamide-, and EG (meth)acrylate-based polymers. Other
thermoresponsive families, such as poly(2-oxazoline)s, are also
discussed. The number of blocks and the position of the
blocks within the polymer chain are of major importance, with
BAB triblock bipolymers favouring gelation over their ABA
counterparts, due to efficient micelle bridging; A and B are
thermoresponsive and hydrophobic, respectively. In triblock
and tetrablock terpolymers, architectures with (i) the hydro-
philic and/or thermoresponsive blocks at the end of the
polymer chain, surrounding the hydrophobic one, and (ii) the
thermoresponsive block being next to the hydrophobic block
(in tetrablock terpolymers), favour thermogelation. This may
be attributed to the easier rearrangement of the micelles upon
thermoresponse, while preserving well-hydrated bridges.
Moving from linear to star architectures, thermoresponse is
favoured as the complexity of architecture increases. It should
be kept in mind that although in this review we aimed to
compare how the repeating unit/block position affects the ther-
moresponse, accurate comparisons can only be made when
the composition and the overall MM are kept constant, as both
parameters affect the thermoresponsive properties.
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