Open Access Article. Published on 13 December 2023. Downloaded on 12/4/2025 7:04:10 PM.

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

(cc)

Materials
Advances

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2024,
5, 665

Received 2nd November 2023,
Accepted 2nd December 2023

DOI: 10.1039/d3ma00954h

Thermo-responsive injectable hydrogels from
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and poly(ethylene glycol) for biomedical
applicationsf
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Injectable hydrogels possess great potential in industrial, biomedical, and cosmetic applications. This
study presents the synthesis and characterization of novel thermo-responsive injectable hydrogels
derived from amino acid-derived vinyl polymer/polyethylene glycol (PEG) hybrid block copolymers. Two
types of block copolymers, linear (1n, n = 101, 250, 321: chain length of amino acid-based polymer
block) and star-shaped (tetra-branched 2n, n = 28, 66, 118), were successfully prepared via atom
transfer radical polymerization of N-acryloyl-L-alanine methyl ester (NAAMe) using PEG macroinitiators,
and their gelation behaviors were comprehensively explored. In a dilute aqueous solution (1 wt%), both
linear and star polymers exhibited lower critical solution temperature behavior, with a transition
temperature (Ty) of 20 °C. At higher polymer concentrations, hydrogels are formed for all polymers at
temperatures above T, with star-shaped copolymers exhibiting significantly better gelation ability
(minimum gelation concentration: 6 wt% (2118) and 17 wt% (13,4)). These block copolymers respond
rapidly to temperature changes, facilitating instant gelation at body temperature through self-assembly,
thus making them sophisticated injectable hydrogels. Structural factors, such as PNAAMe length and
polymer shape, influence their self-assembled structure, including network density, enabling tunable
mechanical Furthermore,

properties of the gels. these block copolymers demonstrated good

cytocompatibility and negligible macrophage activation. Thus, the PNAAMe/PEG block copolymers serve

rsc.li/materials-advances

Introduction

Hydrogels are widely used in the food, engineering, biomedical,
and cosmetic fields due to their water-swollen three-dimensional
(3D)network structures, which offer structural flexibility similar
to that of the natural extracellular matrix (ECM) of living tissues,
encapsulation ability for various substances, and biocompati-
bility."” In recent years, there has been a surge in research focused
on developing smart hydrogels equipped with various functionali-
ties, such as stimuli-responsiveness,>* high mechanical strength,>”
self-healing,® ™" shape fix/memory,"*** and injectability.'®>®
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as efficient injectable three-dimensional-scaffolds for tissue engineering and controlled release.

These smart gels are used in soft actuators, controlled-release
matrices, and cell scaffolds in regenerative medicine.

Among these, injectable hydrogels, which flow like a sol (or
solution) when extruded from a syringe and gelled instanta-
neously at the injection site, are one of the most important
smart gels for biomedical applications.">” Since these gels can
be easily implanted in the body via injection, minimally inva-
sive treatments can be performed without incisional surgery
by encapsulating the appropriate drugs or cells in the gel.
In addition, the hydrogel form is useful for protecting cells
from membrane damage, which is often caused by mechanical
forces during the injection process.'®'® Several strategies have
been employed to construct injectable gels, such as in situ
gelling system,”**' shear-thinning mechanisms,**>* and phy-
sical cross-linking in response to physiological environments
such as temperature, pH, and ion strength.”®® In particular,
the body temperature-responsive type of injectable hydrogel is
of practical significance because the temperature in a living

Mater. Adv,, 2024, 5, 665-674 | 665


https://orcid.org/0000-0001-6857-5095
https://orcid.org/0000-0001-9122-0479
https://orcid.org/0000-0002-2040-7188
http://crossmark.crossref.org/dialog/?doi=10.1039/d3ma00954h&domain=pdf&date_stamp=2023-12-13
https://doi.org/10.1039/d3ma00954h
https://rsc.li/materials-advances
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00954h
https://pubs.rsc.org/en/journals/journal/MA
https://pubs.rsc.org/en/journals/journal/MA?issueid=MA005002

Open Access Article. Published on 13 December 2023. Downloaded on 12/4/2025 7:04:10 PM.

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

(cc)

Paper

body is relatively constant at 35-39 °C regardless of the mam-
mal species and the specific part of the body.

Thermo-responsive polymers are fascinating building units
for fabricating injectable gel systems because such polymers
can switch their hydrophobic/hydrophilic characteristics or
conformations solely through temperature manipulation. This
characteristic is convenient for designing dynamic and rever-
sible cross-linkages via noncovalent interactions. Both natural
and synthetic polymers can be employed as thermo-sensitive
injectable gels. For example, natural polymer-based hydrogels
made from polysaccharides (chitosan, hyaluronic acid, and
cellulose)***° and proteins (for example, gelatin),®' exhibit a
sol-gel transition at specific temperatures. Although these
natural hydrogels inherently possess excellent biocompatibil-
ity, there are still some issues, such as the difficulty in tuning
their chemical structure and thermo-responsiveness. Thermo-
sensitive injectable gel systems have also been developed from
synthetic polymers with a lower critical solution temperature
(LCST), such as poly(N-isopropyl acrylamide) (PNIPAM)**** and
poly(ethylene glycol) (PEG),**** due to their quick response to
dynamic temperature environments. The constituent synthetic
polymers of injectable gels must be biocompatible and non-
toxic for biomedical applications. PNIPAM has widely been
used as the representative LCST-type polymer, since the LCST
is fairly close to body temperature (32 °C) and is biocompatible.
However, PNIPAM often causes undesirable biological responses,
such as blood-clot formation,*®*” especially in blood-contacting
applications. Therefore, exploring new synthetic polymer systems
that can act as thermo-triggered injectable hydrogels with good
biocompatibility is an important challenge in developing innova-
tive 3D-matrices for spatially controlled drug/cell delivery and
tissue engineering.

Herein, we report the synthesis of linear and star-shaped
block copolymers composed of LCST-type amino acid-derived
vinyl polymers, poly(N-acryloyl alanine methyl ester) (PNAAMe),

t
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and biocompatible PEG as novel 3D-matrices with fast thermo-
responsiveness and injectability (Fig. 1). Amino acid-derived
vinyl polymers are promising candidates for a new class of
thermo-sensitive materials.**™*” Their thermo-responsiveness
can be tuned by varying the types of amino acids (20 types)
and terminal structures, and they are easy to synthesize and
biocompatible.*"*>*>**” This enables the precise design of
diverse vinyl polymers with structural and functional diversity.

The thermo-responsive and self-assembling properties of
the linear and star-shaped PNAAMe/PEG block copolymers,
including the mechanical and injectable performances of the
resultant hydrogels, were comprehensively investigated, espe-
cially with respect to the impact of the chain length of the
PNAAMe blocks and the polymer shape. To demonstrate the
potential of these hydrogels as injectable and biocompatible 3D
matrices, their capabilities as artificial ECMs and controlled-
release materials for model drugs were assessed. We believe
that this study provides a useful platform for fabricating
thermo-induced injectable scaffolds with versatile potential
applications in the biomedical, nanotechnological, and cos-
metic fields.

Experimental
Materials

t-Alanine methyl ester hydrochloride was acquired from
Watanabe Chemical Industries, Ltd (Japan). N,N-Dimethlyl-
formamide (DMF), chloroform, dichloromethane (DCM),
triethylamine (TEA), tetrahydrofuran (THF), ethyl acetate,
diethyl ether, hexane, dimethyl sulfoxide (DMSO), acryloyl
chloride, anhydrous magnesium sulfate (MgSO,), sodium sul-
fate (Na,SO,), methanol (MeOH), and ethanol (EtOH) were
obtained from Nacalai Tesque, Inc. (Japan). CuBr(1), sodium
chloride, and bovine serum albumin (BSA) were purchased
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Fig. 1 Schematic illustration of the thermo-responsive injectable hydrogel formed via self-assembly of amino acid-derived vinyl polymer/PEG block
copolymers. Chemical structures of PNAAMe/PEG block copolymers with linear (1,) and star-shapes (2,,) used in this study.
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from FUJIFILM Wako Pure Chemical Co. (Japan). 2-Bromoiso-
butyryl bromide (BiBB), fluorescein 5-isothiocyanate isomer I (FITC),
and tris[2-(dimethylamino)ethyllamine (Me,TREN) were purchased
from Tokyo Chemical Industty Co., Ltd (Japan). Poly(ethylene glycol)
(PEG, MW = 10000) was sourced from Sigma-Aldrich, Co. LLC (USA).
Amine-terminated 4-arm PEG (4-arm PEG-NH,, MW = 10000) was
purchased from the Biopharma PEG Scientific Inc. (USA). Doxorubicin
hydrochloride (Dox) was procured from Combi-Blocks Inc. (USA). All
reagents were used as received.

Synthesis of N-acryloyl-alanine methyl ester (NAAMe)

N-Acryloyl-alanine methyl ester was synthesized by the conden-
sation reaction of r-alanine methyl ester hydrochloride with
acryloyl chloride, as described in our previous study.*’

Synthesis of PEG macroinitiators (linear-type and 4-arm type)

The bromo-terminated PEG (linear type) used as the macro-
initiator was synthesized as follows: PEG 9.30 g (0.93 mmol)
and TEA 1.30 mL (9.3 mmol) were dissolved in DCM (300 mL).
BiBB 1.15 mL (9.3 mmol) in DCM (20 mL) was then added
dropwise to the PEG solution. The reaction mixture was stirred
overnight at ambient temperature. The solution was washed
repeatedly with 1.5 M MgSO, aq. (100 mL x 4). The organic
phase was collected and dried over anhydrous Na,SO,. After the
solution was concentrated in vacuo, the obtained polymer was
purified by reprecipitation using diethyl ether and identified by
FTIR, "'H- and "*C-NMR spectroscopies (Fig. S1, ESIf).

The bromo-terminated 4-arm PEG (4-arm PEG-Br,) was
synthesized in the same manner using a 4-arm PEG-NH,
1.05 g (0.11 mmol) as the starting compound. The chemical
structure was identified using FTIR, "H- and "*C-NMR spectro-
scopies (Fig. S2, ESIT).

PEG-Br,

Yield: 7.05 g (75%). "H-NMR (500 MHz, chloroform-d, TMS):
o/ppm = 1.9-2.0 ppm (-CHj;: methyl of BiBB), 3.3-3.9 ppm
(-CH,CH,0-: main chain of PEG), 4.2-4.3 ppm (-CH,OCO-:
main chain of PEG). *C-NMR (chloroform-d, TMS): é/ppm =
30 ppm (-CHj: methyl of BiBB), 56 ppm (C(CH;),-Br: BiBB), 65
ppm (-CH,CH,-OCO-: main chain of PEG), 68 ppm (-CH,CH,-
OCO-: main chain of PEG), 71 ppm (-CH,CH,O-: main chain
of PEG), 173 ppm (-OCOCH,: BiBB). FT-IR spectrum (KBr):
1740 cm™ " (C=O0: ester), 1466 cm ™' (C-H: main chain of PEG),
1110 cm ™' (C-O: main chain of PEG).

4-arm PEG-Br,

Yield: 0.91 g (86%). "H-NMR (500 MHz, chloroform-d, TMS):
o/ppm = 1.8-2.0 ppm (-CHj;: methyl of BiBB), 3.3-3.9 ppm
(-CH,CH,0O-: main chain of PEG), 7.1-7.2 ppm (-CONHCH,—:
amide). "*C-NMR (chloroform-d, TMS): §/ppm = 32 ppm (-CHs:
methyl of BiBB), 39 ppm (-CH,CH,-NHCO-: methyl of BiBB),
62 ppm (C(CH;),-Br: BiBB), 68 ppm (-CH,CH,-NHCO-: main
chain of PEG), 70 ppm (-CH,CH,0-: main chain of PEG),
172 ppm (-OCO-: BiBB). FT-IR spectrum (KBr): 1665 cm "
(amide 1), 1520 cm ™' (amide II), 1466 cm™ " (C-H, main chain
of PEG), 1110 ecm™" (C-O: main chain of PEG).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Synthesis of amino acid-derived vinyl polymer/PEG block
copolymers (linear and star-type)

A general method for the ATRP synthesis of the PNAAMe/PEG
block copolymers is as follows: The synthesis of a linear
PNAAMe (n = 101)/PEG hybrid is shown below as an example.
PEG-Br, macroinitiator (0.3 g, 30 pumol), NAAMe (0.94 g,
6 mmol), CuBr(r) (25.8 mg, 180 pmol), and MesTREN (72 pL,
270 pmol) were dissolved in methanol (monomer concen-
tration: 3 M) and charged in a glass tube. The glass tube was
deoxygenated by repeating freeze-pump-N, filling-thaw cycle.
The polymerization was carried out at 60 °C for 22 h. The
polymer was isolated via reprecipitation using diethyl ether.
The objective polymer was finally purified via dialysis using a
Spectra/Por™7 Dialysis Membrane with an MWCO:8 kDa in
distilled water and lyophilized. The resulting copolymer was
characterized by "H-NMR spectroscopy (Fig. S3 and S4, ESIt)
(the number average degree of polymerization (DP) of PNAAMe
block was n = 101, which was calculated based on the area ratio
of the signals of CH; and CH in Ala unit to that of CH, in the
PEG block) and size exclusion chromatography (SEC) (eluent:
DMF, PMMA standard; M, = 42900 and D(M,/M,) = 1.14)
(Fig. S5, ESIt). Other block copolymers with different DP ()
were synthesized in the same manner by changing the mono-
mer conversion and feed ratio ([M]/[I]).

Star-shaped PNAAMe/PEG block copolymers were synthe-
sized in the same manner as described above using 4-arm
PEG-Br, as a macroinitiator. The results of the block copolymer
synthesis are summarized in Table 1.

Measurements

'H- and "*C-NMR analyses were conducted using a JNM-ECA500
(JEOL Resonance Co., Ltd, Japan) spectrometer (500 MHz). The
transmission FTIR spectra were measured using the KBr
method with an FTIR-4600 spectrometer (JASCO Ltd, Japan).
The number-average molecular weight (M,) and the polydis-
persity index (B = M,/M,,) of synthesized polymers were eval-
uated by SEC using a JASCO LC-net II/AD (JASCO Ltd, Japan)
equipped with a refractive index (RI) detector. The measure-
ments were conducted in DMF (10 mM LiBr) at 40 °C (flow rate
of 0.6 mL min~*, column: TSK-gel &-4000 (Tosoh Co., Japan)).

Table 1 Summary of PNAAMe/PEG block copolymers synthesized in
this study

Polymer Shape My sec D n¢ Fonaave’ (Wt%)
1101 Linear 42900 1.14 101 76.0
1550 Linear 77400 129 250  88.7
1391 Linear 126000  1.23 321  91.0
258 Star 45700 1.13 28 63.7
266 Star 65500 1.14 66 80.6
2118 Star 83 800 117 118 88.1

¢ The number-average degree of polymerization (n) of PNAAMe per
block calculated from "H-NMR analysis. ® The weight fraction of the
PNAAMe units in the polymer was calculated using the following
equation: Fpyaame = MW of NAAMe x n x block number (i.e. 2 (linear)
or 4 (star))/(MW of NAAMe x n X block number + MW of the PEG
block).

Mater. Adv., 2024, 5, 665-674 | 667
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Low-dispersity poly(methyl methacrylate)s (GL Sciences Inc.,
Mw = 2810, 5000, 10290, 27 600, 60 150, 138 600, and 298 900)
were used as calibration standards. The transmittance of aqu-
eous solutions of the polymers (1 wt%) was monitored at
600 nm using a V-650 spectrophotometer (JASCO Ltd, Japan)
equipped with a water-cooled Peltier cell holder ETCS-761
(JASCO Ltd, Japan). The transmittance of each polymer solu-
tion was measured continuously at a constant heating rate
(1 °C min™") in a quartz cell with a 1 cm path length. The
rheological analyses of the hydrogels were performed using a
Discover HR-1 instrument (TA Instruments Inc., USA) equipped
with a Peltier device for temperature control. Measurements
were performed at various temperatures using parallel plates
(diameter: 40 mm). The gap between the plates was adjusted to
approximately 400 pm to ensure the complete filling of the
geometry. During all measurements, a solvent trap was used to
minimize evaporation. The temperature-dependences of sto-
rage (G') and loss (G”) moduli were measured at 1% strain and

6.3 rad s~ at a constant heating rate of 1 °C min .

Cytocompatibility tests for the block copolymers

Mouse macrophage-like cells, RAW264.7 cells (ECACC cell bank,
UK), were used for cytocompatibility test for the PNAAMe/PEG
block copolymers. The cells were cultured to 80% confluence in
Dulbecco’s modified Eagle’s medium (DMEM) (FUJIFILM Wako
Pure Chemical Co., Japan) supplemented with 10% (v/v) fetal
bovine serum (FBS; Sigma-Aldrich Co. LLC, USA) and 1% peni-
cillin/streptomycin (FUJIFILM Wako Pure Chemical Co., Japan) at
37 °C under 5% CO,.

Cytotoxicity tests by WST-8 assay. The cells were seeded in a
96-well plate (Thermo Fisher Scientific Inc., USA) at a density of
1.6 x 10" cells per mL (200 pL) per well and cultured for 24 h.
The medium was then removed, and fresh medium containing
the block copolymers (0.01-10 mg mL~ ") was added to the wells
and incubated for 24 h. Commercially available PEG (MW
10000) was used for comparison. The medium was subse-
quently discarded, and the cells were washed three times with
fresh medium. Then, 190 pL of fresh medium and 10 pL of
CCK-8 solution (Dojindo Laboratories Co., Ltd, Japan) was
added to each well. The cells were incubated at 37 °C for 1 h
and their absorbance was measured at 450 nm using a micro-
plate reader (Multiskan FC, Thermo Fisher Scientific Inc., USA).
The cell viability (%) was estimated relative to cells cultured in
the absence of polymers (100% viability) (N = 3).

Nitric oxide (NO) assay. The cells in DMEM containing 10%
FBS, 1% penicillin/streptomycin, and the block copolymers
(0.01-10 mg mL ") were seeded on a 96-well plate at a density
of 1.6 x 10> cells per mL (200 uL) per well and incubated for
24 h. The culture medium (100 pL) of the polymers-treated cells
was collected and then treated with NO assay kit (Griess
Reagent System, Promega Co., USA) according to the manufac-
turer’s instructions. The absorbance was measured at 550 nm
using a microplate reader. As a positive control, cells were
treated with lipopolysaccharide (1 ng mL™") (LPS; FUJIFILM
Wako Pure Chemical) for 24 h, and five independent tests were
performed to evaluate NO production. The NO production was

668 | Mater. Adv, 2024, 5, 665-674
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calculated by measuring the absorbance at 550 nm and com-
paring it with a calibration curve prepared using a standard
solution of sodium nitrite.

Cell assay in injectable hydrogel

Mouse fibroblast NIH3T3 cells (ECACC, UK) were used for 3D
cell culture experiments. The block copolymer (star-type 241s)
was sterilized by dry heat at 150 °C for 2 h prior to hydrogel
preparation. The polymer was first dissolved in small amount
of phosphate-buffered saline without calcium and magnesium
ions (PBS (—)) at 4 °C for overnight, and then the media were
added to the polymer solutions. The cells in DMEM containing
10% FBS and 1% penicillin/streptomycin (1.6 x 10° cells per
mL (200 pL)) were added to the polymer solutions in a 96 well-
plate and gently stirred by pipetting at 4 °C. With increasing the
temperature to 37 °C, all polymers formed hydrogels even in
cell-containing media. The resultant NIH3T3 cell-encapsulated
hydrogels (15 wt%) were cultured at 37 °C under 5% CO, for
24 h. For the proliferation experiment, the NIH3T3 cell (1.6 X
10° cells per well)-encapsulated hydrogels were prepared in a 96
well-plate under serum media condition and cultured at 37 °C
under 5% CO, for 1, 3 and 5 d. Then, the cells in the hydrogel
(37 °C) were collected by centrifugation after cooling to 4 °C (sol
state) to calculate the cell numbers. During these experiments,
cell viability and the number of cells were evaluated using the
WST-8 assay. For injectable experiments, a cell-containing
polymer solution (4 °C) was loaded into a syringe (SS-01T,
Terumo Co., Japan) and injected into a media at 37 °C to
rapidly form hydrogel. The imaging of the live cells within
the hydrogel was performed by confocal laser microscope
(Nikon A1 confocal microscope, Nikon Solutions Co., Ltd,
Japan) using a Cell Explorer™ (Cosmo Bio Co., Ltd, Japan).

Controlled release experiment

BSA and Dox were used as drug models for release experiment of
the hydrogels. Fluorescent labelling of BSA was performed as
previously described.”® The drug model-loaded hydrogels (200 L)
were prepared by mixing the block copolymers (10 or 20 wt%) in
PBS (—) with BSA-FITC (250 puM) or Dox (500 uM) at 4 °C and
incubating the solution at 37 °C. The in vitro release experiments
were carried out by immersing the above drug model-loaded
hydrogels in a quartz cell filled with 2.8 mL of PBS (—) at 37 °C.
The release profiles of BSA-FITC and Dox from the hydrogels were
monitored using UV-vis spectroscopy. The concentrations of BSA-
FITC and Dox were evaluated by measuring the absorbance at 499
and 480 nm, respectively. The cumulative drug release (BSA-FITC
or Dox) was calculated from the amounts of drug-model loaded
into the gel and released from the gel.

Results and discussion

Design and synthesis of amino acid-derived vinyl polymer/PEG
hybrid block copolymers

Novel thermo-responsive amino acid-based block copolymers
with linear and star-shaped structures were designed and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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prepared by ATRP method. These copolymers comprised two
distinct blocks: (i) an amino acid-derived vinyl polymer (LCST-
type) acting as a thermo-switch for hydrophobic/hydrophilic
character, and (ii) linear or 4-arm PEG (average MW: approxi-
mately 10 000), which enhances the total water-swollen struc-
ture. Previously, we constructed an amino acid-derived vinyl
monomer library with a wide variety of hydropathy indices
(N-acryloyl-X,,-methyl ester, X,, = Ala, B-Ala, Val, Leu, Phe,
Gly, Ser, and Lys)*” and conducted controlled radical polymeri-
zations such as nitroxide-mediated radical polymerization
(NMP),***® ATRP,**> and reversible addition fragmentation
chain transfer (RAFT) polymerization.*”™’ Importantly, the
transition temperatures (7T;) of the resultant LCST-type vinyl
polymers systematically reflected the hydrophobicity of the
constituent amino acids; that is, T; shifted to a lower tempera-
ture with increasing polymer hydrophobicity. Here, relatively
hydrophobic PNAAMe was employed because its T is approxi-
mately 18 °C*' well below body temperature (~37 °C) (suitable
for dynamic temperature change in biomedical field to trigger
gelation via dehydration).

PEG is a well-known biocompatible polymer that is com-
monly used in cosmetics, pharmaceuticals, and biomedicine
due to its good water solubility and nonfouling properties.**>°
Tetra-PEG (4-arm) has also been reported as a useful building
block for constructing ideal networks with homogeneity and
low entanglement.>® Thus, we anticipate that the 4-arm PEG
block will facilitate network formation through dehydration of
the PNAAMe block above T; and suppress micelle/flower micelle
formation, which is often observed in ABA-type triblock copoly-
mers with hydrophobic-hydrophilic-hydrophobic patterns.>*>*

First, two types of bromo-terminated PEG macroinitiators
(linear and star-type) were prepared by the reaction of commer-
cially available PEG or 4-arm PEG-NH, with 2-bromoisobutyryl
bromide (Fig. S1 and S2, ESIt). The ATRPs of NAAMe using
these PEG initiators were then conducted in methanol, and the
resultant polymers were purified by reprecipitation using
diethyl ether and dialysis against water. The chemical struc-
tures and molecular weights of the polymers were characterized
by 'H-NMR and SEC analyses. The SEC traces are unimodal
with relatively narrow molecular weight distribution (P = 1.13-
1.29) (Fig. S5, ESIf), and shifted to higher molecular weight
after ATRP. '"H-NMR analyses also confirmed their chemical
structures (Fig. S3 and S4, ESIf), indicating successful block
polymerization. To elucidate the effects of the hydrophobic/
hydrophilic block balance and polymer shape on hydrogel
properties, six distinct block polymers with different PNAAMe
lengths (n) (linear (1,) and star-type (2,)) were prepared by
changing the monomer conversion and feed composition ([M]/
[1]) (Table 1).

Hydrogel characteristics and thermo-responsiveness

All the PNAAMe/PEG block copolymers were soluble in water at
low temperatures and exhibited LCST behavior. Fig. 2 illus-
trates the temperature dependence of the transmittance at
600 nm for typical block copolymers with the longest PNAAMe
chains (13,4 (weight fraction of PNAAMe units in the polymer:

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Temperature dependences of transmittance at 600 nm for
PNAAMe/PEG block copolymers with linear-type 1351 (A) and star-shape
2118 (B) in water (1 wt%) during heating (red line) and cooling (blue line)
processes. Insets in (A) and (B) show photographs of the corresponding
polymer solutions at 4 and 37 °C, respectively.

Fpnaame = 91 wt%) and 2445 (Fpnaame = 88 Wt%)) in pure water
under dilute conditions (1 wt%) during the heating and cooling
processes. Both linear and star-type polymers exhibited a phase
separation with T; of approximately 20 °C, which corresponds
to the dehydration of PNAAMe blocks (T, (PNAAMe homopoly-
mer) = 18 °C), even when conjugated to PEG blocks. The LCST
behaviors of 13,5 and 2445 were reversible; namely, the turbid
solution (above Tj) turns transparent upon cooling, although a
slight hysteresis was observed in the heating and cooling curves
owing to the delayed hydration of the polymer chains upon
cooling. Interestingly, the transmittance of linear 13,; aqueous
solution above T; was significantly higher than that of star 24,5
despite having almost the same Fpyaame Values (hydrophobic/
hydrophilic balance), and the transition curve displaying a
gradual slope. This is probably due to the fact that the amphi-
philic ABA-type triblock polymers with hydrophobic-hydrophilic-
hydrophobic patterns tend to form micelles/flower micelles,
which improves the dispersibility in water.>>* We previously
reported that the triblock copolymer PNAAMe-b-poly(N-acryloyl
glycine methyl ester)(PNAGMe)-b-PNAAMe forms a flower-like
micellar structure with a dehydrated PNAAMe hydrophobic core
and a looped PNAGMe hydrophilic shell.**

Mater. Adv,, 2024, 5, 665-674 | 669
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The gelation behaviors of 1, and 2, were subsequently
investigated in concentrated aqueous solutions (>5 wt%) by
the test tube inversion method. All polymer aqueous solutions
were in the sol state at low temperature of 4 °C even at high
concentration (25 wt%), while the polymers formed free-
standing and milky hydrogels by heating to 37 °C, as depicted
in the photographs of Fig. 3A and Fig. S6 (ESIf). A minimum
polymer concentration was determined to be 6-25 wt% depend-
ing on the PNAAMe length and polymer shape, to form a
hydrogel at 37 °C (Fig. 3B). Specifically, the minimum gelation
concentration of 2, (6-13 wt%) was significantly lower than that
of 1, (17-25 wt%), indicating the high gelation ability of the
star-shaped polymers. Increasing the chain length of the
PNAAMe blocks caused a systematic increase in gelation ability.
Importantly, this sol-to-gel transition occurs rapidly and rever-
sibly in response to temperature, including physiological
temperature.

To gain further insight into gelation, rheological measure-
ments were performed for 13,; and 24,5 at the same concen-
tration (25 wt%). The storage (G’') and loss (G”) moduli are
presented as functions of the temperature at 1% strain and
6.3 rad s~ in Fig. 4(A and B). In both cases, in low temperature
region below 20 °C, the G’ value was considerably small and
lower than G” value (G” > G’), demonstrating that polymer
solutions were in a fluid sol state. With elevating temperature,
the G’ value increased drastically at around 22 °C (which is well
consistent with T, of PNAAMe block) and reversed with the G’
value (G’ > G”). This phenomenon demonstrated that the
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Fig. 3 (A) Photographs of thermo-reversible gelation of 13,4 (17 wt%) and
2118 (6 wt%) block copolymers in pure water. (B) Plots of minimum gelation
concentrations for 1,, (open triangle) and 2, (closed circle) as a function of
Fpnaame Values.
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Fig. 4 Temperature dependences of the storage (G’) and loss (G”) moduli
for 1321 (A) and 2415 (B) from 10 to 40 °C at 6.3 rad s~%, strain 1%. [polymer]
=25 wt%. (C and D) Photographs taken when the 13,4 (17 wt%) (C) and 2418
(6 wt%) (D) aqueous solutions (4 °C) were injected into water (37 °C) by
using a syringe, demonstrating the self-supporting hydrogel formation.

dehydrated PNAAMe blocks, both in the linear and star poly-
mers, formed crosslinking points in the hydrogel network
through hydrophobic interactions. However, the hydrogel stiff-
ness at 37 °C prepared from star-type was significantly higher
(G’ = 950 Pa) than that for linear-type (G’ = 600 Pa) at same
polymer concentration. Thus, the star-shape appears to be
convenient for enhancing the crosslinking density. Note that
the G’ values of 1,- and 2,-hydrogels at 37 °C also depended
on the chain length of the PNAAMe blocks when compared at
the same concentration; namely, the stiffness was found to
increase systematically corresponding the increase in the chain
length (Fig. 4 and Fig. S7, ESIY). In this system, the hydrogel
stiffness can be tuned by varying the polymer concentration,
PNAAMe length, and polymer shape (Fig. S8, ESIt). Such
mechanical tunability of hydrogels is important for biomedical
applications such as mimicking various tissues and controlling
retention at target sites in vivo.

Subsequently, the injectability of these systems was explored
based on their thermo-induced rapid gelation ability. Fig. 4(C
and D) display photographs of the injection processes of 13,4
and 24;3. When the polymer solutions (4 °C) were extruded
from a syringe into water at 37 °C (body temperature), hydro-
gelation occurred immediately due to the sharp LCST behavior
of PNAAMe blocks. The resultant self-supporting hydrogels
were stable in water at 37 °C whose injected shape had been
maintained for at least one week. Evidently, these hydrogels can
be re-dissolved promptly in water by re-cooling to 4 °C (below
the T,). Furthermore, the hydrogel possessed excellent shear-
thinning and rapid self-healing capabilities owing to reversible
physical cross-linkages via hydrophobic interactions (Fig. S9,
ESIT). When large shear stress was applied to the 2,,5-hydrogel,
a decrease in the G’ value was detected, and it transitioned to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the sol state. After release of the applied stress (the strain back
to 1%), G’ recovered quickly to almost 100% of the original
state. Thus, these hydrogel systems can successfully exhibit
injection capabilities via biological temperature-responsive and
shear-thinning mechanisms.

In vitro assay of the injectable hydrogels as 3D-cell scaffold and
controlled release materials

Since these injectable hydrogels can encapsulate various (bio)-
molecules by simply mixing them when they are in a sol state
below T (ca. 20 °C), we next investigated the ability of the
hydrogels as an artificial ECM and a controlled release carrier.
To assess the biocompatibility of the polymers, the cytotoxicity
and stimulatory effects of 1, and 2, were evaluated in vitro
using a mouse macrophage-like cell line (RAW264.7). PEG, a
well-known biocompatible synthetic polymer, was used as a
negative control for comparison. Fig. 5A shows the relative cell
viabilities evaluated by WST-8 assay in the presence of 13,; and
2445 at concentrations ranging from 0.01 to 10 mg mL "' for
24 h. The viability was approximately 90% in both cases, which
was the same as that for PEG, even at high polymer concentra-
tions (10 mg mL™"). Similar results were observed for 1,, and 2,
with different PNAAMe chain lengths (Fig. S10(A and B), ESI{),
demonstrating that both 1,, and 2,, were intrinsically non-toxic.

The stimulatory effects of 1,, and 2,, were evaluated using an
NO assay. Macrophages, including RAW264.7, generate NO upon
stimulation by stimulatory reagents such as liposaccharide
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Fig. 5 Biocompatibility tests for the PNAAMe/PEG block copolymers, 13,1
and 2415. (A) Cell viability (RAW264.7) cultured for 24 h in the presence of
1354, 2448, and PEG (0.01-10 mg mL™Y) using the WST-8 assay. Error bars
represent the standard deviation (N = 3). (B) Summary of NO production
from the RAW264.7 cells cultured for 24 h in the presence of the polymers.
The same experiments were also carried out on TC-PSt, both with LPS
(1 ng mL™) as a positive control and without LPS as a negative control.
Error bars represent the standard deviation (N = 5).
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(LPS).>® Therefore, NO production via cells is a useful indicator
for evaluating the stimulatory effects of polymers,*® such as the
activation of inflammatory signaling. Fig. 5B and Fig. S10(C and D)
(ESIT) show the NO production tests for RAW264.7 cells treated
with 1,, 2,, and LPS (1 ng mL™") (positive control) for 24 h.
All polymers did not induce NO production in RAW264.7 cells
even at high concentrations, demonstrating the negligible
stimulatory and inflammatory effects of these polymers regard-
less of the differences in PNAAMe lengths and polymer shape.
These results demonstrated that the PNAAMe/PEG block copo-
lymers designed in this study possessed good biocompatibility
for biological applications.

Hence, we investigated the feasibility of using star-shaped
241g-hydrogel as an injectable 3D ECM. Mouse fibroblast cell
line (NIH3T3) was used for this study and encapsulated in 2,;4-
hydrogel by mixing the polymer aqueous solution (15 wt%, PBS
(—)) at 4 °C and elevating the temperature to 37 °C. Then, the
cell-encapsulated hydrogel was cultured at 37 °C in serum
medium for 24 h. Importantly, the polymers could form hydro-
gel even in PBS (—) and serum medium in response to tem-
perature manipulation. As shown in Fig. 6A, the live cells were
found to be distributed homogeneously throughout the hydro-
gel after 24 h without any precipitation, reflecting the sufficient
stiffness of the gel (G’ = 650-950 Pa). In fact, the importance of
gel stiffness as a cell scaffold had been previously discussed in
supramolecular hydrogel systems constructed from amphi-
philic peptides, where the lack of gel stiffness (G’ < 100 Pa)
leads to cell precipitation,® and a gel with 500 Pa stiffness
shows in vivo retention at the target site without any dissolution
into the surrounding tissue.>® The cell viability in the 244
hydrogel, which was evaluated using the WST-8 assay, was close
to 90% after 24 h (Fig. 6B). Notably, the hydrogel is injectable
and can encapsulate live cells within the gel based on the rapid
sol-to-gel transition simply by injecting the polymer/cell dis-
persion (4 °C) into the medium (37 °C) through a syringe
(Fig. 6C). To further assess the ability of the hydrogels to act
as 3D scaffolds, the proliferation behavior of the cells was
studied in a hydrogel matrix under serum medium conditions
(Fig. 6D). The same experiment was conducted using tissue
culture polystyrene (TC-PSt) for comparison. Although the rate
of cell proliferation in the hydrogel was slower than that on TC-
PSt, NIH3T3 cells grew well in the hydrogel matrix. The hydro-
phobic crosslinking points present in the hydrogel, owing to
the dehydration of the PNAAMe blocks, appear to function well
as scaffolds for cell adhesion to the gel. In addition, cultured
cells can be easily harvested using the gel-to-sol transition
through temperature manipulation, which is an advantage of
this hydrogel system.

Finally, we studied the controlled release of 2,-hydrogels
(20 wt%) in vitro. FITC-labeled BSA and Dox were selected as the
protein drug model and anticancer agent, respectively. Fig. 7A
depicts the cumulative amount of BSA-FITC released from 2,
hydrogels in PBS (—) at 37 °C as a function of time. Sustained
release was observed for all hydrogels. More importantly, the
release profiles differed significantly depending on the chain
length of the PNAAMe blocks even at the same total polymer
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concentration. Increasing the length of PNAAMe caused a
decelerated release of BSA-FITC from the gels. As described
above, an increase in the PNAAMe length increases both the
stiffness and network density, which likely enhances model
protein drug retention. A similar controlled release of 2,4
hydrogel for Dox was also achieved, and its release behavior
could be controlled by varying the polymer concentration
during gel preparation (Fig. 7B). At 20 wt% hydrogel, approxi-
mately 70% of Dox was released from the gel after ~30 h.
A much slower sustained release was previously observed for
supramolecular peptide hydrogel systems, which released only
~30% Dox within 72-120 h, as a result of strong non-covalent
interactions of Dox with peptide scaffolds, including electro-
static, m-m stacking, cation-n, and hydrophobic interactions.>*>°
Thus, the relatively fast release observed in our system indicated a
weak interaction between Dox and the matrix. Therefore, the
release profile of Dox can be tuned more precisely by partially
introducing different amino acid units that can interact with Dox
into the PNAAMe block through simple copolymerization.

Overall, the injectable and thermo-responsive 3D networks
of these hydrogel systems composed of PNAAMe/PEG block
copolymers, as well as their excellent biocompatibility, offer
several exciting applications, such as a matrix for spatially and
temporally controlled delivery/release of cells and therapeutics,
and inks for 3D bioprinting.*®

Conclusions

In conclusion, we have described the preparation of novel
injectable hydrogels composed of thermo-responsive amino
acid-derived vinyl polymers and PEGs with different polymer
shapes, which were successfully synthesized via the ATRP of
NAAMe using linear and star-shaped PEG macroinitiators.
These block polymers are intrinsically nontoxic and exhibit
LCST behavior below body temperature. At high concentra-
tions, hydrogels were formed above T, based on the dehydra-
tion of the PNAAMe blocks, which acted as thermo-reversible
cross-linking points for the self-assembled polymer network.
The chain lengths of the PNAAMe blocks (hydrophobic/hydro-
philic balance) and the molecular shape (linear/star) affected
the gel characteristics, including the gelation ability (that is, the
minimum gel concentration) and rheological properties. More-
over, based on the highly rapid thermo-induced sol (T < Ti)-to-
gel (T > T,) transition and good biocompatibility of these gel
systems, the hydrogels can act as injectable 3D-scaffolds for
tissue engineering and sustained release applications. Notably,
the thermo-responsiveness (for example, LCST/UCST, T, and
microenvironment in the dehydrated state) of amino acid-
derived vinyl polymers, as well as their chemical and physical
properties, can be easily controlled by varying the type of amino
acid units and their terminal structures. We believe that the
smart hydrogel system presented in this study has great
potential as a platform technology for designing various func-
tional scaffolds for tissue engineering and sustained delivery of
therapeutics tailored to specific biological applications.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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