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1. Introduction

Polymers can be engineered to exhibit responses to a diverse
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Advances in thermoresponsive materials have significantly impacted many biomedical fields. The unique
behavior of reversible phase transition close to the physiological temperatures makes these types of
materials a great candidate for a wide variety of biomedical applications including bioimaging, biosensing,
injectables, smart surfaces, adhesives, biomanufacturing, and tissue engineering. Thermoresponsive be-
havior, mainly lower critical solution temperature (LCST) can be easily tuned by shifting the balance
between hydrophobicity and hydrophilicity (e.g., by using comonomers or changing end groups) and
modifying the molecular weight and architecture of the polymer. Hence, synthetic and characterization
tools are critical in tailoring and precisely determining these properties. This review aims to show the full
scope of the journey of thermoresponsive polymers from benchtop to potential applications. We
especially intend to emphasize the effects of the structural heterogeneity of polymers on thermal tran-
sition and highlight the modern characterization techniques used to study thermoresponsive behavior. A
better understanding of these structural effects and benchtop tools can help us design and implement
more advanced materials for future applications in public health.

polymer and surrounding water molecules. Above LCST,
hydrogen bonding with water molecules is disturbed and the
intra- and intermolecular hydrophobic and hydrogen

variety of external stimuli including changes in temperature,'™
light,*® pH,'*"* magnetic fields,"”® electric fields,"”° ultra-
sonication,*®*' mechanical forces,”*** and many others.>*™®
Arguably, thermoresponsive behavior of polymers is studied
most extensively in these stimuli-responsive materials space.
The earliest works on thermoresponsive properties of poly(N-
isopropylacrylamide) (PNIPAM) were documented in the late
1960s.>%°°

Thermoresponsive polymers can undergo reversible phase
transition upon exposure to temperature change. Polymers
that show a lower critical solution temperature (LCST) behav-
ior in an aqueous solution are soluble below LCST due to

extensive hydrogen bonding interactions between the
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bonding interactions become more dominant, as a result, the
polymer becomes insoluble in an aqueous solution upon
heating.®® When water molecules are repelled from the
polymer chain at elevated temperatures, hydrogen bonds
(between water and polymer chain) are broken and new
hydrogen bonds are formed resulting in a change in enthalpy.
In addition, entropy increases as water molecules are no
longer constrained. Hence, based on Gibbs free energy
equation (AG = AH — TAS), phase transition from soluble to
insoluble polymer chains becomes spontaneous as the temp-
erature gets above the threshold value (LCST) due to so-called
“hydrophobic effect”.>*** PNIPAM chains, for example, are
soluble in water below its LCST due to the interactions
between amide groups on side chains and water molecules,
forming solvated random coils. At elevated temperatures,
side chains favorably interact with each other resulting in the
transformation from soluble coils to insoluble globules. The
temperature of the coil-to-globule transition is called the
cloud point temperature (T,) at which a phase transition
occurs from fully transparent to opaque solution (generally at

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of (A) a polymer phase transition of PNIPAM in aqueous solution from a completely dissolved homogeneous state
(left, solvated random coil) to a two-phase demixed system (right, insoluble globule) and (B) the coil-to-globule transition with polymer solvation
through hydrogen bonding below the LCST and domination of the hydrophobic interactions above the LCST. Adapted with permission from ref. 34

and 40. Copyright 2022, RSC and 2020, Elsevier.

50% transmittance) due to the formation of stable polymer
agglomerates with a size larger than visible light (Fig. 1).**
The LCST is defined as the minimum value of the T, in the
temperature-concentration phase diagram.*® The LCST be-
havior of polymers in an aqueous solution can be tuned by
chemically incorporating hydrophilic or hydrophobic charac-
ter to the original polymer through copolymerization and end
group transformation/functionalization, modifying the
polymer architecture and molecular mass (e.g., weight
average molecular weight, M,, or number average molecular
weight, M,), and adjusting ionic strength (e.g., salt type or
concentration). The tunability of LCST makes the thermo-
responsive polymers ideal for use in physiological tempera-
tures, typically 35-40 °C range.>®*°

These polymers have gained significant attention in recent
years*'™*° due to their potential applications in several bio-
medical fields such as bioimaging,>® drug delivery,>>°
injectables,”” ®* smart surfaces,*””> adhesives,”® and tissue
engineering. However, the effects of the structural hetero-
geneity of polymers on thermal transition and modern charac-
terization techniques have not been systematically discussed
before. The precise determination of phase transition and
LCSTs of these novel materials play a critical role in bio-
medical applications, where tolerance for error is generally
infinitesimal. In this review, we aim to show the full scope of
the journey of thermoresponsive polymers from their synthesis
to biomedical frontiers. This review article (1) highlights the
most common thermoresponsive polymers such as poly(N-
alkyl acrylamide) and polyethylene glycol (PEG) derivatives; (2)
provides a brief summary of controlled radical polymerization
(CRP) techniques for synthesis and structural property control
of thermoresponsive polymers; (3) discusses the effects of
structural heterogeneity (e.g., architecture, molecular mass,
grafting density) on LCST; (4) uncovers modern characteriz-
ation tools for precisely determining thermoresponsive pro-
perties (e.g., LCST) and phase transition; and finally (5)
touches on the state-of-the-art biomedical applications of
thermoresponsive polymers with LCST transition.

77-80

© 2023 The Author(s). Published by the Royal Society of Chemistry

2. Thermoresponsive polymers and
their syntheses

2.1. Common types of thermoresponsive polymers

2.1.1. Poly(N-substituted acrylamide)s. Poly(N-substituted
acrylamide)s and their copolymers have received significant
attention due to the sharp phase transition and tunability
of this value through the modification of pendant and end
groups, incorporation of comonomers, or adjustment of the
concentration. The most explored and researched member
of this family is PNIPAM because of its LCST being quite
close to body temperature making it suitable for biomedical
applications. PNIPAM exhibits LCST around 32 °C, which is
readily between room and body temperatures. The cloud
point of PNIPAM decreases with increasing polymer concen-
tration in water. However, it possesses some inherent
issues, such as questionable biocompatibility®" and phase
transition hysteresis upon cooling (Fig. 2A).*> During the
transition regime, PNIPAM undergoes conformational
changes involving intrachain coil-to-globule transitions and
interchain self-association resulting in alteration in solubi-
lity and wettability. In this reversible phase transition
process, at the temperature above LCST, PNIPAM exists in
globular form. Most of the amide groups are covered,
resulting in dehydration, and consequently, the polymer
becomes more hydrophobic. Below the LCST, the extension
of PNIPAM chains to a coil form is driven mainly by re-
establishing the strong hydrogen bond interaction with the
surrounding water molecules, rehydrating, and regaining
hydrophilicity.®*%*

Numerous reports described the synthesis and use of (co)
polymers of PNIPAM with other functional comonomers such
as other acrylamides,?® (meth)acrylates,®””*® ethylene glycols,””
and pyrrolidines.®® In addition, PNIPAM-based crosslinked
hydrogel systems®"®° and brushes”>° were explored. Because
of its tunable LCST, PNIPAM or its copolymers have broad
application prospects such as medical diagnostics, drug deliv-
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Fig. 2 Plots of transmittance as a function of temperature measured
for agueous solutions of (A) a PNIPAM homopolymer (DP,, ca. 100; M,,/
M,, = 1.12) (red) and (B) a copolymer P(MEO,MA-co-OEGMA) containing
5 mol% OEGMA per chain (DP, ca. 100; M,/M, = 134) (blue).
Transmittance drops to 0% when the size of polymer aggregates
becomes larger than the visible light and the solution turns completely
opaque. Adapted with permission from ref. 85. Copyright 2006,
American Chemical Society.

ery, biomedical devices, tissue engineering, and separations.”
Thermosensitivity of poly(N-substituted acrylamide) derivatives
with the substituents on the nitrogen atom on the side chain
has also been studied.*® Poly(N-alkylacrylamide)s (PAMs)
such as poly(N-ethylacrylamide) (PNEAM), poly(N-cyclopropyl-
acrylamide) (PNcPAM),”> and poly(N-n-propylacrylamide)
(PNnPAM),”* and poly(N,N-dialkylacrylamide)s (PDAs) such as
poly(N,N-ethylmethylacrylamide) (PEMAM),** poly(N,N-diethyl-
acrylamide) (PDEAM),”* poly(N-acryloylpyrrolidine) (PAPy),”®
and poly(N-acryloylpiperidine) (PAPi) undergo thermal phase
transition in water. It was reported that the thermoresponsive
properties depend on the degree of hydrophobicity, bulkiness,
and flexibility of the substituents on the amide groups.>®>*7~%°
Fig. 3 shows the chemical structures and reported LCST or T,
values of PNIPAM copolymers and poly(N-substituted acryl-
amide) derivatives.

2.1.2. Ethylene glycol-based polymers. The literature con-
tains a wide range of poly(ethylene glycol)-based monomers
(i.e., monofunctional (meth)acrylic monomers with 5 or higher
ethylene glycol units on the side chain) that are polymerizable,
although LCST of ethylene glycol-based polymers are typically
around 80-100 °C making it unsuitable for bio-related appli-
cations.'® Yet, they have generated tremendous research atten-
tion, given their high biocompatibility and low toxicity.
Methoxy-terminated (or methyl ether) oligo(ethylene glycol)
(OEG) units are preferable due to displaying small or no hyster-
esis upon cooling (Fig. 2B) whereas hydroxy-terminated OEG
units are preferable as they have an OH group at the chain end
which can be modified to tune LCST.""'%* Lutz et al. studied
the LCST behavior of poly(2-(2-methoxyethoxy)ethyl methacry-
late-co-oligo(ethylene  glycol)methacrylate) (P(MEO,MA-co-
OEGMA,;5)) copolymers, exhibiting a similar or superior
thermoresponsive transition as compared to PNIPAM.*® These
P(MEO,MA-c0-OEGMA,5) copolymers showed a uniform and
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sharp thermal profile with heating/cooling cycles. However,
PNIPAM demonstrated a sharp transition upon heating and a
broad hysteresis in the cooling process (Fig. 2A). This hyster-
esis is potentially from intra- and intermolecular hydrogen
bonding within the dehydrated PNIPAM globules. On the
other hand, OEGMA-based copolymers do not possess inter-
molecular hydrogen bonding and hence show minimal hyster-
esis. Additionally, the LCST of P(MEO,MA-co-OEGMA,5) copo-
lymers is nearly unaffected by the change in salt concen-
tration, degree of polymerization, and polymer concentration
(Fig. 4).%° A variety of thermoresponsive OEGMA-based (co)
polymers for use in practical biological applications were also
highlighted by Lutz."*?

Polymers containing carbon-carbon backbones (e.g,
acrylic, methacrylic, styrenic) with short ethylene glycol side
chains (e.g,, mono-, di-, and tri-ethylene glycol) generally
demonstrate lower LCSTs in aqueous solution than polymers
with long ethylene glycol side chains (i.e., OEG)."**'® The
hydrophobicity of the polymer increases as the length of the
ethylene glycol units decreases due to the increase in the
overall percentage of the hydrocarbon backbone. For instance,
PMEO,MA with two EG units and PMEO;MA with three EG
units exhibit LCST around 26 and 52 °C, respectively. On the
other hand, POEGMAs with 4-10 EG units have transition
temperatures in the range of 60-90 °C. To tune the LCST, short
and long ethylene glycol (EG) (meth)acrylates can be copoly-
merized at different ratios of each monomer.'**"% Fig. 5
shows representative interactions between P(MEO,MA-co-
OEGMA,;5) copolymer and water molecules (top) and optical
transparency of the aqueous solutions at 25 °C and 45 °C
(bottom). Above LCST, P(MEO,MA-co-OEGMA,,5) copolymer
becomes completely opaque due to the aggregation of large
particles. Polymers can be decorated with ethylene glycol units
on the side chain with various main chains composed of poly-
methacrylate (POEGMA),'**'*° polyacrylate (POEGA),*> poly-
styrene (POEGSt),""" poly(vinyl ether) (POEGVE),"*? polynorbor-
nene (POEGNB),"** polyether (POEGE),"'*'" polylactide
(POEGLA),"**'"” polymethylene (POEGM),"*® polyphosphazene
(PBEEP),'**"*° and poly(amino acid)**"'** (Fig. 3). These
thermoresponsive polymers can be tailored as linear or
branched as well as three-dimensional structures.**'** In
addition, poly(ethylene oxide) (PEO) and poly(propylene oxide)
(PPO) and their copolymers with LCSTs varying from 20 °C to
85 °C contain EG units in their main chains and are commer-
cially available under the names of Pluronics, Poloxamers, and
Tetronics.***® Amphiphilic balance in OEG structure is the
main reason for the thermoresponsive property of these types
of polymers.**”*?8

The previous reports on thermoresponsive polymers are
dominated by PNIPAM and POEGMA derivatives. However, a
wide variety of other polymers demonstrated promising
thermoresponsive behavior in aqueous solution.'®**> For
example, poly(N-vinylcaprolactam) (PNVCL)"*™*® and poly
(oxazoline)s'*°** have been recognized as synthetic polymers
exhibiting LCST behavior.*® Similar to PNIPAM, PNVCL is
hydrophilic and soluble in water at room temperature, gradu-

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00114h

Open Access Article. Published on 29 August 2023. Downloaded on 07.02.26 10:56:12.

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

(cc)

View Article Online

RSC Applied Polymers Review

I'XO LO HILO O‘ o

g PNIPAM PDEAM PNCPAM PEMAM PNEAM PAPy
32°C 33°C 53°C 58-67.5 °C 82°C 51°C
— Plunkett et al. 2006 \dziak et al. 1999 Maeda et al. 2001 Xu et al. 2008 Liu et al. 1999 Mertoglu et al. 2005

s e A O Q’LA -

N-acrylamid

o
o] r N
- PNnPAM PAPi
ey 10°C o-10°c PIBUCPMA FOMDOMA
22°C PNEM % 23°C
52°C Ito et al. 1997 Narumi et al. 2022 13°C
Huang et al. 2007 Akiyama et al. 2008 Zou et al. 2008
Huang et al. 2007 y
o o o o \
0. 0. °

N S R e e e S

PEO (PEG)

85-100 °C O-PS:? s - mTEGMA OEGMA, gy
Alarcén et al. 2005 20-24°C 20-26 °C 52°C >100 °C
Hocine et al. 2013 Crespo Colin et al. 1999 Badi 2017 Han et al. 2003 Ishizone ef al, 2008 Badi 2017

P
0. n
SIS SIS0 k
o
(o} o] 4
0" Yo 0" Yo Y d ?NOY .
" o § 7 fokp o o
X0 X0 J %o NSofS T h K‘M
}_)( f< PBEEP e o
POEGMA (m = 4-9) PMEO,MA E ocon X
so-e0°c e i e 27°C 2 P(TrEGS)
Lutz 2008 Han et al. 2003 25°C Allcock et al. 1992 g 39°C
Bauer et . 2010 Jiang et al. 2008 S | et j

J(f Ok\Nr: *I* A~k N N o
SO GV s A< SR ee

[2]
il PnPropOZI
3 PNVCL PNVIBA PNA[‘PP PVPy ;‘:?c" 1':' _'1"; «c
[e] 32334°C 39°C 37°C 30°C
g Doberenz et al. 2003 SUREALTIT Gan et al. 2000 N st S0 Hiroshi et al. 1992 Bloksma o al 2012
o
- ,‘ A n
® 2 A | o o
Py (o} N™ 70 2
£ zY o x K( Qro\ OYY
E PMVE Poly(propylene phosphate) OH o NH
35-36 °C 35-65°C PHPA P(A-Pro-OMe) PAVMA
Zhang et al. 2009 Vanparis et al. 2017 30-60 °C 1545 °C 5-19 °C
Aseyev et al. 2011 Mori e al. 2005 Liu ot al, 2010

H . ,
o, N\/\,!,{\/503 CIHN' &o Ox-OH *i‘o/f\
| N
N o So 0o
i z 2 f\ [

WN§
[e]

PNIPAM-co-PSPP PNIPAM-co-PAH PHIPAM-0-PNVP PNIPAM:co SEMA P[(OEO,MA)-co-(MA)]
8-19°C 30-75°C 36°C 325° 35-80 °C
Avotgaréna et al. 2009 Jaber et al. 2005 Fundueanu ef &, 2020 Chiling atal: 1998, Weber et al. 2009

0”0 0”0 T ( g_\ o o\ o /OS o oH o o\
0.
N o\L O o % ();i) O 01 0._0
HN™ ~0 0 ( o n2
/k K 0/ [
P[(DEGMA-ME)-co-OEGMA-ME,;5)-co-EGDMA]
PNIPAM-co-PSS P(DEGA-cO-OEGA5;)  P(MEO,MA-co-(OEGMAg0);0) 24.38°C
34°C 15-90 °C 40°C
Luzon et al. 2010
Jaber et al. 2005 Boyer ot al. 2009 Guo et al. 2017

Fig. 3 Chemical structures of common thermoresponsive homo- and co-polymers and their reported LCST or cloud point values.

ally becoming more hydrophobic and eventually insoluble in  polymer-biopolymer conjugates to incorporate responsive be-
water when the temperature is raised from 25 °C to 35 °C."**  havior to the biopolymers such as cyclodextrin,'** enzymes,'*’
Moreover, there are several examples of thermoresponsive proteins,'*® or oligonucleotides®* for target applications.
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Fig. 4 Molecular structures of ethylene glycol-based copolymer and
PNIPAM (top). Plots of measured cloud points as a function of (A) NaCl
concentration, (B) degree of polymerization (DP,,), and (C) polymer con-
centration (bottom). In all figures, cloud points of P(MEO,MA-co-
OEGMA,75) and PNIPAM are represented by blue dots and red squares,
respectively. Data in figures (A) and (C) were measured with a copolymer
P(MEO;MA-co-OEGMA,;5) containing 5 mol% OEGMA,;5 per chain (DP,,
ca. 100; M,/M,, = 1.34) and a homopolymer of NIPAM (DP,, ca. 100; M,,/
M, = 112). Adapted with permission from ref. 85. Copyright 2006,
American Chemical Society.

2.2. Polymerization techniques and property control

2.2.1.
mers can be synthesized through several polymerization
methods such as atom transfer radical polymerization
(ATRP),** reversible addition-fragmentation chain transfer
(RAFT) polymerization,"*” nitroxide-mediated polymerization
(NMP),"*® ring-opening metathesis polymerization (ROMP),"*?
group transfer polymerization (GTP),"**'*° ring-opening
polymerization,'>" and anionic polymerization.'®* CRP tech-
niques (e.g., ATRP and RAFT polymerization) have been
explored to a great extent due to the availability of the mono-
mers and relatively simple reaction setup (Scheme 1).
Additionally, these techniques enable the synthesis of poly-
mers with controlled molecular mass, narrow molecular mass
distribution or dispersity (P below 1.2-1.3), high end-group

Solution polymerization. Thermoresponsive poly-

M
o
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fidelity (allowing block copolymer synthesis), and different
architectures (e.g., multi-block, star, comb)."'*'** In this
section, only ATRP™*™> and RAFT polymerization'>*™"*® to
yield thermoresponsive polymers will be covered to give the
readers a brief overview of these techniques and how to
control structural features.

Acrylamides and (meth)acrylates can be successfully poly-
merized through ATRP and RAFT polymerization.
Conventional ATRP can be used to polymerize most of the
(meth)acrylates. However, the ATRP technique needs to be
modified to be able to polymerize (meth)acrylamide-based
monomers with high yield and narrow dispersity. As a typical
methacrylate example, OEGMA was copolymerized with more
hydrophobic MEO,MA or poly(propylene glycol methacrylate)
(PPGMA) through conventional ATRP to decrease the LCST to
below 37 °C.%>'® Conventional ATRP requires a metal catalyst
(e.g., CuBr or CuCl), a ligand (e.g., linear amines or bipyri-
dines), and an initiator (e.g., a-haloester).'>® Several (meth)
acrylamides (N,N-dimethylacrylamide, N-tert-butylacrylamide,
and N-(2-hydroxypropyl)methacrylamide) were attempted to
polymerize through conventional ATRP. When linear amines
and bipyridines were employed as ligands in bulk or solution,
very low monomer conversions were obtained. The low conver-
sion can be attributed to the copper catalyst competitively
complexing with poly(meth)acrylamides. The use of 1,4,8,11-
tetramethyl-1,4,8,11-tetraazacyclotetradecane (Me,Cyclam) as a
ligand resulted in high yield in a short period of time, but the
polymerization was not controlled potentially due to the slow
deactivation and the loss of bromine end groups due to side
reactions, yielding high dispersity.">> Masci et al. reported a
successful ATRP of NIPAM using tris[2-(dimethylamino)ethyl]
amine (Me,TREN) as a ligand, ethyl 2-chloropropionate as an
initiator, CuCl as a catalyst in dimethylformamide (DMF)/
water (1: 1, v/v) at room temperature (Scheme 1A). The reaction
yielded a first-order kinetic plot with 92% conversion and dis-
persity of 1.19.'°° Supplemental activator and reducing agent
(SARA) ATRP in the presence of Cu’ and electrochemically
mediated ATRP (eATRP) of NIPAM were also previously investi-
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Fig. 5 Proposed mechanism for the temperature-induced phase transition of poly(MEO,MA-co-OEGMA) copolymers in aqueous solution. Adapted

with permission from ref. 106. Copyright 2007, American Chemical Society.
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gated. PEO-b-PNIPAM copolymers were successfully syn-
thesized with narrow dispersity and the % conversion between
43-95% by SARA ATRP and eATRP.'®’ Moreover, activators
regenerated by electron transfer (ARGET) ATRP'®? can be uti-
lized to synthesize thermoresponsive polymers from (meth)
acrylic and (meth)acrylamide monomers (Scheme 1A). ARGET
ATRP is a robust technique that is less sensitive to oxygen pres-
ence and requires Cu" catalyst and a reducing agent such as
tin(u) 2-ethylhexanoate (Sn(EH),) or ascorbic acid. For the syn-
thesis of PNIPAM, more active catalyst systems with a tetraden-
tate ligand such as MesTREN or tris(2-pyridylmethyl)amine
(TPMA) which is 10°-10° times more active than CuBr/bipyri-
dine complexes are necessary.'®> It should be noted that the
potential toxicity of residual transition metal catalyst contami-
nation is the key limiting factor for applications of thermo-
responsive polymers synthesized via ATRP. The use of more
active catalysts to lower the catalyst loading and more rigorous
purification for the removal of metals after polymerization is
critical for biomedical applications.'®**®> Precisely controlled
molecular architecture (topology, composition, functionality)
of polymers, hybrid materials, and bioconjugates can also be
achieved through ATRP."®*7°

RAFT polymerization has been widely used to synthesize
thermoresponsive polymers from various types of monomers.
RAFT polymerization can allow metal-free synthesis of these
responsive polymers; however, cytotoxicity of the chain transfer
agent (CTA) remaining at the end of the polymer chains was
reported.””*"”® The end group CTAs also need to be comple-
tely removed to prevent any complications.’”*'”* In early 2000,
a series of PNIPAM homopolymers were synthesized by using
benzyl and cumyl dithiobenzoate (Scheme 1B) in different
organic solvents (benzene and 1,4-dioxane) at 60 °C."7%'””

© 2023 The Author(s). Published by the Royal Society of Chemistry

Convertine, McCormick, and co-workers successfully polymer-
ized NIPAM through the RAFT process at room temperature. A
commercial trithiocarbonate RAFT CTA, 2-(dodecylsulfa-
nylthiocarbonylsulfanyl)-2-methylpropionic acid, along with
an initiator, 2,2'-azobis(4-methoxy-2,4-dimethyl-
valeronitrile) (V-70) was used to homopolymerize NIPAM in
DMF at 25 °C. PNIPAM homopolymers with M,, of ca. 50 000 g
mol ™" and dispersity of ca. 1.10 were obtained. These homopo-
lymers were then used as a macroCTA to yield block copoly-
mers. Near-quantitative block copolymer formation with
narrow dispersity was confirmed by size-exclusion chromato-
graphy (SEC)."”® The same research group synthesized thermo-
responsive N,N-dimethylacrylamide (DMA)/NIPAM di- and tri-
block copolymers via aqueous RAFT polymerization at room
temperature."””®  Overall, trithiocarbonate RAFT agents
(Scheme 1B) were reported as a more versatile CTA for more
activated monomers such as acrylamides.'®® RAFT polymeriz-
ation of various N-alkylacrylamide and N,N-dialkylacrylamide
derivatives was reviewed by Kakuchi et al. in 2022. Kanaoka
and co-workers synthesized PNIPAM hydrogels via a polymeriz-
ation-induced self-assembly process in which they employed
PDMA as macroCTA and a divinyl cross-linker. Their research
group also reported PNIPAM-based crosslinked hydrogel being
formed in a star shape and observed greater dispersibility
and uniform distribution of the star PNIPAM polymers at the
crosslinking point."®" Other thermoresponsive star archi-
tectures synthesized through RAFT process have also been
reported."®*'8°

Thermoresponsive polymers can also be made through
photo-polymerization methods. Photo-induced electron/energy
transfer (PET)-RAFT polymerization in the presence of a photo-
redox catalyst which transmits the captured light energy to the

azo
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Fig. 6 Preparation of a thermoresponsive block copolymer brush-modified glass plate through ARGET ATRP. Adapted with permission from ref. 90.

Copyright 2020, John Wiley and Sons.

CTA has been widely used.'®® Photoiniferter (PI)-RAFT
polymerization, on the other hand, involves direct photolytic
cleavage of a CTA by the light, after which the procedure is
changed to available RAFT mode. Corrigan, Boyer, and co-
workers prepared PNIPAM homopolymers via PET-RAFT
polymerization. 2-(n-Butyltrithiocarbonate) propionic acid as a
CTA and 5,10,15,20-tetraphenyl-21H,23H-porphyrin zinc(ir)
(znTPP) as a photo-redox catalyst were used to polymerize
NIPAM in methanol under green LED light (4. = 520 nm)
and inert atmosphere. Polymers with narrow dispersity (b <
1.18) and M,, ranging from 6.3-66.2 kg mol~" were synthesized
for cloud point comparison.'®” Karpov and co-workers
reported dimethyl sulfoxide (DMSO) as the best solvent for
homopolymerization among other solvents (DMSO > tetra-
hydrofuran, THF > toluene) for photo-RAFT polymerization.
Amphiphilic random and diblock alkoxy (Ci,-Ci,) OEGMA
(with ca. EG units) and methoxy-OEGMA;, (1: 1) bottlebrush
copolymers have been synthesized by means of PI-RAFT
polymerization in different solvents. Moreover, the authors
performed an “on-off” experiment to confirm the easy switch-
ability of the process and pseudo-living mechanism of
polymerization.'®®

2.2.2. Surface-initiated polymerization. Grafting polymers
is beneficial to tune surface properties such as wettability, cor-
rosion resistance, and friction."®**"°" Polymer coatings on a
substrate can be generated by chemical bonding or physical
adsorption.'®> Chemisorption is a favorable strategy over physi-
sorption for biomedical application as it does not result in de-
sorption into a physiological environment and offer superior
chemical modification control."®® “Grafting-to” approach can
be utilized for chemical coupling between reactive end groups
of polymer and reactive groups on the surface.'**'°> Polymers
can be anchored to the surface this way by a chemical reaction
between the end groups on the polymers and functional
groups on the surface. The “grafting-to” entails synthesizing
polymer chains separately before attaching them to the
surface. The polymer chains or brushes can be grown in situ
from initiators that have been fixed to the surface in the “graft-
ing-from” method (as employed in Fig. 6). Among these syn-
thetic pathways, the “grafting-from” approach is considered an
efficient technique to precisely control the functionality,

164 | RSC Appl. Polym., 2023, 1,158-189

polymer grafting density, dispersity, and thickness of polymer
brushes (ie., grafting length)."**®® Moreover, controlled
surface-initiated (SI)-polymerization can be employed from
different surface materials, such as silicon, glass, gold, alloys
or metal-oxides, mica, graphene, cellulose, and nano-
particles.”®® A controlled polymerization is highly preferred in
order to provide closer control of the architectural features of
the resulting brush. Based on radical chemistry, there are
many Sl-controlled radical techniques:
SI-ATRP,**'?%*  SI-RAFT polymerization, SI-NMP,>%¢
SI-PET-RAFT  polymerization,®”>°® and  SI-PI-mediated
polymerization.”*® Nagase et al. demonstrated the synthesis of
a thermoresponsive cationic block co-polymer, N,N-dimethyl-
aminopropylacrylamide (PDMAPAM)-b-PNIPAM by SI-A(R)GET
ATRP from a glass plate as a useful cell separation tool
(Fig. 6).°° In addition, poly(N-(2-methacryloyloxyethyl)pyrroli-
done) (PNMEP) surface-adhered brushes were reported by
Teunissen et al. through SI-ATRP from silicon oxide-coated
silicon surfaces.?®' Notably, SI-ATRP has evolved to be a domi-
nant synthetic technique to prepare surface-initiated polymer
brushes because of simple experimental requirements, its ver-
satility, more uniform grafting length, and tolerance toward a
wide spectrum of functional monomers.

polymerization
204,205

3. Effects of structural heterogeneity
on LCST

A hydrophilic-hydrophobic balance in the thermoresponsive
polymer chains gives rise to changing their shape (i.e., random
coil to globule) in response to temperature change. To finely
tune the LCST of thermoresponsive polymers, several struc-
tural factors have been investigated including architectures,
compositions, molecular mass, dispersity, and grafting length/
density.

3.1. Architectures

The responsive properties can be manipulated by changing the
macromolecular architectures. Thermoresponsive polymers
with different macromolecular architectures, such as block,
cyclic, comb, bottlebrush, and star, have been synthesized

© 2023 The Author(s). Published by the Royal Society of Chemistry
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using controlled/living polymerization techniques and the
structural effects on thermal phase transition have been
studied. Different polymer architectures used for thermo-
responsive polymer design (A-E) and multi-arm star and
hyperbranched copolymers with PEG side chains (F and G) are
shown in Fig. 7.3*'! For PEG-based polymers, the differences
in thermal behavior between block and gradient copolymers of
2-hydroxyethyl acrylate (HEA) and ethylene glycol methyl ether
acrylate (mEGA) were reported by Steinhauer et al.>'* The T,
was shown to be tuned between 0 °C and 80 °C for the block
copolymers and between 0 °C and 60 °C for the gradient copo-
lymers. Sun et al. studied a reversible polymer architecture
switching process between linear polymers and cross-linked
nanogels. By investigating multifunctional block copolymers
of acrylamide and ethylene glycol acrylate derivatives, they
found that linear structures showed sharp thermal transitions
while the crosslinked nanogels showed linear thermal tran-
sitions over a broad temperature range.** For other polymer
systems, the relationship between thermoresponsive behaviors
and architectures is also demonstrated. Cheng et al. prepared
a series of poly(3-ethyl-3-(hydroxymethyl)-oxetane) (PEHO)-star-
PEO and PEHO-star-poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA) copolymers.”’* The LCST transition of the first
system is based on hydrophilic-hydrophobic balance and is
highly dependent on the degree of branching of the PEHO
core. EG-based polymers were synthesized in star-block archi-
tectures to produce thermoreversible hydrogels (thermogels or
hydrogelators). MEO,MA and OEGMA,,s were copolymerized
using a 4-arm star PEG ATRP macroinitiator. These star-block
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Fig. 7 Polymer architectures used in the construction of thermorever-
sible polymers: (A) Di-block, (B) ABA tri-block, (C) ABC tri-block, (D) 4
and 8-arm star-shaped, (E) graft copolymers. (F and G) Multi-arm star
and hyperbranched copolymers with poly(ethylene oxide) side chains.
Adapted with permission from ref. 3 and 211. Copyright 2020, John
Wiley and Sons and 2010, American Chemical Society.
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copolymers with an inner PEG core and outer block thermo-
responsive arms exhibited drastic changes in viscosity above
LCST. The star copolymers showed a reversible thermogelation
within the range of 35-42 °C over repeated heating/cooling
cycles as opposed to the linear block copolymer solutions
which only displayed a higher viscosity upon heating.”***"* Li
et al. synthesized dendrimers containing PEG in the main
chain, and OEG as a side chain.?'® With an aim to examine
how the length of the OEG side chain affects the thermo-
responsive behavior, the research group of Deng synthesized a
series of degradable copolymers with varying EG units from 1
to 3.>'7 Moreover, EG-based polymers exhibit a broad thermo-
responsive behavior in dendronized form. For instance, OEG-
based dendrons display hitherto unseen abrupt and rapid
transitions in aqueous solution with LCSTs varying from 27 to
65 °C.>1°

PNIPAM-based block copolymers and star polymers con-
taining hydrophilic or hydrophobic segments exhibit various
LCSTs (Fig. 3).>'®?*> A series of PNIPAM- and PDMA-based
double hydrophilic multiblock copolymer architectures with
hydrophobic dodecyl hydrocarbon end-groups were syn-
thesized through RAFT polymerization. It was shown that
incorporations of hydrophilic comonomer can increase the T,
of the block copolymer systems.?** Lang et al. prepared ethyl-
and dodecyl-terminated PNIPAM, PNnPAM, and PNcPAM to
unveil the relationship between chain terminal groups and
thermoresponsive behaviors.”>* When below the critical temp-
erature, polymers terminated with short hydrophobic groups
would have large-scale, fractal assemblies while polymers with
long hydrophobic terminal groups formed small micelles. As
expected, T, of PNIPAM decreases when the polymer is deco-
rated with hydrophobic end groups and the opposite effect can
be observed when the end groups are hydrophilic.>*®> The star
and cyclic architectures have been shown to affect thermo-
responsive behavior, especially polymers with low molecular
masses. Polarity of the core and end-groups and the number
and length of the arms directly affect the thermoresponsive
properties in the star architecture.’”***” PNIPAM-based star
polymers showed lower T, (Fig. 8), and cyclic polymers
showed higher T, compared with linear structures.”® The T,
values of four-arm star PNIPAM were reported lower than
those of linear counterparts.”*® When working as a thermo-
responsive shell of core-shell copolymers using tris(2-amino-
ethyl)amine (TREN) and a polyamido-amine hyperbranched
polymer as the core, T, increased as the degree of branching
increased.?*® Winnik et al. reported the effects of cyclic archi-
tecture on the phase transitions of PNIPAM systems in
aqueous solutions. Linear PNIPAMs with «-azido and
o-propargyl end-groups were synthesized through RAFT
polymerization and subsequently, these end groups were
clicked via aminolysis/Michael addition reactions to yield
cyclic PNIPAM polymers.>*° It was reported that polymer con-
centration and structural factors such as the absence of end
groups and steric hindrance, affect the phase transition for
cyclic PNIPAM systems.>*" PNIPAM copolymers with different
compositions and architectures (e.g., random, block, graft, or
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with permission from ref. 34. Copyright 2022, RSC.

star) have been also shown to exhibit a sol-gel transition upon
heating.>**2*¢

3.2. Molecular mass and dispersity

Phase transition of thermoresponsive polymers from coil to
globule in aqueous solutions is considered a function of mole-
cular mass and . This is especially relevant regarding syn-
thetic polymers, whose molecular mass and P can be altered
and controlled to manipulate the corresponding thermo-
responsive behavior. The molecular mass dependency of the
T.p of PNIPAM was reported by Stover et al. Polymers with M,,
ranging from 2800 to 26 500 g mol ™" with narrow dispersity (P
=1.1-1.2) were prepared by the ATRP technique. Turbidimetry
and differential scanning calorimetry studies showed that the
T.p of the PNIPAM aqueous solutions decreased as the mole-
cular mass increased. This inverse relationship between the
T.p and molecular mass has also been reported for other poly
(N,N-dialkyl acrylamide)s (Fig. 9).°***”72*° Liu et al. synthesized
a semirigid water-soluble thermoresponsive polymer and
found that both the monomer bis(N-hydroxyisopropyl pyrroli-
done) 2-vinylterephthalate (HIPPVTA) and PHIPPVTA exhibited
thermoresponsive phase transition behaviors in aqueous solu-
tions and that PHIPPVTA exhibited an increased T., with
increasing molecular mass.>*® PHIPPVTA cloud point is extre-
mely dependent on M,, and P, while it also demonstrates a
great solvent isotopic effect. The effect of molecular mass and
D on thermal behaviors can also be seen in synthetic polymer
mixtures. Corrigan, Boyer, and co-workers prepared a series of
PNIPAM homopolymers with narrow dispersity via PET-RAFT
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Fig. 9 (A) The cloud point curves (transmittance vs. temperature) of
poly(N,N-isopropylmethylacrylamide) (PiPMA) with different degrees of
polymerization (x) in aqueous solution. (B) The molecular mass depen-
dence of cloud point temperature of PNIPAM (m), poly(N,N-diethyl-
acrylamide) (PDEA) (#), and PiPMA (®). Adapted with permission from
ref. 34, 225, 237 and 242. Copyright 2020 and 2022, RSC and 2019 and
2005, American Chemical Society.

polymerization. Their study showed that the cloud points are
inversely proportional to the M,,. For binary blends of PNIPAM
homopolymers with more highly skewed dispersity and large
tailing, they determined that the thermoresponsive behavior
changed from a single, sharp transition to a broad transition,
and eventually to two distinct transitions.'®” While this study
is limited to PNIPAM samples, it illustrates the effect of the
shape of dispersity on the thermal responsive behavior of
polymer mixtures. PEGMA copolymer mixtures also demon-
strated the effect of M,, and P on the thermoresponsive beha-
viors, supporting this idea that the thermoresponsiveness of
polymer mixtures is dependent on M,, and P. Through synthe-
sizing triblock copolymers with a PEGMA, n-butyl methacrylate
(nBuMA), and DMAEMA block and with varying molecular
mass and composition, Ward et al. demonstrated that compo-
sition influenced the pK, and that both molecular mass and
composition influenced the cloud point, hydrodynamic dia-
meter, and gelation of the polymers.”*' These results suggest
that the composition and molecular mass of triblock polymers
can be manipulated with the promise of gel-formation abilities
due to their thermoresponsive behavior. Overall, understand-
ing the effect of molecular mass and D on polymers is crucial

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in developing polymeric thermoresponsive materials for drug
delivery and tissue engineering.

3.3. Grafting length/density

Grafting density has also proved to influence the thermo-
responsive behaviors of polymers. PNIPAM is the most studied
regarding grafting effects as it experiences a conformational
change above its LCST and the physical properties of PNIPAM
are readily altered by changing the temperatures even when
grafted to surfaces. Both graft length and density were discov-
ered to impact thermoresponsive behavior and self-assembly
morphology. Jiang et al. determined that both graft length and
density experienced a positive correlation with LCST, mean
diameter, and size distribution, with graft length having a
more significant effect than density, and that graft length and
density had a more significant effect on diameter than self-
assemble morphology.”*® The grafted polymers with dense
side chains and higher molecular masses had higher LCSTs
with the aggregates having bigger diameters and stronger
steric repulsive interactions. Thus, the desired thermo-
responsive behavior and self-assembly morphology can be
achieved by altering the grafting length and grafting density to
the proper length. When looking at the effect of grafting on
thermoresponsive polymers, the effect of molecular mass
should also be considered because the magnitude of the con-
formational changes is usually dependent on size. Yim et al.
studied the temperature-dependent conformational changes of
PNIPAM chains grafted over a range of grafting lengths and
densities. They found that the conformational change of the
grafted PNIPAM brushes varied greatly with molecular mass
and grafting density, with the maximum conformational
change observed for the brushes with high molecular mass
and intermediate grafting density.>** This is due to the compe-
tition between the stretching effect of laterally interacting teth-
ered chains. Moreover, molecular mass and grafting density
were also found to affect the collapse of these end-grafted
PNIPAM polymers above the LCST. Plunkett et al. observed
thermally induced chain collapse at a high molecular mass
and high grafting density.>*> It was concluded that PNIPAM
behaves as an ideal polymer (i.e., the same distribution was
observed with a different effective bond length) at and above
the LCST but not below the LCST. Overall, the ability to tune
the thermal properties of PNIPAM films depends strongly on
the grafting parameters.

Other external components along with temperature influ-
ence the thermoresponsive behavior of polymers, the main
being pressure, salts, and buffers since hydrogen bonding
ability or other electrostatic interactions in solution can be
affected. The pressure was found to induce structural changes,
transitioning from coil to globule.>*® The effect of salt types
and concentrations on the thermal transitions of non-ionic
POEGMA-based copolymers synthesized via ATRP was investi-
gated. The LCST of the copolymer increased or decreased
depending on the salt type.>*” Dendritic polymers were found
to be more sensitive to the addition of salt, experiencing a
nonlinear decrease in LCSTs with rising salt concentrations.>*?

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The specific type of ion affects the LCST as thermoresponsive
polymers experience decreasing LCST with increasing kosmo-
tropic (water “structure maker”) anion concentration and
abnormal salting out properties at low chaotropic (water
“structure breaker”) concentrations.>*° The type of ion has also
been found to affect the structure of polymer brushes, with
kosmotropes resulting in relatively collapsed structures
whereas chaotropes resulting in relatively swollen struc-
tures.”®® The presence of salt in buffer solutions was deter-
mined to be non-additive, and the influence of salt on polymer
aggregation was dependent on salt ion type, concentration,
and polymer main chain structure.*”*

4. Characterization of
thermoresponsive behavior

General characterization techniques to confirm successful
syntheses of thermoresponsive polymers usually include
Nuclear Magnetic Resonance (NMR) spectroscopy, Size-
Exclusion Chromatography (SEC), and UV-Vis and Fourier
transform infrared (FTIR) spectroscopy techniques. To better
understand the LCST behavior, other advanced characteriz-
ation techniques will be introduced in this section. We cate-
gorized these techniques into two parts: solution characteriz-
ation and bulk characterization. An overall summary of these
characterization techniques is given in Table 1.

4.1. Solution characterization

4.1.1. Rheological studies. Rheology is an important tech-
nique to study of thermoresponsive behavior of polymers
because the flow (i.e., complex viscosity) and mechanical pro-
perties of these materials can change significantly with temp-
erature. This technique can also be performed in bulk depend-
ing on the glass transition temperature and physical state of
the polymer at room temperature. Polymer solutions and
polymer melts are expected to show lower viscosity at a higher
temperature. However, polymer solutions with LCST behavior
show higher viscosity with increasing temperature.’®® The
rheological properties of thermoresponsive polymers under
applied shear at different temperatures are very critical since it
provides a quantitative method to show the relationship
between mechanical properties and internal structures and
helps in the understanding of phase transition behavior, vis-
coelasticity, and time-temperature superposition. The shear
storage modulus/elastic modulus (G') and shear loss modulus/
viscous modulus (G”) can be measured by using a rheometer
and sol-gel transition (a gel point) is observed when G’
becomes larger than G” (Fig. 10).>®** Cook and co-workers
investigated the temperature-dependent rheology of thermo-
responsive EG-based graft copolymers. Rheology was per-
formed with  poly(DEGMA-co-OEGMA),  poly(NIPAM-co-
OEGMA), and poly(DEA-co-OEGMA) (OEGMA, M, = 500 or
2000 g mol™" and methoxy or hydroxy terminus) at 25% (w/w)
concentration. All three polymers exhibited an increase in vis-
cosity (thermothickening) around their respective cloud
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Table 1 Solution and bulk characterization techniques for thermoresponsive polymers

Characterization
technique Results collected Polymers tested Ref.
Solution characterization
Rheological studies Phase transition behavior, viscoelasticity, = PNVCL, PNIPAM, PDMAEMA, POEGMA 52,229, 241
and time-temperature superposition and 252
Optical studies Cloud point measurement: temperature of POEGMA, PNIPAM, EG-PLLA, EG-PDLA, P(OEGA)-co- 97,213 and
phase inversions in polymer solutions (DEGA), PDMA-b-P(MEA-co-PEGA-co-PDSEA-co-Flu) 253-256
Light scattering Size distribution profile of polymers in P(NVCL/VP), poly(OEGMA-co-DEGMA), P(OEOMA-co- 182, 252 and
measurements solution HMS?BA), P(DEGMA-co-HPMA-co-PEGMA), PDMA-b-P 257-264
(NIPAM-co-ACPBA), P(DEGMA-co-HPMA), PNIPAM,
P(DMA-b-(NIPAM-co-DMAEA-co-BA)), PDEA
Small-angle scattering  Shape and organization of large PNIPAM, P(DEGMA) 254 and
(SANS/SAXS) molecules, conformational polydispersity 265-267
Diffusion coefficients Hydrodynamic radius, formation of Hyperbranched poly(ethylene imine), OEG 229, 268 and
measurements aggregated species 269
Bulk characterization
Contact angle The contact angle between polymer PMEO,MA, P(MEO,MA-co-OEGMA), PNIPAM, PNtBAM, 270-272
measurements surfaces and a water droplet poly(NIPAM-co-N¢BA)
Ellipsometry The thickness of polymer films PMEO,MA, P(MEO,MA-co-OEGMA), PNIPAM, P(MEO,MA- 270, 271, 273
stat-OEGMA), PNIPAM-g-PEG and 274
Thermal analysis Identification of physical properties and P(NVCL/VP), PNIPAM-based polymers, pMPEGMAs, 229, 241, 252
(DSC, TGA) thermal transitions of polymers PAOEGMASs, PEGMA-b-PBuMA-h-PDMAEMA, poly(2- and 275-283
isopropyl-2-oxazoline)
Electron microscopy Particle counting, size determination, P(VP-stat-NVCL), PNIPAM, P2VP-PEO 229, 252 and
(SEM, TEM) topography, and atomic composition 284
X-ray photoelectron Composition of surface material elements PNIPAM, OEGA-based polymers, poly(2-isopropyl-2- 201, 256, 285
spectroscopy (XPS) and their relative abundance, chemical oxazoline) and 286
state of the polyvalent ions
Atomic force Adhesion strength, magnetic forces, Poly(NIPAM-co-acrylamidebenzophenone (AcBzPh)) poly 76,101, 281,
microscopy (AFM) mechanical properties, topography (NIPAM-co-AcBzPh-co-N-tert-butylacrylamide), PNIPAM, 285 and 286
poly(2-isopropyl-2-oxazoline)
X-ray powder Degree of crystallinity and phase ratio PNIPAM, f-cyclodextrin thermoresponsive diblock 283 and 287
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Fig. 10 Thermogelling behavior at LCST. Dynamic rheological analysis
of a thermoresponsive copolymer in aqueous solution as a function of
temperature. Reprinted with permission from ref. 289. Copyright 2012,
American Chemical Society.

points. It was reported that copolymer systems with methoxy-
terminated OEGMA units formed stable colloidal structures
above LCST, and poly(DEGMA-co-OEGMA) showed the thermal
transition between room and body temperature, which is
desired for biological applications.>*° Iohara et al. studied the
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copolymer

thermoresponsive reversible sol-gel transition of hydrophobi-
cally modified hydroxypropyl methylcellulose/cyclodextrin
hydrogels.”> Rheological measurements were used to show
how temperature and the added amounts of cyclodextrin
would affect the viscosity of the hydrogel. In another study, for
PNVCL-based hydrogels, G’ and G" change upon the tempera-
ture for the PNVCL homopolymer.>**> Their results showed a
sol-gel transition at 36 °C. The G’ and G" were also measured
for PNVCL-stat-poly(vinylpyrrolidone) (PVP) copolymers with
different compositions to rationalize the improved hydration
phenomenon of this family of polymers. Rheological tech-
niques were also used to quantify the mechanical changes
during the sol-gel transition of TREN- and PNIPAM-based
hydrogels.”*® These hydrogels were made from hyperbranched
polymers with a thermoresponsive shell and they got stiffer
with a slower sol-gel transition as the degree of branching
increased. Ward et al. systematically studied how molecular
mass and composition affect the gelation of thermoresponsive
polymers by using temperature sweep rheology.>*" They pre-
pared ABC triblock copolymers using non-ionic hydrophobic
nBuMA, ionizable hydrophilic and thermoresponsive
DMAEMA, and non-ionic hydrophilic methoxy PEGMA mono-
mers. The gel points of polymer solutions in phosphate-
buffered saline were tested. They concluded that the gel point
decreases when the molecular mass and the hydrophobic
content increase.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.1.2. Optical studies. Turbidimetry is an efficient and
arguably the most common way to study the phase transition
of thermoresponsive polymers and is utilized to analyze the
cloud points of the polymer solutions by using a UV-Vis
spectrometer. T, is the temperature at which the polymer
undergoes a coil-to-globule transition from a soluble state to
an insoluble, aggregated state in a particular solvent at a
specific concentration. The solution turns turbid when the
size of the globules becomes larger, and the visible light will
be scattered as it passes through the solution. Typically, the
T.p is reported as the temperature at which 50% transmittance
is observed in a UV-Vis spectroscopy analysis (Fig. 11A).>** As
the concentration of the polymer in the solution increases, the
T.p typically decreases until reaching the minimum value in
the temperature-concentration phase diagram, which is
defined as LCST. The T, response depends on the properties
of the polymer and the solution, as well as the rate of
heating.>”*** In general, the T, response is fast on the order
of seconds to minutes. Results from this turbidity measure-
ment play a critical role in understanding the performance
and functionality of thermoresponsive polymers because the
phase transition can get triggered by the changes in the physi-
cal properties of the polymer. In many applications, the T, is
adjusted to match the temperature range for the desired
design and optimization of thermoresponsive systems, allow-
ing for precise control over the behavior of the polymer.
Measuring conditions for T, determination can be in the
range of 5-10 mg mL™" for concentration, 0.5-1.0 °C min~" for
heating rate at a wavelength of incident light between
500-700 nm.*” The turbidimetry measurement is generally per-
formed in dilute concentration. Georgiou and co-workers
studied the cloud points of 1% w/w EG-based homopolymers
with different molecular masses and the number of EG units
in deionized water, phosphate-buffered saline solution, and a
water/ethanol mixture. They concluded that the cloud points
of these homopolymers decreased as the number of EG units
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decreased or the molecular masses increased. Also, they
reported a significant effect of the end group of the side chain
on the cloud points.**> Another way to observe and quantify
the thermoresponsive behaviors of polymers is to use fluo-
rescent dyes and fluorescence spectroscopy.”’***>*® Zhang
et al. applied fluorescence spectroscopy to investigate the ther-
moresponsitivity of copolymers of OEGMA and poly(p-lactic
acid) (PDLA) and copolymers of OEGMA and PLLA.">' They
showed that the fluorescence intensity ratio decreased as
temperature increased because of the aggregation-induced
quenching of the fluorescence. By measuring the fluorescence
or absorbance of the solutions, Liu et al. were able to investi-
gate the thermally induced aggregation processes of their
OEG-based dendronized copolymers.>*®

4.1.3. Light scattering measurements. Dynamic light scat-
tering (DLS) provides information about the size and size dis-
tribution of polymer particles in solution as a function of
temperature. DLS gives insight into the phase behavior, struc-
tural changes of the polymer, and the transitions that occur as
the temperature is changed. The size determination by DLS
measurement is strongly dependent on the concentration and
heating rate. The intensity of the scattered light, proportional
to the diameter of a particle or aggregates, dramatically
increases during the coil-to-globule transition. Besides
working as a basic tool to measure the size distribution of
polymeric micelles and aggregates, DLS can be used to deter-
mine the LCST value*”**® and T, (Fig. 11B).>*>**°°> When
using DLS, T, is the temperature at which a sudden change in
particle size occurs."®*?% Fig. 12 shows a change in a particle
size distribution of a thermoresponsive dendronized polymer
as a function of temperature.>®® Overall, DLS can provide more
accurate T, of thermoresponsive polymers in physiologically
relevant solutions for biomedical applications and can allow
more sensitive determination of large aggregates, hence the
onset of the phase transition even before the formation of a
cloudy solution.>**
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(A) Transmittance as a function of temperature measured by turbidimetry (solid line, heating; dotted line, cooling) and (B) hydrodynamic

radius (Ry) as a function of temperature recorded by dynamic light scattering for an aqueous solution of a copolymer poly(MEO,MA-co-OEGMA)
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4.1.4. Small-angle scattering techniques. Small-angle scat-
tering techniques allow analysis of structural changes in poly-
mers, surfactants, colloids, proteins, and porous material in
response to external stimuli. Small-angle scattering of X-rays
(SAXS) and neutrons (SANS) is a fundamental measurement
tool for the analysis of thermoresponsive polymers and can be
performed in a dilute aqueous solution at different
temperatures.”*>*®> For SAXS analysis, a highly collimated
monochromatic X-ray beam is transmitted through a sample,
and the scattered X-rays are then collected by a detector at a
continuous range of scattering angles. By doing so, SAXS not
only is able to determine the shape and organization of large
molecules but can also quantitatively characterize the confor-
mational dispersity. The morphology determined by SAXS is of
great relevance, especially regarding micelles, in which an
observable response is present with a change in external
stimuli, especially temperature when dealing with thermo-
responsive polymers. Precise control of the structure of
micelles is essential in the development of stimuli-responsive
micelles that can be applied in the biomedical field for drug
delivery and diffusion. Chang et al. examined the effect of
stereocomplex crystallization on micelles, utilizing SAXS to
determine the exact micelle structure as well as the thermally
induced structural changes of the micelles when the tempera-
ture was raised.?”* Based on the SAXS, it was determined that
the stereocomplex led to structural changes resulting in larger
micelles with higher aggregation, this aggregation facilitated
intermicellar aggregation upon heating and was responsible
for the resulting thermoresponsive behavior at higher tempera-
tures. This was due to stronger intermicellar attraction caused
by structural changes upon heating. The mechanism, other-
crystallization-tuned thermoresponsivity,
demonstrated that structural changes (i.e., crystallization) can
induce phase transitions. It also proved that it is possible to

wise known as
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control the structural changes induced by varying tempera-
tures, which can be utilized to design responsive micelles
effectively and efficiently. Read et al. further expanded on the
idea of using SAXS to identify the structural changes associ-
ated with the formation of aggregates with changing tempera-
ture; however, the focus is on the formation of polyion com-
plexes comprising thermoresponsive polymers as opposed to
stereocomplex.”®> SAXS analysis determined the large size of
block polymers to be consistent with the formation of large
micelles. Additionally, polyion complexes were still present at
increased temperatures, but in the study conducted by Chang
et al., structural changes were observed and impacted aggrega-
tion behavior. Thermoresponsive polymers have also been
known to be stimulus-responsive to water, another external
stimulus whose observable change in morphology can be
detected by SAXS. Lyngse et al. utilized SAXS to gain insight
into stimuli-responsive star PNIPAM polymer in water and its
varying arm configurations and size.”®® The SAXS analysis
showed some variations for individual stars, likely attributed
to the differing dispersity between stars. Yet, it could not be
concluded that a change in morphology directly corresponds
to a change in the number of arms since it is invariably linked
to a change in molecular mass. On the other hand, SAXS can
provide information on phase transitions of thermoresponsive
polymers. Korpanty et al. applied SAXS to understand the
thermal morphological transitions of PDEGMA-based block
copolymers.”®” The results indicate a potential mechanism for
triblock thermal transformation, emphasizing the potential of
SAXS to advance our understanding of complex nanoparticles.

In SANS experiments, neutrons penetrate into samples and
scatter from the nuclei as a function of angle. The SANS tech-
nique can be used to analyze individual polymer chain confor-
mation in a dilute aqueous solution of thermoresponsive poly-
mers. SANS is a more suitable technique for low electron

© 2023 The Author(s). Published by the Royal Society of Chemistry
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density polymers than SAXS since the difference in neutron
scattering lengths between two different nuclei (e.g., hydrogen
and deuterium) is large and detectable and SAXS is only sensi-
tive to electron density rather than the nuclei.>®* The growth
and morphology of microgel P(MEO,MA-co-OEGMA;,,) par-
ticles were previously investigated by using SANS.>** Nishi
et al. performed SANS measurements to understand the tacti-
city effect on phase separation for PNIPAM aqueous solution.
The results revealed that hydrophobicity of PNIPAM containing
meso- and racemo-isomers increased with increasing the meso-
content.”*® SANS and DLS were used to study the aggregate be-
havior of thermoresponsive triblock PSt-PNIPAM-PSt copoly-
mer in water as a function of temperature. The SANS and DLS
measurements showed that the triblock copolymer underwent
first shrinking close to the LCST and further clustering above
the LCST.”” Papadakis and their team used thermoresponsive
poly(2-oxazoline) gradient copolymers and showed the collapse
of small aggregates right above the cloud point and the for-
mation of larger aggregates at higher temperatures by utilizing
time-resolved SANS experiments.>*®?°° SANS was also used to
investigate changes in the nanostructure of double network
thermoresponsive hydrogels induced by temperature change.
The double network hydrogels were prepared from densely
crosslinked PNIPAM first network and loosely crosslinked
hydrophilic polyacrylamide second network. The SANS intensi-
ties from the double network were reported lower than those
from PNIPAM single network. Lower scattering was attributed
to increased water content in the double network due to the
presence of the hydrophilic second network.**° Overall, small-
angle scattering techniques have become a powerful tool for
the structural analysis of thermoresponsive polymers in phys-
iological conditions. However, these techniques present
several challenges including high-quality sample preparation
and data interpretation and more importantly the cost of the
analysis. Although the applicability of these techniques spans
across disciplines, the availability of the instruments may be
limited to the national labs or shared instrument facilities.
4.1.5. NMR for diffusion coefficient measurements. 'H
NMR spectroscopy of thermoresponsive polymer solutions can
be performed at different temperatures to show the insolubility
of the polymers above LCST from peak suppression.’*'*°* In
order to measure the change in the size of polymers as a func-
tion of temperature, a temperature-controlled diffusion-
ordered NMR spectroscopy (DOSY) experiment can be per-
formed. The diffusion coefficient (D) gives the mobility of a
certain species, dependent on both their size and shape. The
diffusion coefficient allows one to determine the rate at which
a molecule will diffuse across a solution. Typically, molecules
and polymers in smaller sizes have a greater diffusion coeffi-
cient. However, there are cases in which thermoresponsive
polymers with similar molecular masses have different
diffusion coefficients. This is likely attributed to differing
spatial arrangements (i.e., the packing arrangements of groups
within the polymers). Dense packing can be regarded as a
form of “shrinkage”, although not uniformly distributed nor
identical in different molecules of the same polymer, thus

© 2023 The Author(s). Published by the Royal Society of Chemistry
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indicating a greater diffusion coefficient and smaller polymer
size in solution. This was observed in a study conducted by
Wang et al, in which two thermoresponsive hyperbranched
polymers based on the poly(ethylene imine)s (HPEI) skeleton
were synthesized. Two spatial isomers with two kinds of amide
units (i.e., acetamide on C2, and isobutyramide on C4) were
located on the different layers of the globular HPEI macro-
molecules. The polymers labeled as HPEI-C4-C2 and HPEI-
C2-C4 were expected to have similar molecular size and dis-
persity due to almost identical chemical composition.”®® Yet,
HPEI-C4-C2 had a higher diffusion coefficient than HPEI-C2-
C4, and thus a smaller size attributed to a densely packed
arrangement.

The size of thermoresponsive polymers can be further deter-
mined as the diffusion coefficient can be expressed as a function
of viscosity and temperature in regard to the Stokes-Einstein
equation: D = kT/6nnRy; (Where k is the Boltzmann constant, T is
temperature, 5 is the viscosity of the solution, and Ry is the
radius of the solvated species).>*® As temperature increases, poly-
mers will have coil-globule structural changes and the size of
the aggregates will change. This relationship is illustrated
through the DOSY experiment in which peaks in NMR spectra
of different compounds are separated based on varying
diffusion coefficients and therefore differences in viscosity and
temperature. DOSY can also measure molecular translational
diffusion coefficients and particle size distributions, and
because aggregates result in different diffusion coefficients,
DOSY can determine how many aggregates with different sizes
are formed. Additionally, DOSY can determine the number of
aggregated species that are formed in connection with thermo-
responsive globular structure formation in the solution.

The diffusion coefficients determined by DOSY can be used
to derive the hydrodynamic radius of the polymers for deter-
mining size distribution and aggregation. In an aggregation
study utilizing DOSY conducted by Zhang et al., DOSY spectra
of dendronized polymers displayed similar diffusion coeffi-
cients below the LCST (25 °C) but different diffusion coeffi-
cients above the LCST (32 °C).”* It was concluded that above
the LCST, OEG chains likely aggregate from the same and adja-
cent dendron units, resulting in a larger molecule, as sup-
ported by smaller diffusion coefficients. It is possible that the
OEG chains also nonuniformly aggregate from peripheral den-
drons, hence differences in diffusion coefficients and mole-
cular size are observed. Other 1D and 2D NMR techniques can
also be utilized to monitor the aggregation process and phase
transition of thermoresponsive polymers.*%***

4.2. Bulk characterization

4.2.1. Thermal analysis. Typical characterization methods
for thermal analysis of any polymers include differential scan-
ning calorimetry (DSC) and thermogravimetric analysis (TGA).
DSC alone cannot directly determine the LCST of a thermo-
responsive polymer but DSC is important to study thermo-
responsive polymers since it provides valuable information
including thermal transitions®”>*’® as well as glass transition
temperature (7,)**"*””? and the crystallization behavior of

RSC Appl. Polym., 2023,1,158-189 | 171


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00114h

Open Access Article. Published on 29 August 2023. Downloaded on 07.02.26 10:56:12.

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

(cc)

Review

the polymer. The T, provides insights into the polymer’s seg-
mental mobility and its potential thermoresponsitivity. DSC
can also identify the presence of crystalline domains in semi-
crystalline polymers and determine their melting temperature.
This information is crucial for understanding the polymer’s
behavior at elevated temperatures. Moreover, DSC can measure
the heat flow associated with thermal transitions, providing
information about the enthalpy changes that occur during
these transitions. The heat capacity changes can offer insights
into the polymer’s interactions with the surrounding environ-
ment and help characterize its response to temperature vari-
ations. While DSC does not directly determine the LCST, it can
be used in combination with other techniques, such as turbid-
ity measurements, spectroscopy, or rheology, to investigate the
LCST behavior of thermoresponsive polymers. DSC can be
applied to determine the grafting ratio combined with FTIR
spectroscopy®*® and to study the hydration/dehydration
process of polymer segments.>*>?8%281 TGA provides infor-
mation about the thermal stability and degradation behavior
of thermoresponsive polymers.”®>?®* TGA can be used to
identify the temperature at which the polymer begins to
decompose and the rate of decomposition. TGA can also be
used to determine the amount of residual solvent or other
volatile impurities in the polymer, which can have a significant
impact on its thermal behavior and performance.

4.2.2. Contact angle measurements and ellipsometry. To
study the surface properties of thermoresponsive polymers,
contact angle measurements and ellipsometry have been used
for thermoresponsive “smart” surfaces. Contact angle
measurement is a method used to determine the wetting pro-
perties of a solid surface by a liquid droplet, typically water.
The LCST behavior of thermoresponsive polymers is influ-
enced by the interaction between the polymer and water mole-
cules. When a thermoresponsive polymer is more hydrophilic
below its LCST, it is highly wettable by water, and the contact
angle between the polymer surface and water droplet is small.
However, when the temperature of the system is raised above
the LCST, the polymer undergoes a phase transition to a
hydrophobic state, which leads to an increase in the contact
angle between the polymer surface and water. By measuring
equilibrium water contact angles in the captive bubble con-
figuration of the bulk of the PMEO,MA brush, Laloyaux et al.
were able to observe the sharp variation of surface pro-
perties.”’® Their observations supported theoretical predic-
tions about the vertical phase separation during the collapse.
In a different work, Li et al. used water contact angle to charac-
terize the surface wettability of their PNIPAM gradients.>”*
Ellipsometry is a sensitive and non-destructive optical
measurement technique to analyze the changes in the refrac-
tive index and thickness of thin films and surfaces. Below the
LCST, the polymer is in a hydrophilic state, and the polymer—
water interaction is strong. This interaction leads to the for-
mation of a highly hydrated layer on the surface of the
polymer, which increases the effective thickness of the
polymer film. Above the LCST, the polymer becomes more
hydrophobic and the interaction between the polymer and
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water molecules weakens, resulting in the collapse of the
hydrated layer and a decrease in the effective thickness of the
polymer film (Fig. 13). Robertson et al. applied ellipsometry to
study the overall thermoresponsive behavior of POEGMA
brushes in aqueous mixed electrolytes.>”*> Schmaljohann et al.
studied the patterned hydrogel of PNIPAM-g-PEG by using
imaging ellipsometry.””* They were able to identify the regions
of interest on a micrometer level and monitor the swelling of
the hydrogel as a function of the temperature.

4.2.3. Atomic force microscopy (AFM). AFM is a surface
analysis technique primarily used to image and manipulate
atoms and structures on surfaces as well as localize different
forces, such as adhesion strength, magnetic forces, and
mechanical properties. There are two main modes: contact
and tapping. Both can be utilized for imaging and topographic
information by scanning the surface with a cantilever. The
physical patterns and topography determined by AFM are of
great relevance for thermoresponsive polymers and biotechno-
logical applications, as elastic properties and surface charges
influence cell culture, adhesion, and growth. Cell culture
response was evaluated how the physical and chemical pro-
perties were affected by the thermoresponsive behaviors of
poly(NIPAM-co-acrylamidebenzophenone) (AcBzPh) and poly
(NIPAM-co-AcBzPh-co-N-tert-butylacrylamide) through AFM
analysis by Healy and co-workers.?*® AFM thickness and rough-
ness film analysis confirmed the disparity in roughness and
thickness of physically adsorbed thermoresponsive films due
to the adsorbed temperature conditions. Teunissen et al
demonstrated the reversible thermoresponsive behavior of pyr-
rolidone-based brushes using phase-controlled AFM topogra-
phy measurements in an aqueous environment.>*’ Polymer
brush thickness was reduced by ca. 25% upon the expulsion of
water above the LCST as compared to previous reports on
PNIPAM (~20%) and poly(MEO,MA-co-OEGMA) (~16%)
(Fig. 13).>*>3% Forg et al. further studied the adhesion pro-
perties, specifically those of PNIPAM microgels with dopamine
methacrylamide, utilizing AFM to determine if the microgel
particles adsorbed on a silicon wafer as well as if adhesion
rates increased with the incorporation of dopamine methacry-
lamide.”® According to the AFM results, the incorporation of
dopamine methacrylamide not only increases the adsorption

T<LCST T>LCST
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%
Heat b o 9(, 0 p
— ( A <
Cool down 1

Fig. 13 Schematic illustration of the conformational change of a
polymer brush below the LCST at extended state (left) and above the
LCST at collapsed state (right). Adapted with permission from ref. 201.
Copyright 2022, John Wiley and Sons.
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of microgels on the silicon wafers with applied mechanical
stress but also exhibits enhanced adhesion. In a different
study, poly[N-(2,2-dimethyl-1,3-dioxolane)-methyl)]acrylamide
(PDMDOMA) brushes were grafted from silicon wafers via
SI-ATRP and studied through AFM force-distance measure-
ments. PDMDOMA brushes were observed to be in a hydrated
state (amphiphilic) at low temperatures below the LCST
(<22-24 °C) and a dehydrated and collapsed state (hydro-
phobic) at high temperatures.’®*°® Stetsyshyn and co-workers
studied wetting, morphology, and protein adsorption of
thermoresponsive P(4VP-co-OEGMA,,c) polymers and demon-
strated changes in surface roughness and adsorption behavior
induced by two-stage temperature transitions using AFM. The
surface topography of copolymer and homopolymers at three
different temperatures was examined in noncontact mode and
characterized by root-mean-square (RMS) values. The rough-
ness increased for homopolymers as the temperature rose
from 10 °C to 30 °C. In contrast, the copolymer showed temp-
erature-controlled switching of morphology (Fig. 14).>"

AFM is also used to determine the topological effects on
thermoresponsive behavior. Changes in structures, number of
arms, and crosslinking can alter the thermoresponsiveness of
polymers as it affects phase transitions. Phase transitions from
a rigid to a flowing state or vice versa can alter how cells inter-
act with each other and on surfaces. More specifically, Oleszko
et al. utilized AFM to determine how poly(2-isopropyl-2-oxazo-
line) (PIPOx) surface crystallinity on a thermoresponsive influ-
ence on cell adhesion and detachment.”® AFM analysis
detected thermoresponsive-induced changes in physico-
chemical properties, such as the formation of PIPOx crystal-
lites, that promote cell adhesion and cell detachment.
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Regarding AFM’s ability to detect topography, Tao et al.
observed the thermoresponsive properties of dendritic macro-
monomers and dendronized polymers through the examin-
ation of topology with AFM."®" AFM measurements verified a
mixture of bulk polymers. Additionally, it was found that the
fan-shaped topology of the dendritic macromonomers changes
to cylindrical for dendronized polymers, having significant
effects on the thermoresponsive behavior. Similarly, Arias
et al. observed the chiro-thermoresponsive (i.e., thermo-
responsive behavior through conformational changes) pro-
perties of helical poly(phenylacetylene) bearing elastin-based
side chain polymers.”®* The AFM revealed a spherical mor-
phology of the polymers, an unexpected thermoresponsive
conformational change on the synthesized helical side chains
of the elastin polymers. This is suggesting that the helical
structure is of great importance in thermoresponsive behavior.

4.2.4. Electron microscopy. Scanning Electron Microscopy
(SEM) can give information about the surface morphology and
topography of thermoresponsive polymers. In SEM, a focused
beam of electrons is scanned over the surface of the material,
generating signals that are used to create an image of the
surface. SEM can provide high-resolution imaging with a large
depth of field, allowing researchers to visualize the three-
dimensional surface features of the material. This can be par-
ticularly useful for understanding how temperature changes
affect the surface morphology of thermoresponsive polymers,
such as the formation of surface domains, changes in rough-
ness, and the emergence of new surface features. Additionally,
SEM can also be used to study the thermal stability of thermo-
responsive polymers by monitoring changes in the surface
morphology during heating or cooling. SEM images can help
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Fig. 144 AFM topography of P4VP (a—c), P(4VP-co-OEGMA,4¢) (d—f), and P(OEGMA,4¢) (g—i) grafted brushes at different temperatures. Adapted

with permission from ref. 307. Copyright 2017, American Chemical Society.
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quantify changes in surface roughness, the formation of new
surface features, and any morphological changes that occur
during temperature changes. Transmission Electron
Microscopy (TEM) provides high-resolution imaging of the
internal microstructure of thermoresponsive polymers. By
using TEM, the microstructure can be visualized at different
temperatures, and changes in their physical properties can be
related. TEM imaging can also be used to study the size and
distribution of polymer chains, as well as any aggregates or
phase separations that may occur (Fig. 15). These observations
can then be related to the temperature-responsive behavior of
the material, helping to gain a better understanding of its
thermodynamics and thermophysical properties. Cryogenic
SEM/TEM (Cryo-SEM/TEM) is also widely applied as a charac-
terization method to preserve the native state of the sample
and avoid sample degradation. Nguyen et al. used cryo-SEM to
analyze their freeze-dried samples of PNIPAM-based poly-
mers.?? They found out that for polymers with similar chemi-
cal composition, more branching enables access to hydrogels
with smaller pore sizes. A good correlation between the
decrease of G' modulus and the density of entanglements
between the mesoglobules was observed by Zhao et al. by
using cryo-SEM.**?> Cryo-TEM imaging can shed light on the
hydration process, pore sizes, and structural changes upon
cooling and warming up.’® Korpanty, Gianneschi, and co-
workers used variable temperature liquid-phase TEM of
PDEGMA triblock system to observe the formation of inter-
mediate structures during the morphological transformation
of the polymer in response to variations in temperature.>®”
4.2.5. X-ray photoelectron spectroscopy (XPS). XPS is a
technique mostly used in surface chemistry. Through depth
profiling, XPS utilizes an ion beam to methodically remove the
outermost 30 atomic layers (approximately 10 nm), retrieving

Intensity (%)

Intensity (%)

1 10 100 1000
Size (nm)

Fig. 15 TEM micrographs (left) and DLS particle size distribution by
intensity (right) of micelles in copolymer solution. Reprinted with per-
mission from ref. 289. Copyright 2012, American Chemical Society.
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data on each layer and creating a high-depth composition
profile. This profile allows for determining the composition of
surface material elements, their relative abundance, as well as
the chemical state of the polyvalent ions. Surface material
elements in thermoresponsive polymers can result in surface
wettability and adhesive characteristics and fluorophores can
also be tethered to produce fluorescent characteristics. XPS is
essential in biomedical applications to confirm successful
surface modification. Teunissen et al. utilized XPS to deter-
mine if the synthesis of thermoresponsive poly(N-(2-methacry-
loyloxyethyl)pyrrolidone (poly(NMEP)) brushes was successful,
as the synthesis aimed to combine a more controlled polymer-
ization with thermoresponsive behavior.**" The XPS spectra
confirmed the synthesis of these poly(NMEP) brushes due to
the nitrogen present in the monomer’s pyrrolidone ring,
resulting in a supporting signal appearance at 400.0 eV. This
confirmed poly(NMEP)’s thermoresponsive behavior and
demonstrated the possibility of it as a smart coating in bio-
medical devices. Li et al. synthesized silver nanoparticles
(AgNPs) as cores and fluorophore-tethered thermoresponsive
copolymers, oligo(ethylene oxide) acrylate, and di(ethylene
oxide) ethyl ether acrylate, as shells to produce a metal-
enhanced fluorescence effect, utilizing XPS to confirm the
success of the synthesis.>*® The XPS spectra showed the pres-
ence of copolymer on the surface of the AgNPs, indicating the
successful preparation of the AgNP/polymer nanohybrids.

XPS is not limited to biomedical applications, but also to
the biocompatibility of polymers, as surface adhesion is also
of importance in cell cultures. By determining the compo-
sition of the surface layers, conclusions can be made on cell
adhesion and attachment. Cell adhesion is fundamental in
cell communication, regulation, maintenance, and growth,
whereas cell detachment is essential in culturing cells.
Thermoresponsive polymers can be used as a non-invasive
control for adhesion and detachment by altering the tempera-
ture. Two studies examined the characteristics of thermo-
responsive polymer layers used in the development of cell cul-
tures. Oleszko et al. focused on thermoresponsive PIPOx
layers, as these layers are used as biomaterials for human
dermal fibroblast culture and detachment.”® The surface
composition was determined through XPS, revealing the con-
tents of carbon and nitrogen atoms. Therefore, the high crys-
tallite content of PIPOx promoted the adhesion of the fibro-
blasts. PNIPAM has also been regarded for cell culture. Its
chemical composition was analyzed through XPS in a study
by Healy and co-workers, with the goal to make cell sheet
regeneration more feasible and accessible.’®® It was con-
cluded that thermoresponsive film based on PNIPAM sup-
ports cell adhesion and temperature-controlled cell sheet
detachment. The results demonstrated that thermoresponsive
films successfully promoted cell adhesion and temperature-
controlled cell detachment. This is beneficial as thermo-
responsive surfaces can detach confluent cell sheets in a
less invasive manner, allowing the detached sheets to be
transplanted for further in vitro and in vivo adhesion and
applications.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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4.2.6. X-ray powder diffraction (XRD). XRD, a bulk tech-
nique often correlated with microscopy, is based on construc-
tive interference of monochromatic X-rays and crystalline
samples. The resulting data can confirm phase identification
of crystalline matter as well as unit cell dimensions; in the
case of polymeric materials, XRD is often utilized to determine
the degree of crystallinity and phase ratio. More specifically,
thermoresponsive polymers can experience a change in the
degree of crystallinity and dimensions initiated by temperature
change. Kumar et al. utilized XRD analysis of poly(NIPAM-b-
DMA) thermoresponsive diblock copolymer grafted onto
p-cyclodextrin to determine crystalline alterations.*®* The XRD
pattern confirmed PNIPAM was well connected in the diblock
copolymer and p-cyclodextrin frame. Similarly, Jadhav et al.
used XRD analysis on PNIPAM, specifically with post-synthesis
grafting as opposed to star polymers, to determine the thermal
stability and pore uniformity.*®” The XRD spectra illustrated a
high degree of structural order with pores in a hexagonal
setting. Of great importance, XRD demonstrated that the
characteristic-ordered mesoporous structure remained intact
throughout the polymerization, proving that the grafted
polymer could maintain its characteristic mesoporous struc-
ture while exhibiting thermoresponsive behavior.

5. Biomedical applications of
thermoresponsive polymers

Advancements in thermoresponsive materials have had a pro-
found influence on numerous biomedical domains. The dis-
tinctive characteristic of reversible phase transition, occurring
near physiological temperatures and allowing thermogelation
for local treatment or use in wound healing, positions
these materials as highly promising for an extensive range
of biomedical applications. Such applications encompass
bioimaging, biosensing, drug delivery systems, injectables,
smart surfaces, bioadhesion, biomanufacturing, and tissue
engineering.

5.1. Bioimaging and biosensing

Thermoresponsive polymers can be functionalized with
different types of contrast agents or biomolecular probes for
imaging and sensing applications. These materials can be
chemically tuned to enable temperature-dependent phase tran-
sitions to respond to disease biomarkers, such as in cancer
diagnostics, and in general assist in the monitoring of disease
progression and drug delivery efficiency.>**'* The unique
properties of thermoresponsive polymers to undergo sol-gel
transition above a certain temperature makes them promising
materials for local delivery and long-term monitoring of thera-
peutic and diagnostic (theranostic) agents. For example, Kim
et al. developed a poly(organophosphazene)-based hydrogel
system that contained magnetic nanoparticles for long-term
magnetic resonance (MR) imaging and cancer drug delivery
application. Using their thermosensitive hydrogel system they
were able to demonstrate the in vivo efficacy of long-term MR
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theranostics over a period of three weeks using their tumor-
bearing mice model.>*® In another study conducted by Wang
et al., they used a PNIPAM-coated multifunctional nanoparticle
system for combined fluorescence and MR imaging to track
transfused cells in vivo. This new modality of cell tracking can
be used for monitoring cell therapeutics such as in stem cell
transfusion to cure leukaemia and other diseases.**

In addition, thermoresponsive polymers have
exploited for applications in biosensing and can be utilized to
detect various biological signals, such as changes in pH, temp-
erature, and the presence of specific biomarkers or pathogens.
Antunez et al. synthesized a thermoreversible biosensor for
detecting heat-labile enterotoxin from the pathogen
Escherichia coli which is known to cause diarrhea. The biosen-
sing platform is composed of a porous silicon interferometric
transducer and a thermoresponsive multivalent glycopolymer
receptor that allows the reuse of the biosensor and subsequent
detection cycles.*'® In another study, Elshaarani et al. devel-
oped a glucose sensor based on 3-acrylamidophenylboronic
acid and PNIPAM. Moreover, this sensor can detect different
concentrations of glucose as glucose accumulates on the
hydrophilic PNIPAM chains through hydrogen bonding, and
as the temperature increases above 25 °C the hydrogel shrinks
due to the thermoresponsive nature of the PNIPAM chain.
This phenomenon in turn limits the accessibility of the
phenylboronic acid component for glucose complexation as its
conformation changes from coil to globule shape.*'*

Fluorescent dyes can also be incorporated into the polymers
for development of biosensors. Mao et al. utilized OEGylated
cyclodextrin-based thermoresponsive polymers as switchable
inclusion complexes for fluorescent dyes. The OEG units work
cooperatively towards the formation of inclusion complexes
with fluorescent dyes that leads to significant changes in the
monitored optical response of the system. The encapsulated
dyes can be released upon heating, resulting in a noticeable
decrease in fluorescence via quenching. This makes cyclodex-
trin polymers suitable for use as the foundation for tempera-
ture-responsive fluorescent sensors.’’> Overall, the tempera-
ture sensitivity of thermoresponsive polymers makes them
useful tools in biosensing, allowing for the detection of
various biological signals in real-time and providing new
methods for monitoring biological processes.

been

5.2. Therapeutics

5.2.1. Drug delivery systems. Extensive research has been
conducted on responsive drug delivery systems for controlled
and sustained drug release on targeted sites.>'*>*'® This facili-
tated a closer study of polymers which have properties that can
be controlled by external stimuli such as electricity, ultra-
sound, oscillating magnetic fields, enzymes, pH change, light,
and thermal energy.>*>*'” Of particular interest are thermal-
responsive polymers, which allow for the control of physical
properties by changes in the temperature of the environment.
For example, below the LCST, PNIPAM is hydrophilic and
water-soluble or swells in gel systems. Above the LCST,
PNIPAM diblock copolymer drug delivery system undergoes a
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“coil-to-globule” reversible phase transition that leads to a dra-
matic shrinkage in volume (Fig. 16).>'%3'

In the past, many PNIPAM-based delivery systems have
been engineered. Nayak et al. successfully synthesized a struc-
turally hollow PNIPAM gel from core-shell nanoparticles.
These hollow structures show higher equilibrium swelling
volumes below LCST and a greater deswelling ratio above
LCST.*'® Aside from thermal control, the drug delivery systems
must be stable at physiological pH, but to enable degradation
for clearance should hydrolyze in a slightly acidic environ-
ment. To accelerate the hydrolysis reaction the polymer side
changes were modified with additional hydroxyl groups.**°
Thermoresponsive delivery systems are highly desirable for
cancer treatment as they show strong enhanced permeation
and retention effect in targeting cytotoxic drugs to solid tumor
tissues.”®>**! An example of a cancer drug that exhibits
adverse side effects is doxorubicin. Using a star-block poly(e-
caprolactone)-block-PME,OMA-co-POEGMA that self-assembles
into a micelle, Li et al. were able to show low cytotoxic delivery
of doxorubicin that also was effective in inhibiting HepG2 cell
proliferation.>® Another promising delivery system for doxo-
rubicin is thermogelling glycol chitin, which displayed easy
encapsulation and sustained drug release over a 13-day
period.*** Paclitex is a natural anticancer drug containing
Cremophor EL (polyoxyethylated castor oil) that also has many
side effects including bronchospasm, hypotension, and hyper-
sensitivity. Paclitex also faces multi-drug resistance from
cancer cells and has poor water solubility. These challenges
restrict the drug’s dosage and infusion period. Song et al
demonstrated that by using a thermoresponsive polymer
system consisting of a p-cyclodextrin as a core to a four-armed
PNIPAM to encapsulate Paclitex, the cellular uptake of the
drug can be enhanced, and multidrug resistance can be over-
come making the polymer an ideal candidate for cancer thera-
peutics.'** A very few of these thermoresponsive micellar drug
delivery systems have been tested for the later stages of clinical
trials. One PEG-poly(D,L-lactide) system under the name of
Genexol-PM has received approval for breast and lung cancer

/-\\_%—\\~’ '.
Hydrophobic | cST
block block Drug

Fig. 16 Schematic representation of a thermoresponsive diblock copo-
lymer drug delivery system, which contains a hydrophobic block that
serves as a scaffold and an LCST block that responds to temperature
changes in the environment. At higher temperatures, the LCST block
shrinks and the drug is released from the system.
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treatments.’”® There are other several PEG-based micellar
systems currently under Phase I-III clinical trials."*

In addition to cancer therapy, ocular diseases are promising
targets for thermoresponsive therapeutic systems.*** Eye dis-
eases are generally treated by the ocular installation of drugs
as it is a non-invasive route and allows for easy administration.
However, only about 5% of the administered drug infiltrates
the cornea to the intraocular tissue through conventional eye
drop formulations as such improving the bioavailability and
targeted delivery of ocular drugs remains a challenge. By
taking advantage of the interactions of cyclodextrins with
hydrophobically modified polymers, Iohara et al. prepared a
thermoresponsive hydrogel system for ocular applications. By
adding a-cyclodextrin to hydrophobically modified hydroxypro-
pyl methylcellulose, the resulting cellulose/cyclodextrin gel
could undergo a reversible sol-gel transition under physiologi-
cal temperature, and they demonstrated the effective delivery
of diclofenac sodium in the eyes of a rabbit animal model.
Moreover, the cyclodextrin improved the drug’s bioavailability
and bioabsorption.>?

5.2.2. Injectables. Certain thermoresponsive polymers have
been utilized as injectables for treating biofilm-related infec-
tions, such as prosthetic joint infections, because of their
potential toxicity, biocompatibility, and
biodegradability. Glycol chitin, a water-soluble thermo-
responsive polymer derived from glycol chitosan, can tran-
sition from a liquid to a gel state at varying temperatures by
adjusting the level of N-acetylation and the concentration of
the polymer in the solvent used for delivery.>*> The formation
of a gel in chitosan-based hydrogels occurs due to hydro-
phobic and hydrogen bonding interactions between the
polymer chains. As the gelation process results from these
weak interactions, it can be reversed.**® Milbrandt et al. have
utilized a treatment approach that is based on a thermo-
responsive glycol chitin hydrogel nanocomposite system, con-
taining p-amino acids and light-activatable gold nanorods,
which can undergo sol-to-gel transformation at physiological
temperatures for site-specific eradication of mature
Staphylococcus aureus biofilms on metal alloy implant
materials (Fig. 17).**” Their two-step method, which combines
the use of a light-activated gold nanorods hydrogel composite
system for photothermal treatment after initial biofilm disrup-
tion with p-amino acids, is bridging the gap in developing
alternative therapies for prosthetic joint infections.**%3*”

In the case of dramatic eye injuries or diseases, rapid treat-
ment is crucial to avoid vision deterioration. PNIPAM and its
derivatives can be used as a bioadhesive for treating ocular
complications.>***! As a substitute for sutures or cyanoacry-
late-based adhesive materials (i.e., biomedical grade super
glue), Bayat et al. developed a temperature-sensitive injectable
hydrogel consisting of physically crosslinked PNIPAM copoly-
merized with n-butyl acrylate that functions as a temporary
sealant. When tested on a rabbit model with open globe
injury, the hydrogel was easily applied using custom-made
temperature-controlled syringes and effectively maintained
intraocular pressure without causing neurotoxicity, retinal
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Fig. 17 Schematic representations of the components (A) and injectable treatment approach (B) of a thermoreversible hydrogel system for the
treatment of joint infections. Adapted with permission from ref. 326 and 327. Copyright 2020 and 2023, American Chemical Society.

tissue degradation, or significant chronic inflammatory
response. The hydrogel can be removed by exposing it to cold
water once it has set. This hydrogel can be beneficial in areas
with limited resources, where it can temporarily close wounds
to prevent further tissue damage or vision loss prior to
surgery.**° Although the mechanism was not explained, PEG-
based in situ forming hydrogels (ReSure® sealant) were used to
prevent incision leakage after cataract surgery and approved by
Food and Drug Administration (FDA) and a Phase 3 clinical
trial was also completed.*** Fig. 18 shows PEG-PNIPAM-based
thermoresponsive injectable polymers for various biomedical
applications.®’

Although limited, injectable thermoresponsive hydrogels
have been used in clinical trials for cancer treatment. Triblock
copolymers of poly(lactic-co-glycolic acid) (PLGA)-PEG-PLGA
with a sol-gel transition at 37 °C commercialized under the
names of ReGel® and OncoGel® were used to solubilize poorly
soluble drugs and apply for local tumor management. This
thermoresponsive system increased the drug loading (e.g,
paclitaxel) by more than 400-fold with high drug release
results and degradation over 4-6 weeks.****> However, these

clinical trials were terminated due to lacking impact on tumor
regression.**® Additionally, PEG-based polymers and related
technologies are the only synthetic polymeric biomaterials
with a thermoresponsive transition around human body temp-
erature approved by FDA.**’

5.3. Smart surfaces

Thermoresponsive polymers have been quite often used as a
coating material to design stimuli-responsive smart surfaces
by generally chemical or sometimes physical tethering.
Protocols for the production of thermoresponsive surfaces are
complex, costly, and can often not yield the desired product
(no control over the geometry of the surface or layer thickness).
Sponchioni et al. developed a synthetic technique and fabri-
cated thermoresponsive polymers enabling the coating of
tissue culture polystyrene with styrene as an anchor and argi-
nine-glycine-aspartic acid (RGD) for the collection of cell
sheets in serum-free conditions. This technique required no
particular equipment and allowed copolymer adsorption
regardless of geometry and size.”* Another approach to
increasing cell adhesion is the copolymerization of dopamine
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Fig. 18 PEG-PNIPAM-based thermoresponsive injectable polymers for biomedical applications. Adapted with permission from ref. 57. Copyright

2014, Elsevier.
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methacrylamide with PNIPAM. As opposed to pure PNIPAM
microgels, the resulting P(NIPAM-co-dopamine methacryla-
mide) microgel exhibited enhanced adhesion even under
harsh conditions (i.e., mechanical stress).”® It is important to
note that the nature and concentration of the ion strongly
influence the thermoresponsive properties of polymeric gels
and brushes.”*°

Polymeric hydrogels are often modified with amino acid
sequences like RGD to increase their cell adhesion
properties.”***® Marrow stromal cells were used to test the
adhesive properties of these RGD-modified hydrogels. After 28
days, adhesion of the cells was observed as well as successful
proliferation.?*® Additionally, the copolymerization of insulin
and RGDS (arginine-glycine-aspartic acid-serine) demon-
strated site-selective cell adhesion and growth along with the
temperature-dependent spatiotemporal detachment of sparsely
adherent and confluent cells. From a peptide-based approach,
RGDS and insulin were immobilized onto thermoresponsive
surfaces for site-selective cell adhesion and growth, which
allowed for site-specific harvest. Moreover, selective recovery of
either contiguous monolayer or mesh-like designed monolayer
tissue constructs on identical surfaces was observed.”*

In addition, thermoresponsive polymers have drawn much
attention in the design of smart surfaces that can be used for
bioanalysis and bioseparation because of their switchable
wetting properties that can be readily tuned through tempera-
ture changes in the environment. In chromatographic appli-
cations, thermoresponsive polymers can be useful in the separ-
ation of proteins and cells that can be deactivated by organic
solvents that work with traditional reversed-phase chromato-
graphy column packing materials."***°?* Kanazawa et al
developed an early type of thermoresponsive chromatography
stationary phase made by modifying silica bead surfaces with
PNIPAM via a coupling reaction (Fig. 19). The PNIPAM-modified
silica beads were packed into a stainless-steel column and used
to separate different steroids. At 5 °C all the steroids were eluted
at once, but with increasing temperature the retention times
were prolonged and effective separation was achieved at 35 °C
and above. The effective separation could be attributed to the
enhanced hydrophobic interactions between the PNIPAM-modi-
fied silica beads and the steroids at elevated temperatures.®**

In biomanufacturing, microfluidic systems offer low-cost
solutions for scaling up cell-based therapies to reduce health
disparities. However, a major challenge is the efficient recovery
of cells that are bound to microfluidic channels while main-
taining their viability. Thermoresponsive polymers provide a
promising approach for overcoming this limitation. By functio-
nalizing the polymers with specific antibodies, they can be
used to bind a targeted cell type for isolation, on-chip trans-
duction, and expansion. Importantly, the temperature-trig-
gered response of these polymers allows for the controlled
release of modified cells without affecting their viability.
Moreover, recent research has shown that not all CD34+ stem
cells are relevant for hematopoiesis, and instead, a small sub-
population of CD34+ cells co-expressing CD90+ cells is respon-
sible for repopulation after hematopoietic stem cell transplan-
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Fig. 19 Concept of thermoresponsive bioanalysis and bioseparation
using surfaces modified with thermoresponsive polymers. Reprinted
with permission from ref. 342. Copyright 2016, RSC.

tation.>*> However, it is not currently possible to target cells
that co-express multiple markers using immunomagnetic
bead-based purification. To overcome this drawback, thermo-
responsive polymers offer a viable platform for double positive
selection, where isolated CD34+ cells can be further processed
to select only cells co-expressing CD90 markers, potentially
improving treatment outcomes. Gurkan et al. demonstrated
the use of PNIPAM-coated microfluidic channels for isolation
of CD4+ and CD34+ hematopoietic stem cells from unpro-
cessed human whole blood with high specificity (90%), viabi-
lity (95%), and release efficiency (60%).>*>**” Although selec-
tive capture of cells from bodily fluids in microchannels has
been previously demonstrated by other groups, it remains a
significant challenge to release the desired cells due to their
strong adherence to the microchannel surface. By using
thermoresponsive polymers, the same research lab was able to
capture the CD4+ lymphocytes at physiological temperature
and subsequently release them below the LCST (~32 °C) of the
polymer.**® By synthesizing a novel UV cross-linkable copoly-
mer of 4-(N-cinnamoylcarbamide)methylstyrene and NIPAM,
Recum et al. were able to develop a thermoreversible cell
culture coating and grew retinal pigment epithelium cells to
confluence. Then by decreasing the temperature from 37 °C to
20 °C the cells readily detach. This technology that gives rise
to cell sheets without scaffolds will be useful for tissue engin-
eering applications as it can provide cells without cell damage
and serve as implanted scaffolds.>*®

In the case of cell transplantation to treat intractable dis-
eases, it is crucial to develop cell separation methods whereby
thermoresponsive polymers have also great potential. Recently,
Nagase et al. synthesized a thermoresponsive cationic copoly-
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mer brush (PDMAPAM-b-PNIPAM) that could successfully sep-
arate targeted umbilical cord-derived mesenchymal stem cells
from fibroblasts and macrophages. At physiological tempera-
ture, all cell types adhere to the cationic polymer brush,
however, when the temperature is reduced to 20 °C the
mesenchymal stem cells detached from the polymer brush
while the fibroblasts and macrophages remain adhered. As
such, the prepared thermoresponsive cationic polymer brush
could be used as an effective cell separation tool for the purifi-
cation of mesenchymal stem cells.”® By leveraging the unique
properties of thermoresponsive polymers, researchers can
potentially overcome some of the challenges associated with
traditional cell separation techniques and develop more
efficient and cost-effective methods for cell-based therapies.

5.4. Tissue engineering

Due to the shortage of organ and tissue donors, much atten-
tion has been devoted to finding replacements for use in
regenerative medicine and advanced tissue engineering. With
cell sheet engineering, tissue-specific cells can be used for the
fabrication of physically connective, functionally synchronous
three-dimensional tissues.®* In the case of cell-based thera-
pies, thermoresponsive polymers serve as a good platform for
scaffold-free cell growth as they permit little to no immune
rejection, and display greater regenerating properties com-
pared to directly injected suspended cells. This type of bioma-
terials has found applications in orthopaedic tissue engineer-
ing, wound healing, oral disease treatments, and neural and
corneal tissue therapy (Fig. 20). Moreover, the ability of
thermoresponsive polymers to swell in water allows for their
tissue-like elastic properties and high permeability to biologi-
cal fluids.*****° While designing a smart polymer material, it
is important that candidate polymers are highly porous to
provide cell diffusion and promotion of the developing tissues’
vascularization, have easily tunable functions and properties,
and be completely biodegradable. Kang et al. synthesized
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Fig. 20 Illustration of the different types of applications of thermo-

responsive polymers in tissue engineering.
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highly porous gelatin-based scaffolds that successfully pro-
vided a way to fabricate biodegradable scaffolds with intercon-
nective pores for mass diffusion control.>*® Moreover, their
gelatin-based scaffolds were found to be easily integrated into
human tissues.*** These scaffolds can also be produced by 3D
bioprinting of thermoresponsive hydrogels which has been
previously reviewed.?*?

Macroporous constructs have become favorable materials
for bone-tissue engineering as they serve as ideal scaffolds for
tissue growth while allowing the use of different types of bio-
materials including those that are metallic, ceramic, or syn-
thetic polymer in nature.**®**> Fu et al. synthesized a bio-
degradable triblock copolymer PEG-poly(e-caprolactone)-PEG
(PEG-PCL-PEG) with nanohydroxyapatite, which showed
potential use in cell proliferation for bone regeneration appli-
cations.®® In a similar study, Shin et al. were able to design a
novel oligo( poly(ethylene glycol) fumarate) (OPF) hydrogel and
they assessed the in vivo bone and soft tissue behavior in a
rabbit animal model. The group was able to show the for-
mation of a fibrous capsule around the cranial implant with a
thickness that remained consistent during implantation
thereby demonstrating that the OPF hydrogel invokes a tissue
response. Moreover, histology revealed that OPF made from
higher molecular mass PEG exhibited enhanced fragmentation
and tissue infiltration by inflammatory cells making this type
of material promising as a biodegradable scaffold for bone
tissue engineering.?*°

Additionally, thermoresponsive polymers have a variety of
applications in cutaneous wound healing. Injury to the skin
can be treated through a multi-phase healing process involving
tissue granulation and re-epithelialization. Failure in the
wound-healing process can lead to chronic unhealed wounds
or abnormal scarring. In a proof-of-concept experiment, Zhong
et al. demonstrated that a citrate-based poly(poly(ethylene
glycol)citrate-co-NIPAM) copolymer scaffold embedded with
iKera cells provided more effective cutaneous wound healing
and re-epithelialization than either the copolymer or iKera
cells alone.*®* On a similar note, Pawar et al. prepared polymer
blends of PNIPAM, egg albumen, and poly(e-caprolactone)
with the antibiotic gatifloxacin hydrochloride (Gati) to prepare
nanofibers for wound healing applications. The in vivo studies
showed faster tissue regeneration using the nanofibers which
supports the suitability of Gati-loaded nanofibers for wound
healing applications.>*®> In the case of periodontal diseases,
these polymers can be used to create scaffolds that mimic the
natural environment of the periodontium and promote the
growth of new tissue. By incorporating thermoresponsive poly-
mers into such scaffolds, researchers can potentially create a
treatment that is minimally invasive and maximally effective in
treating periodontal diseases.**®° For example, Ji et al. devel-
oped a chitosan-based thermosensitive hydrogel made from
quaternized chitosan with a,p-glycerophosphate that they
could use to promote the development of alkaline phosphatase
activity in human periodontal ligament cells.>*®

Tissue engineering involving the neural system has gener-
ally been more challenging because of the presence of the
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blood-brain barrier that separates the nervous system from
systemic circulation and the limited self-regenerating pro-
perties of the nervous system. However, injectable hydrogels,
such as 0.5% :3% and 0.75%: 3% chitosan/
B-glycerophosphate hydrogels developed by Bhuiyan et al
have been shown to have suitable properties for neural tissue
engineering and supported cell growth and proliferation
in vitro. This type of hydrogel has been demonstrated to be
suitable for porosity, osmolality, and swelling behavior for
neural tissue engineering and also has desirable bio-
degradation pathways.”® Aside from neural repair appli-
cations, thermoresponsive polymers have also been demon-
strated to show potential for regenerative medicine appli-
cations in the eye.*®°73%® Khalili et al. were able to generate
corneal endothelium-like cell sheets using alternative cells
that were embedded in elastin-mimetic dendrimers.*®?
Overall, the application of thermoresponsive polymers in
tissue engineering holds great promise for developing new
approaches that could be useful for regenerative medicine
and pharmaceutical research.

6. Conclusions and future
perspectives

Polymers have the ability to respond to various external
stimuli such as temperature, light, and pH. Among these
stimuli, thermoresponsive behavior of polymers is studied
extensively. The LCST behavior of thermoresponsive polymers
can be tailored through various synthetic tools including
copolymerization, end-group functionalization, and modify-
ing the architecture of the polymer. Thermoresponsive poly-
mers with narrow molecular mass distribution, controlled
molecular mass, high end-group fidelity, and various compo-
sitions and architectures can be synthesized through con-
trolled radical polymerization techniques such as ATRP and
RAFT polymerization which are ideal synthetic tools for
better structural design, control, and tunability in solution
and from the surface. The structural heterogeneity in poly-
mers has a significant effect on the thermoresponsive pro-
perties. Thus, these thermal transitions should be precisely
determined by using modern characterization tools such as
NMR and UV-Vis spectroscopy, AFM, rheometer, and electron
microscopy. The tunability of the LCST makes these polymers
ideal for use in physiological temperatures. The study of
thermoresponsive polymers has a broad range of current and
potential future applications in drug delivery for cancer treat-
ment, tissue engineering for regenerative medicine, inject-
able polymers for therapeutics, smart surface for cell separ-
ation, and several other areas. Although the earliest works on
temperature-induced phase transition were reported in the
late 1960s, thermoresponsive materials in the biomedical
field have still been emerging and more advanced materials
for use in patients can be designed by leveraging the syn-
thetic and characterization tools highlighted in this review
article.

180 | RSC Appl. Polym., 2023, 1,158-189

View Article Online

RSC Applied Polymers

Abbreviations

AcBzPh Acrylamidebenzophenone

ACPBA Acetamidophenylboronic acid

AFM Atomic force microscopy

AgNPs Silver nanoparticles

ARGET Activators regenerated by electron transfer

ATRP Atom transfer radical polymerization

BuMA Butyl methacrylate

CRP Controlled radical polymerization

CTA Chain transfer agent

DEGA Di(ethylene glycol) monomethyl ether acrylate

DLS Dynamic light scattering

DMA Dimethyl acrylamide

DMAPAM N,N-Dimethylaminopropyl acrylamide

DOSY Diffusion-ordered spectroscopy

DSC Differential scanning calorimetry

eATRP Electrochemically-mediated atom transfer radical
polymerization

EG Ethylene glycol

eOEGMA Ethoxy oligoethylene glycol methacrylate

FDA Food and Drug Administration

Flu Fluorescein

FTIR Fourier transform infrared

HEA 2-Hydroxyethyl acrylate

HIPPVTA Bis(N-hydroxyisopropyl pyrrolidone)-2-vinyltere-
phthalate

HMS¢BA Pendant disulfide functionalized ¢-butyl acrylate

HPEI Hyperbranched poly(ethylene imine)

HPMA N-(2-Hydroxypropyl) methacrylamide

LCST Lower critical solution temperature

mDEGMA  Diethylene glycol methyl ether methacrylate

Me,Cyclam  1,4,8,11-Tetramethyl-1,4,8,11-
tetraazacyclotetradecane

Me,TREN  Tris[2-(dimethylamino)ethyl Jamine

MEA Monoethanolamine

mEGA Ethylene glycol methyl ether acrylate

ME,OMA 2-(2-Methoxyethoxy)ethyl methacrylate

M, Number-average molecular weight

MPEGMA Methyl polyethylene glycol methacrylate

MR Magnetic resonance

mTEGMA Tetraethylene glycol methyl ether methacrylate

M, Weight-average molecular weight

NEM N-Ethylmaleimide

NMM N-Methylmorpholine

NMP Nitroxide-mediated polymerization

NMR Nuclear magnetic resonance

OEG Oligo(ethylene glycol)

OEGA Oligo(ethylene glycol) acrylate

OEGMA Oligo(ethylene glycol)methacrylate)

OPF Oligo( poly(ethylene glycol) fumarate)

PAMs Poly(N-alkylacrylamide)s

PAPi Poly(N-acryloylpiperidine)

PAPy Poly(N-acryloylpyrrolidine)

PBEEP Poly(benzophenenone ethylene ethyl phosphate)

PCL Poly(e-caprolactone)
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PDEA Poly(N,N-diethylacrylamide)

PDEGMA Poly(diethylene glycol methyl ether methacrylate)

PDAs Poly(N,N-dialkylacrylamide)s

PDEA Poly(N,N-diethylacrylamide)

PDFEA Poly[N-(2,2-difluoroethyl)acrylamide]

PDLA Polymer p-lactic acid

PDMAEMA  Poly(2-(N,N-dimethylamino) ethyl methacrylate

PDMDOMA  Poly[N-(2,2-dimethyl-1,3-dioxolane)-methyl)]
acrylamide

PDSEA Pyridyldisulfide ethylacrylamide

PEG Polyethylene glycol

PEGA Poly(ethylene glycol acrylate)

PEGMA Poly(ethylene glycol) methyl ether methacrylate

PEHO Poly-(hydroxymethyl)oxetane

PEMA Poly(N,N-ethylmethylacrylamide)

PEO Poly(ethylene oxide)

PET Photo-induced electron/energy transfer

PEtOx Poly(2-ethyl-2-oxazoline)

PiPMA Poly(isopropyl methacrylate)

PIPOx Poly(2-isopropyl-2-oxazoline)

PI-RAFT Photoiniferter reversible addition-fragmentation
chain transfer

PLGA Poly(lactic-co-glycolic acid)

PLLA Poly(i-lactide)

PMEO,MA  Poly(2-(2-methoxyethoxy)ethyl methacrylate)

PMVE Poly(methyl vinyl ether)

PNANPP Poly(N-acryloyl-N'-propylpiperazine)

PNcPAM Poly(N-cyclopropylacrylamide)

PNEAM Poly(N-ethylacrylamide)

PNIPAM Poly(N-isopropylacrylamide)

PNnPAM Poly(N-n-propylacrylamide)

PNtBAM Poly(N-tert-butylacrylamide)

PNVCL Poly(N-vinylcaprolactam)

PNVIBA Poly(N-vinylisobutyramide)

POEGMA Poly(oligo(ethylene glycol)methacrylate)

POEGNB Poly(oligoethylene glycol) norbornene

POEGSt Poly(oligoethylene glycol) styrene

POEGVE Poly(oligoethylene glycol) vinyl ether

poly(NMEP) Poly(N-(2-methacryloyloxyethyl)pyrrolidone

PPGMA Poly( propylene glycol methacrylate)

PPO Poly(propylene oxide)

PPrOx Poly(2-propyl-2-oxazoline)

Pro Proline

PSS Polystyrene sulfonate

PVP/PVPy Polyvinylpyrrolidone

RAFT Reversible addition-fragmentation chain transfer

RGD Arginine-glycine-aspartic acid

RGDS Arginine-glycine-aspartic acid-serine

ROMP Ring-opening metathesis polymerization

SARA Supplemental activator and reducing agent

SANS Small-angle neutron scattering

SAXS Small-angle X-ray scattering

SEC Size-exclusion chromatography

SEM Scanning electron microscopy

Sn(EH), Tin(u) 2-ethylhexanoate

Tep Cloud point temperature
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TEM Transmission electron microscopy
TGA Thermogravimetric analysis
TPMA Tris(2-pyridylmethylJamine
TREN Tris(2-aminoethyl)amine
XPS X-ray photoelectron spectroscopy
XRD X-ray powder diffraction
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