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Transiently malleable multi-healable hydrogel
nanocomposites based on responsive boronic acid
copolymerst

Adérito J. R. Amaral, @ Mina Emamzadeh and George Pasparakis (2

The design of materials that mimic aspects of self-healing, as observed in nature, is of paramount impor-
tance as they could solve a number of problems in the biomedical field, such as the elimination of (bio-)
material failure after prolonged use, improved integration at the interface with living tissues and more
robust biomechanical performance. In this report, we propose the fabrication of soft hydrogels compris-
ing a polymer matrix of poly(vinyl alcohol) mixed with a thermoresponsive boronic acid copolymer that is
subsequently impregnated with poly(vinyl pyrrolidone) coated gold nanoparticles. The gels are crosslinked
by the formation of reversible boronate ester bonds that can be remotely disrupted by a thermal or
optical stimulus, endowing the gels with thermally-induced transient malleability that is optically track-
able. It is demonstrated that the gels exhibit excellent healing properties within minutes even without the
application of external stimuli. The rapid formation of the gels in concert with their fast and mild gel-sol
phase transition under biologically relevant conditions is demonstrated by the encapsulation and release
of cells in vitro. The proposed materials constitute a versatile cytocompatible platform for the construc-
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Introduction

Self-healing is an intrinsic property of living organisms that
allows them to sustain their homeostasis in hostile environ-
ments in the event of injury." Evolution has driven the develop-
ment of intricate healing mechanisms that combine a multi-
tude of (bio-)chemical reactions and signals in an extremely
synchronised manner that endows reliable recovery of key
functions of damaged tissues to their initial functional state.
From a materials point of view, it is possible to mimic certain
aspects of self-healing towards the construction of healable
materials that can repair microcracks automatically and
autonomously.>™

In recent years, interesting chemical strategies have
emerged to embed self-repair properties in bulk materials,
which include the incorporation of healing agents in the form
of nanoparticles/capsules or the introduction of dynamic/
reversible chemical bonds as structural elements of the bulk
material.”® The latter approach is particularly interesting and
challenging in that suitable chemistries must be adopted that
do not compromise the end-functionality of the designed
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tion of remotely healable soft gels for biomedical applications.

material. Notable approaches of this method include the con-
struction of healable polymer networks based on the exploita-
tion of hydrogen bonds,”™" n-m stacking type of inter-
actions,""* host-guest recognition events,"* electrostatic
interactions,"®'® metal coordination,*>* acylhydrazones,>***
reversible (hetero) Diels-Alder reaction motifs>*>® and di-
sulfide bonds.>' Indeed, all these approaches have their
own merits, however, the healing process is not always ex vi
termini perfect as autonomous/automatic healing must be
accompanied by gravitational force or mechanical/manual
rejoining of the damaged material. In this regard, remotely
controlled healing strategies allow for on-demand repairing of
the material at the site of interest, although the need for
mechanical intervention is not completely eliminated.

In principle, stimuli-responsive phase change materials
fulfil this requirement of controlled self-healing by remote
activation once their physicochemical properties are optimally
integrated with the desired functionality.*** Examples of
such systems include the use of “smart” polymers,®>*>° the
impregnation of polymer matrices with magnetic*”** and gold
nanoparticles®* ™' (as photothermal antennae) to create hybrid
hydrogel composites. In particular, gold nanoparticles (AuNPs)
exhibit unique optical and physicochemical properties, which
can be controlled by changing their size, shape, surface chem-
istry or aggregation, and are non-toxic at certain size ranges
and concentrations.**** Although there is substantial body of
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literature on sol-gel type of polymers and other forms of
materials (i.e. low molecular weight gelators),** their use in the
context of (remotely) healable systems has not been fully
exploited despite the apparent advantages that they might
convey: (1) their soft nature can be designed to match the
mechanical properties of soft tissues, which renders them
attractive candidates for (injectable) biomaterials design and/
or cell therapeutic implants; (2) they allow for (transient) mal-
leability during their gel-sol transition implying that their
capacity to flow at confined spaces could, potentially, eliminate
the need for mechanical intervention during the re-joining/
repairing step, and (3) in principle, they can be doped with
suitable fillers either to enrich them with additional function-
alities of higher complexity or to reinforce their mechanical
properties.®*?

In this work, we report a simple approach towards the con-
struction of remotely healable and transiently malleable soft
gels based on the dynamic, albeit covalent, boronate ester
bond formation. Boronic acids are well-known to form boro-
nate esters with cis-diols in a pH dependent manner: boronate
ester formation is favoured at alkaline pH (the pK, of boronic
acid is ~8.8)" that favours the formation of the boronate ester

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 10 2018. Downloaded on 21-02-2026 1:12:35.

a) P1 ’\/\/\
n m X
O0”NH 07 NH 07 NH,
E;,OH Mixing:
OH P1/PVA/AuNPs
PVA N7 N 25 °C
W pH>74
& t<10s
OH OH
= AuNPs LIPS
® 0
b)
¢
Thermal or optical
stimulus
ON
Stimulus
OFF
Gel

* P1in well-solvated state
» Boronate ester formation
* Reversibly healing gel

View Article Online

Polymer Chemistry

in the tetrahedral form and is hydrolysed at acidic conditions.
Boronic acids in the form of polymers and hydrogels have
been widely used in the biomedical field,”° for example, as
pH-responsive hydrogels,”*>* carbohydrate biosensors,> >’
cell encapsulation systems,’® and as targeting motifs for drug
delivery and diagnostics.>®®® Recently, soft healable gels based
on the reversible bonding of boronic acids with diols have also
emerged in the form of multi-responsive polymer blends.®'"**
Inspired by these studies and our previous work on boronate
ester constructs for chemical logic operations®® and cell
surface engineering,°®®” we designed a simple boronic acid-
based nanocomposite that exhibits complex, albeit predict-
able, physicochemical and mechanical behaviour as a multi-
healable model platform for cell encapsulation. Our proposed
system comprises a synthetic thermoresponsive boronic acid
copolymer that is crosslinked with poly(vinyl alcohol) (PVA) to
form cytocompatible hydrogels within seconds under physio-
logical conditions (Fig. 1a). The network can further be
impregnated with colloidally stable AuNPs that render the gels
optically active without compromising their mechanical pro-
perties significantly. The gel ensembles can undergo reversible
gel-sol transition owing to the disruption of the boronate ester
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Fig. 1 Schematic illustration of (a) the formation of the hydrogels by their building components and (b) their (remotely triggered) self-healing

properties.
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crosslinks by thermal (heating above 37 ©C), or optical
(irradiation with green light) stimulus within seconds by
taking advantage of the photothermal effect of AuNPs*"°®
(Fig. 1b). The transient malleability of the material during the
transition process can be conveniently monitored by an optical
signal that is spatiotemporally confined at the stimulated
areas, allowing for visual inspection of the recovered area.
Interestingly, the reconstituted gels can fully recover their
mechanical properties within minutes even without the appli-
cation of external stimuli. Finally, we demonstrate that
these materials can be used as bulk cell encapsulants for cell
delivery applications aimed to soft tissue engineering
applications,®® 7> owing to the mild mixing and recovery con-
ditions for their preparation and reconstruction. Such func-
tionalities in terms of multi-responsiveness and healability,
combined with excellent cytocompatible properties, have not
been extensively exploited in previous boronic acid-based
studies,***»*"”® and hence, we anticipate that our study will
be inspirational towards the development of functionally more
complex, yet synthetically accessible, materials for the bio-
medical field.

Experimental section
Materials

All the reagents and solvents were purchased from Sigma-
Aldrich unless otherwise stated and used as supplied. Acetone
(Fisher), acrylamide (AAm; >98%), 3-(acrylamido)phenyl-
boronic acid (APBA; 98%), alizarin red S (ARS), 2,2"-azobis(2-
methylpropionitrile) (AIBN; 98%), CellTracker™ Green CMFDA
dye (Life Technologies), deuterium oxide (D,O; 99.9% D),
diethyl ether (>99.5%), dimethyl sulfoxide (DMSO; >99.9%),
dimethyl sulfoxide-ds (DMSO-dg; 99.9% D) (Cambridge
Isotope Laboratories), Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco), phosphate buffered saline (PBS),
N-isopropylacrylamide (NIPAAm; 97%), p-(+)-glucose (>99.5%),
ethanol (96%) (Fisher), foetal bovine serum (FBS), gold(m)
chloride trihydrate (>99.9% metal traces basis), penicillin-
streptomycin solution, poly(vinyl alcohol) (PVA; M, 146 000-
186 000 Da), poly(vinylpyrrolidone) (PVP; M,, 10 000 Da), resa-
zurin sodium salt, tetrahydrofuran (THF; >99.9%) (Fisher),
and 0.25% (w/v) trypsin-ethylenediaminetetraacetic acid
(EDTA) solution.

Synthesis of poly(NIPAAm-co-APBA-co-AAm) (P1)

The copolymer was prepared according to a previously
reported procedure.®” Briefly, NIPAAm (0.97 g, 8.6 mmol),
AAm (92 mg, 1.3 mmol) and APBA (19 mg, 0.1 mmol) in a
molar ratio of 86:13:1 (respectively) were dissolved in a 1:1
(v/v) DMSO/ethanol mixture (5 mL) in a 25 mL round-bottom
flask. AIBN (16 mg, 0.1 mmol) was added to the flask, which
was then sealed with a rubber septum before purging with
argon for 10 minutes. The reaction mixture was placed in a
pre-heated oil bath at 75 °C for 15 hours to initiate polymeris-
ation under magnetic stirring. The polymer was recovered by
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exposing the reaction to room temperature, followed by pre-
cipitation in cold diethyl ether and drying under vacuum. P1
was isolated as a white powder (yield 79%, SEC M,, 17 800 Da
and P =~ 2.1). The conversion rates of the NIPAAm and APBA
monomers were monitored by "H NMR by following the poly-
merisation reaction of a model poly(NIPAAmM-APBA) copolymer
with 80 : 20 NIPAAm : APBA initial monomer feed.

Synthesis of gold nanoparticles

PVP-capped AuNPs were synthesised based on a previously
published procedure.” In a typical reaction, a 0.02 M HAuCl,
aqueous solution (1 mL) was added to a freshly prepared
aqueous solution of PVP (10 mL, 0.027 M) and left under vigor-
ous magnetic stirring at 70 °C. The reaction was complete in
15-20 minutes as observed by the characteristic burgundy hue
of the solution due to the formation of the AuNPs. The solu-
tion was cooled down to room temperature and the AuNPs
were obtained by precipitation in acetone followed by washing
in an ethanol solution. Finally, AuNPs stock solutions were
dried and used throughout the experiments in the form of
semi-solid pellets.

Preparation of the hydrogels

Hydrogels were prepared from aqueous PVA (2.5, 5, 7.5 and
10 wt%) and P1 solutions (5, 7.5 and 10 wt%) in PBS (pH 7.4).
The two components were mixed at equal volume ratios and
mechanically stirred to ensure a homogeneous hydrogel for-
mation at room temperature. The gelation time was monitored
by a vial inversion test, which was completed in less than 10
s. AuNP-doped hydrogel composites were formed at different
concentrations by dissolving the corresponding AuNPs pellet
(20-40 w/v%) to the PVA solution, followed by mixing with the
P1 solution.

Mechanical characterisation and self-healing experiments

Rheological tests of the hydrogels were performed using a
solvent trap to minimise sample drying. Oscillatory strain
amplitude sweep measurements were performed at a fre-
quency of 1 Hz to determine the linear viscoelastic region
(LVR). Oscillatory frequency sweep measurements were then
conducted at constant 10% strain amplitude to measure the
storage (G') and loss (G") moduli. The alternate step strain
sweep of the hydrogels was measured at 25 °C and 1 Hz,
switching from small strain (10%) to large strain (200%). The
viscoelastic characteristics were also monitored by time and
temperature sweep experiments at 10% fixed strain and fre-
quency of 1 Hz, and the tan § (G"/G’) was determined.

Studies of the self-healing process and responsiveness of
the hydrogels were also carried out by dynamic rheology.
Hydrogel samples were cut in two pieces and gently put back
in close contact for predetermined time intervals, at 25 °C,
before measuring their recovered mechanical properties. A
similar set of measurements was conducted on gels that were
healed thermally (approximately 39 °C) or optically with green
light, at predetermined time intervals, that allowed for full
gel-sol-gel transition during the healing process. Then, G' and
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G" vs. frequency and time of the reformed hydrogels were
recorded. Self-healing efficiency was calculated as the ratio of
G' of the healed samples over the original values (time sweep
at 25 °C and 1 Hz).

Cell culture

H9c2(2-1) (ATCC® CRL-1446™) cells (rat heart myoblasts) were
maintained at 37 °C, under a 5% CO, humidified atmosphere,
in DMEM supplemented with 10% (v/v) heat-inactivated FBS,
penicillin (100 units per mL) and streptomycin (100 pg mL™").
The cells were passaged every 2-3 days and reseeded prior to
use.

Cytotoxicity assays

Hydrogels were prepared as described above and sterilised by
exposure them to ultraviolet (UV) light. The cytotoxicity of the
constructs was assessed by an extraction test according to ISO
10993-5 standard as described by previously published
studies.®®”>”® The gels were immersed in DMEM at an extrac-
tion ratio of 1 em?® per 1.25 cm? of gel surface area and incu-
bated for 24 hours. Cells were then plated on a 48-well plate at
a density of 4 x 10" cells per mL and incubated with the extrac-
tion fluid for 24 or 48 hours. The cell viability of the polymer
and the hydrogels was assessed by the resazurin assay. Briefly,
the cells were incubated with DMEM containing 2% (v/v) resa-
zurin dye. After 2 hours, the absorbance (4) of the culture
medium was measured at 570 and 600 nm. The cell viability
was calculated as the percentage of untreated control cells,
according to the formula: (45,0 — Aggo) Of treated cells x 100/
(A570 — Ago0) Of control cells.

Cell encapsulation and release

HO9c2 cells were stained with CellTracker™ green dye (accord-
ing to the manufacturer’s protocol), and suspended in the P1
solution (10 wt%). This cell suspension was then mixed with
the PVA solutions (7.5 wt%), with or without AuNPs, until the
gel formation was visually confirmed (under 10 s). Cell-laden
hydrogels (1 x 10° cells per mL) were finally incubated for 1 or
2 days, and the culture medium was replaced every 12 hours.
The cells’ morphology was observed under a phase-contrast
microscope. Thereafter, the cell-loaded gels were dissociated
(with glucose, temperature or light stimuli), and the recovered
cells were resuspended in fresh medium and cultured for 2
days (without any polymer) to evaluate their viability through
the resazurin assay.

Statistical analysis

The data are presented as mean + standard deviation (SD) and
analysed using the SPSS Statistics software (version 22). The
statistical significance of the differences was evaluated by one-
way ANOVA using Bonferroni or Games-Howell post hoc tests.
The level of significance was set at probabilities of *p < 0.05.

528 | Polym. Chem., 2018, 9, 525-537

View Article Online

Polymer Chemistry

Results and discussion

Synthesis and characterisation of poly(NIPAAm-co-APBA-co-
AAm)

The copolymer was synthesised by free radical polymerization
of N-isopropylacrylamide (NIPAAm), 3-(acrylamido)phenyl-
boronic acid (APBA) and acrylamide (AAm) monomers.
The final polymer was characterised by proton nuclear mag-
netic resonance ("H NMR) and size-exclusion chromatography
(SEC); the M, of P1 was found to be ca. 17 800 Da. From the
NMR spectrum, it was possible to determine the ratio of each
monomer on the polymer backbone, which was found to be
NIPAAm : APBA: AAm 87:2:11. The chemical composition of
P1 was also verified by the characteristic aromatic peaks of
APBA around 7.2-7.7 ppm and the isopropyl residue peaks of
NIPAAm at 1.0 and 3.7 ppm in the NMR spectrum (Fig. Sia,
ESIT). The lower critical solution temperature (LCST) onset of
P1 was determined by turbidity studies using UV/Vis spec-
troscopy. The phase transition temperature onset was found to
be 39 °C and 42 °C in phosphate-buffered saline (PBS) and
Dulbecco’s modified Eagle’s medium (DMEM), respectively
(Fig. S2at). The rationale of the P1 design lies on preliminary
experiments where it was found that the incorporation of
APBA, shifted the LCST onset to lower values due to its relative
hydrophobic character; hence, the copolymerisation with the
hydrophilic AAm monomer, compensated for the LCST
reduction and resulted in a shifting of the LCST onset within a
therapeutically/clinically relevant temperature window’”"”® (i.e.
slightly above the physiological temperature) to potentially
facilitate in/ex vivo biomaterial intervention. In addition, the
sharp shifting of the LCST onset by the incorporation of the
two co-monomers, implies the relatively random distribution
of the co-monomers within the polymer backbone, reflecting
homogenous conversion rates for all monomers;”*® this was
demonstrated by monitoring the diminution of the "H NMR
signal of the vinyl protons of APBA (5.7, 6.3 and 6.45 ppm) and
NIPAAm (5.5, 6.08 and 6.2 ppm) during the polymerisation of
a model poly(NIPAAm-co-APBA) copolymer, where it was con-
firmed that NIPAAm was only slightly more reactive than the
APBA residues (10% more reactive in the first hour of the reac-
tion, Fig. S1bt). Finally, the cis-diol capturing capacity of the
APBA residues (even at pH 7.4, which is below the optimum
pK, for boronate ester formation) was conveniently shown in
turbidity experiments conducted in aqueous solutions
(Fig. S2bt). The glucose-boronate esters formed increase the
overall solubility of the polymer, which shifts the LCST onset
to higher temperature,®""** as observed in DMEM.

Preparation and physical characterisation of the gold
nanoparticles

Poly(vinyl pyrrolidone) (PVP) stabilised AuNPs were prepared
via a one-step process, and characterised by UV/Vis spec-
troscopy, dynamic light scattering (DLS) and zeta potential.
The UV/Vis spectrum of the PVP coated AuNPs showed a
characteristic surface plasmon resonance (SPR) band at ca.
520 nm (Fig. S3at). The TEM images revealed relatively homo-
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genous and spherical particles with an average diameter of 4.5
+ 1.3 nm (Fig. S3ct). As expected, the DLS studies showed a
significantly higher z-average diameter of 15.14 + 0.35 nm
(with PDI of 0.52 + 0.02), which is expected due to the hydro-
dynamic shell of the PVP layer in solution. The AuNPs exhibi-
ted an almost negligibly negative zeta potential (—3.18 =
0.23 mV), due to the oxidized sites of the PVP that occur
during the reduction of the gold salts.”*** PVP was chosen as
a steric stabiliser of the AuNPs as it is biocompatible and
provides excellent colloidal stability within a wide range of
pH values and ionic strength.*> Moreover, it allows for excel-
lent mixing of the AuNPs with the other components of the
gels without noticeable aggregation during the hydrogel
preparation.

Formation of the hydrogels

The hydrogels were prepared simply by mixing aqueous solu-
tions of P1 and PVA (PBS, pH 7.4) at 25 °C; the gel was formed
almost instantly, within 10 s after the mixing of the two pre-
cursor polymeric solutions, owing to the spontaneous formation
of covalent but reversible boronate ester bonds between the
boronic acid moieties of P1 and the diol residues of PVA.””%* It
should be noted that although the optimum pH for the for-
mation of boronate ester complexes is close to 9 (pK, ~ 8.8) at
physiological conditions, there is still sufficient amount of
ionisable boronic acid groups (ca. 6% of the total boronate
moieties) that bind to cis-diols present on the PVA component
at pH 7.4.%"% This is also demonstrated by the fast gelation
times as well as the rapid healing mechanism, which is further
augmented by the abundance of cis-diols residues provided by
PVA. Preliminary experiments were conducted by mixing
different concentrations of P1 and PVA to determine the
minimum polymer feed required to form self-standing gels
(Table S17). Optically active hydrogels were prepared by adding
PVP-coated AuNPs in the PVA solution before mixing with the
P1 precursor solution. These gels had a characteristic red/bur-
gundy colour, indicative of the homogeneous distribution of
the AuNPs within the polymeric network. Hydrogels of
different optical densities could be formed by adjusting the
AuNPs feed in the mixing step.

The hydrogels - 5% P1-3.7% PVA (P1-PVA) and 5%
P1-3.7% PVA-10% AuNPs (P1-PVA-AuNP) - were characterised
by UV/Vis spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy, thermogravimetric analysis (TGA) and scanning
electron microscopy (SEM). The UV/Vis spectrum of the AuNPs
doped hydrogels showed a characteristic SPR band at ca.
520 nm with slight broadening (Fig. S47), possibly due to
partial aggregation of the AuNPs during the hydrogel prepa-
ration.’® As expected, the non-doped hydrogels showed no
apparent absorbance over the wavelength range from 400 to
700 nm.

Fig. 2a shows the FT-IR spectra of the freeze-dried samples
of the building components of the gels, namely, P1, PVA, PVP,
P1-PVA and P1-PVA-AuNP. Characteristic peaks that appear in
P1 and PVA also appear in both gels: a strong amide I band at
1630 cm™" and amide II at 1530 ecm™' of the P1 poly(acryl-

This journal is © The Royal Society of Chemistry 2018
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L corres-

amide) backbone; a broad band around 3300 cm™
ponding to the free -OH groups of PVA and free water residues.
Typical peaks of the isopropyl group of PNIPAAm at 1360 and
1320 cm™" appear in both P1-PVA and P1-PVA-AuNP gels; in
addition, the bands at 1430 and 1010 cm™* can be associated
with the stretching vibration of the phenyl ring, while the peak
at ca. 1290 cm™" can be assigned to the B-O stretching.?”*®
The distinctive absorption peaks (broad) at 3100-3500 c¢cm™
and 2800-2950 cm™' correspond to -NH, and -CH;/-CH
groups of P1, respectively. The characteristic C-N stretching of
PVP at 1260 cm™' is also present in the P1-PVA-AuNP
spectrum.

The TGA traces (Fig. 2b) display that P1 exhibits a two-
phase mass loss, one from 30-200 °C due to moisture and
other volatiles, and a main thermal degradation profile with
onset around 270 °C, which is completed at 440 °C (typical of
PNIPAAm). PVA exhibits minor mass loss from 100 to 260 °C,
followed by a sharp mass loss up to 340 °C, and a third phase
of lower mass loss rate that is completed at 500 °C. As
expected, the P1-PVA gel exhibits a degradation profile that
follows the average degradation profiles of P1 and PVA, which
is indicative of good polymer blending during the hydrogel
preparation process. The P1-PVA-AuNP gel exhibits a signifi-
cant thermal degradation resistance owing to the thermally

1
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stable PVP-coated AuNPs that show thermal degradation onset
at 370 °C. Fig. S5t depicts a typical SEM image of a freeze-
dried hydrogel, where it can be seen that a characteristic
fibrous-type, micron-sized porous network has been formed.

The hydrogels showed interesting thermal responsiveness
owing to the PNIPAAm content of P1. To fully understand the
thermally induced gel-sol transition we conducted preliminary
"H NMR studies of dilute mixtures of P1 with PVA at different
temperatures (Fig. S6at). When the temperature was raised to
40 °C, the intensity signal of the CH(CH;), (at 3.6 ppm) and
—-CH(CHj;), (at 1.1 ppm) peaks of PNIPAAm was significantly
reduced as a result of the coil-to-globule transition of P1 above
the LCST. More importantly, the peaks related to the aromatic
group of APBA at ca. 7.2-8.0 ppm and the backbone (at
2.0 ppm) were also attenuated, while the signal intensity of
characteristic PVA peaks at 3.8 and 1.5-1.8 ppm remained
unaffected. It is therefore reasonably concluded that the boro-
nate ester formation should be more favourable at tempera-
tures below the polymer’s LCST where the APBA residues are
more solvated, while a disruption of the boronate ester bond
should be favoured when P1 exists in a globule/collapsed state.
A more detailed insight of the actual thermally induced
binding and release of the PVA diols from P1 was studied by
employing a fluorescence assay based on the diol-containing
dye alizarin red S (ARS).*°' ARS is inherently non-fluorescent
but fluoresces when bound to boronic acid residues.’® Mixing
of P1 with ARS in alkaline glycine buffer at room temperature
resulted in the formation of a characteristic orange solution
indicative of the formation of the fluorescent P1-ARS complex
(Fig. S6bt). The complex formation could be disrupted simply
by raising the temperature at 45 °C (above the LCST), resulting
in a characteristic change of colour of the solution to pink
(with a slightly turbid hue due to the collapsing of P1), which
is the non-boronate bound colour of the initial non-fluorescent
ARS, suggesting the release of the ARS molecules from P1. It
was possible to monitor the process of the disruption of the
P1-PVA complexes by measuring the variation of the fluo-
rescence intensity of the boronate-ARS complex as a function
of temperature (Fig. S6bt) and time (Fig. S6c¢f); a gradual
decrease of the fluorescence intensity was observed by increas-
ing the temperature (and vice versa), which became sharper
above ca. 38-40 °C. In addition, by keeping the temperature
constant at 45 °C, it was found that the ARS was released from
P1 in less than 4 minutes, as evidenced by the sharp decrease
of the fluorescence intensity, which is in good agreement with
the required timeframe to induce macroscopic gel-sol tran-
sition of the synthesised gels (see below). Previous works
demonstrated that ARS molecules were chemically released
from similar thermosensitive PBA-containing copolymers®**°
and hence, this set of experiments enabled us to understand
the proposed mechanism of the temperature controlled diol
release from P1 and to harness it in order to construct P1-PVA
gels.

By doping the gels with AuNPs, it allowed us to trigger this
thermally activated gel-sol type of transition via an optical
switch by irradiating the gels at the SPR band (i.e. with mono-
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chromatic green light at 521 nm). We examined the relation-
ship between the concentration of AuNPs in the matrix and
the time required to induce complete gel-sol transition
(Fig. 3a and b). As expected, the phase transition time of the
nanocomposites reduced proportionally with the increase con-
centration of AuNPs incorporated in the matrix due to the
enhanced light-to-heat conversion rates induced by the
AuNPs.”® More importantly, it was possible to induce full gel
collapsing at around 39 °C within 40 s (AuNP;,), which could
be further enhanced to ca. 25 s for the AuNP,,. As expected, no
phase transition was observed in control P1-PVA gels after
light irradiation (Fig. S71). The thermally or optically disrupted
gels can be seen to flow under gravitational force in Fig. 3c
(above the LCST by direct heating or by light irradiation).
Upon removal of the thermal or the optical stimuli, the gels
recover very rapidly, within seconds, to their initial state. This
rapid transition even in bulk allowed us to form gel samples
that could be cut, and then re-joined by bringing them in
direct contact. Although the diol-boronate ester type of cross-

L [ P4-PVA-AUNP,,
50 [ P4-PVA-AUNP,,
. Bl P4-PVA-AUNP,,

401
30

Time (s)

20
104

Hydrogel composites

o
-

Temperature (°C)

20+ T T T T T
0 1 2 3 4 5

Time (min)

| e
S

Fig. 3 (a and b) Kinetics of P1-PVA-AuNP gels’ phase transition with
different concentrations of AuNPs (10—-20%) after light irradiation at
521 nm. The data are expressed as mean + SD from three experiments
(*p < 0.05). (c) Vial inversion tests of P1-PVA and P1-PVA—-AuNP hydro-
gels demonstrate temperature (I, 1ll) and light (ll, 1V) dependent visco-
elastic mechanical properties.
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linking constitutes a facile covalent, albeit dynamic, type of
bonding and allows the re-constitution of cut/damaged
samples, the application of the thermal stimulus either
directly (i.e. for P1-PVA) or by light irradiation (i.e. for P1-PVA-
AuNP gels), allows for a faster recovery/healing process as well
as for nearly complete restoration of key mechanical properties
in very short time-frames. Moreover, the transient gel-sol tran-
sition phase during the application of the thermal or the
optical stimulus renders the gels malleable, allowing for tailor-
made re-shaping in a highly controllable manner.

Mechanical properties of the polymer gels

Further, we studied the dynamic rheological properties of the
hydrogels at representative P1, PVA and AuNPs concentrations.
Initially, oscillatory strain sweeps were carried out at 25 °C to
determine the linear viscoelastic region (LVR) of the hydrogels.
The storage (G') and loss (G") moduli were found to intersect
at a critical strain value of 110% and 80% for P1-PVA and P1-
PVA-AuNP, respectively, which is required to disrupt the poly-
meric network of the gel and induce a transition to a fluidic
state beyond this point (Fig. S8t). These results suggest that
the free-standing hydrogels could withstand relatively large
deformations, which was also evidenced by their ability to
stretch into long thread-like dimensions, similar to a “spinn-
barkeit behaviour”®* (Fig. S97).

Then, frequency sweep measurements were performed
within the LVR to evaluate the mechanical strength of P1-PVA
and P1-PVA-AuNP gels, as seen in Fig. 4a. At high frequency
regimes, the G’ was higher than the G” for both gels, indicating
a gel-like character, and the elastic component dominates. The
crossover frequency point between G” and G’ for P1-PVA and
P1-PVA-AuNP was ca. 0.48 Hz and 0.65 Hz, respectively, below
which the gels show a liquid-like behaviour as the viscous
component dominates, allowing time for the network to
restructure itself under stress.*** As expected, these values
suggest that the impregnation of the gels with AuNPs some-
what compromises their mechanical properties, which can be
attributed to the fact that doping results in a lower cross-
linking density per gel weight.

Next, we studied the shear-thinning properties of these
gels. The viscosity of both P1-PVA and P1-PVA-AuNP at 25 °C
decreased almost linearly with the shear rate increasing as the
dynamic boronate ester crosslinks in the network start to
disrupt (Fig. 4b). As previously mentioned, these hydrogels
demonstrated a frequency-dependent viscoelastic behaviour,
which is characteristic of dynamic gel networks with reversible
covalent bonds.”®**%> To clarify the influence of different
polymer concentrations on the rheological properties of the
hydrogels, we compared the G’ and G” of the gels with
different P1/PVA/AuNPs stoichiometry. It was found that when
the concentration of both P1 and PVA decreased from 5 wt% to
2.5 wt%, the G' decreased dramatically from 800 to 90 Pa,
apparently due to the lower crosslinking density that results in
faster relaxation of the polymer network after oscillatory per-
turbation (Fig. S10at). The same trend was observed when we
kept the concentration of P1 constant (at 2.5%, 3.7% or 5%),
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but reduced the PVA feed from 5% to 3.7% and 2.5%: a linear
decrease of the G’ and the G” was observed in all cases, indica-
tive of the impact of crosslinking density on the mechanical
properties of the gels (without changing their reversible
nature). A linear decay of the G’ and the G” was also observed
by increasing the AuNPs feed from 10% to 20% (Fig. S10b¥).
Therefore, we shortlisted the P1-PVA-AuNP;, as the optimum
sample for further testing owing to its excellent optical pro-
perties — that is a rapid photo-triggered gel-sol transition
within ca. 40 seconds - and good mechanical stability.

The gels were found to exhibit temperature-dependent
viscoelastic properties due to the thermoresponsive PNIPAAm
element of P1. Temperature sweep tests were then performed
on P1-PVA to study this effect (Fig. 5a). An increase of tempera-
ture from 25 °C to 40 °C resulted in a gradual decrease of the
G' and crossover with G" at approximately 39 °C (tan § = 1), the
critical gelation temperature, indicating a gel-sol transition.”?
In a complete heating-cooling cycle (25-40-25 °C), Fig. S10c,
G' and G" restored their original values, confirming the
thermo-reversibility of the mechanical properties of the hydro-
gel, which is dependent on the thermal sensitivity of the equi-
librium constant, and relates to the initial degree of cross-
linking and bond enthalpy.®*°®* When the hydrogel is formed,
boronate ester crosslinks decrease the mobility of the polymer
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chains and hence the entropy. Below the critical temperature,
the system is in the gel state because the binding enthalpy of
the complex compensates for the loss of entropy. Further
temperature increase, above this point, translates in the
increase of the Gibbs free energy (AG = AH — TAS) due to
larger positive value of TAS. The binding enthalpy cannot
compensate this increment that results in the disruption of
the gel.’”°® This is facilitated by the “hide-and-reveal” type of
interaction that is driven by the well-known reversible coil-to-
globule transition of NIPAAm in aqueous
solutions.®>%%%°

To clarify the diol-boronate binding specificity, a PNIPAAmM
homopolymer was synthesised and mixed with PVA; as
expected, no gel formation was observed. Another control
experiment involved the immersion of a P1-PVA gel in a 2.5%
(w/v) concentrated glucose solution where rapid degradation
was observed (Fig. S117f). It is concluded that the gels do
exhibit tolerance to low glucose content primarily due to the
higher binding constant of P1 towards PVA compared to free
glucose residues and to lesser extent to the slow diffusion of
dilute glucose gradients within the gel’s polymer matrix. These
results highlight the glucose-sensitive nature of the hydrogels
and the diol-boronate specific type of crosslinking.

copolymers
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Finally, we calculated the approximate mesh size (&) values
of the hydrogels by using the experimental values of the G' to
calculate the approximate molecular weight between crosslinks
(see ESIT).'°%'°" The ¢ values for P15;-PVA, 5 and P1;-PVA;,
hydrogels were found to be 5.07 + 0.13 nm and 4.46 + 0.09 nm,
respectively. The mesh size gives a rough estimate of the
global microstructure of the gel (although network defects,
such as banging chain ends and slipping chain entanglements
can be present), and can provide a relatively generic guide on
correlating the mechanical properties with the crosslink
density of the polymer network.'°>'®® Indeed, our reported
£ values are consistent with the measurements of reported
gels of similar structure, texture, and mechanical pro-
perties,'?1%21%% and further support the concept that the
molecular microstructure directly impacts the macroscopic
properties of the gels as evidenced experimentally.

Self-healing properties

To investigate the self-healing ability of the hydrogels, step
strain measurements were conducted to determine the auto-
nomous recovery of their mechanical properties following
network rupture at high strains (see Fig. 5b). When the P1-PVA
gel was subjected to low strain values (10%), the G’ became
larger than the G”. However, when a high magnitude strain
was applied (200%), the G’ value decreased from ~550 Pa to
220 Pa accompanied by a characteristic inversion of the G’ and
the G", due to the disruption of the gel network. When the
strain returned to 10%, both the G’ and G” of the gel recovered
their initial values within seconds as a result of the rapid
reconstitution of the dynamic crosslinks. The process could be
repeated several times without any noticeable loss of the
mechanical properties.

Frequency sweep experiments of the healed gels with (temp-
erature or light, Fig. 6a) or without stimulus (by mechanical
rejoining at 25 °C, Fig. 6b) showed a comparable profile to the
original materials. The healed samples exhibited negligible
hysteresis of both the G’ and the G” throughout the frequency
range tested, and similar crossover frequencies of the G’ and
G" values. The largest hysteresis was observed in the AuNPs-
doped samples that were healed at 25 °C without stimulus;
however, their profile was significantly improved upon appli-
cation of the optical stimulus during healing. We hypothesise
that the PVP coating of the AuNPs may be inhibiting the kine-
tics of the healing process at room temperature although the
recovery of the sample is almost fully restored by application
of the optical stimulus, presumably due to the enhancement
of the mobility of the polymer chains, which in turn improve
the healing process kinetics. Overall, these results corroborate
our hypothesis of the complete recovery of the mechanical pro-
perties of the gels owing to the covalent, albeit reversible
nature of the boronate ester groups at the re-joining interface
even in the absence of any stimulus.

The self-healing efficiency of P1-PVA and P1-PVA-AuNP was
quantitatively evaluated by comparing the recovered G’ value of
the samples after 1, 5 and 15 minutes with or without the
application of a thermal (ca. 39 °C) or optical stimulus (by
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reforming the sample gel from initially cut and rejoined bulk
pieces). The application of the thermal stimulus on the P1-
PVA gel results in a more rapid recovery rate of the mechanical
properties one minute after thermal treatment (79%) com-
pared to the non-thermally treated sample (61%), presumably
due to the augmented polymer chain mobility driven by the
gel-sol network transition within this timeframe. Interestingly,
both thermally and non-thermally treated samples (P1-PVA)
recovered to almost 95% of their initial strength in 15 minutes
(Fig. 6¢). The same trend was observed for the optically treated
sample, P1-PVA-AuNP: the sample recovered ca. 75% of its
initial G’ value, compared to 60% of the non-optically treated
sample, one minute after application of the optical stimulus.
Again, the optically treated sample recovered more than 90%
of its initial G’ within 15 minutes post-healing, although the
non-optically healed sample recovered ca. 85%. It should be
noted that regardless of the application of any stimulus, all the
hydrogels exhibit remarkably rapid healing capabilities com-
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pared to other structurally and mechanically similar gels that
require hours or even days for full recovery.>*%>1%>
Photographs of the thermal- and optical-initiated healing
process, in Fig. 7, display the self-healing properties of the gels
with or without the application of stimuli. The thermally
rejoined gel (P1-PVA, Fig. 7a) exhibited a characteristic white
hue in its sol state, due the coil-to-globule transition of P1,
which in turn renders the gel malleable. This results in the
spontaneous formation of a meniscus at the interface of the
two cut samples that can be combined with minimum
mechanical intervention to reform the healed sample (Movies
S1 and S27). The same behaviour was observed in the optically
rejoined sample (P1-PVA-AuNP, Fig. 7b and Movie S3t) that
exhibited a distinct purple hue due to the transient aggrega-
tion of the AuNPs due to the network collapsing. Again, the
healed sample was spontaneously formed with no or
minimum mechanical intervention. The samples that were
repaired without the application of any stimulus (Fig. 7c and d
and Fig. S12F) could also be fully healed, although the aes-
thetic result was less satisfactory as the cut interface was still
vaguely visible just after mechanical rejoining (Movie S4t), pre-
sumably due to the reduced malleability of these samples. It is
interesting to note that the transient colour change could be
used as an optical signal to indicate when the gels are “malle-
able-ready” to perform reforming/healing procedures only
when/where the stimuli are applied. In addition, the remote
reforming of the gels at confined areas without mechanical/
manual rejoining due to the transient gel-sol transition,
allows for these materials to find applications as healable bio-

Thermally rejoined

Optically rejoined

Fig. 7 Thermally and optically triggered healing process of (a) P1-PVA
and (b) P1-PVA-AuNP, respectively. Digital photographs of initial hydro-
gel samples of (c) P1-PVA and (d) P1-PVA—-AuNP after cut through the
centre and rejoined for self-healing into one integral piece at 25 °C
without any external stimulus. The healed gel could maintain its integrity
and withstand shaking.
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medical sealants, cavity fillers or soft scaffolds for tissue
engineering.'*>*%”

Cytocompatibility, cell encapsulation and release from the gels

Once the physicochemical and mechanical properties of the
hydrogels had been characterised, we examined their bio-
compatibility and the possibility to use them as cell carriers.
Cytotoxicity studies were performed to probe the effect of P1,
P1-PVA and P1-PVA-AuNP on the viability of H9c2 cells using
the resazurin assay. The copolymer P1 was found to exhibit
excellent cytocompatibility for concentrations ranging from 25
to 1000 pg mL™" (Fig. S131). In addition, cells were cultured in
the gel extracts for 48 hours and no cytotoxicity was found for
all the gel batches tested with a cell viability above 80%
(Fig. 8a).

Next, we sought to study the gels as cell encapsulants,
as several studies have shown that soft hydrogels can
support the retention of viable cells within polymeric
matrices for cell delivery/therapy and tissue engineering
applications.®®%%7%10%108-110  gptical  microscopy images
showed that H9c2 cells could spread evenly within the gel
matrix, retained their morphology and apparently increased
their density when cultured for 48 hours (Fig. 8b and c); also,
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Fig. 8 (a) Cell viability studies of P1-PVA;s5_37; and P1-PVAz;—
AuNP1o_20. The cells were incubated in the extraction media containing
the gels and the cell viability was measured using a resazurin assay at 24
and 48 h. The data are shown as a percentage of cell viability with
respect to the control corresponding to untreated cells (mean + SD
obtained from triplicates). Microscopy images of H9c2 cells encapsu-
lated in the P1-PVA hydrogel at (b) 24 h and (c) 48 h, and stained with
CellTracker™ Green dye after (d) 24 h and (e) 48 h (z-axis projection;
scale bars = 400 pm).
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Fig. 9 (a) In vitro cytotoxicity of H9c2 cells after being encapsulated
and released (48 hours). Data presented as percentage of cell viability
with respect to the control corresponding to non-encapsulated cells
(mean + SD obtained from triplicates). The cells after (b) P1-PVA and (c)
P1-PVA—-AuNP gel dissociation could proliferate for 2 days in culture at
37 °C (scale bars = 1000 pm).

the cells predominantly remained alive throughout the culture
period as evidenced by the intense green fluorescent signal
(Fig. 8d and e).

Subsequently, P1-PVA hydrogel was conveniently degraded
by the addition of glucose solution (0.14 M) to disrupt the
boronate ester crosslinks, or simply by slightly increasing the
temperature (~ 39 °C) to induce polymer network collapsing.
Similarly, the P1-PVA-AuNP gel could be dissociated by short-
time irradiation with green light, and demonstrated very good
cytocompatibility (Fig. 9a). The released cells could be har-
vested and cultured on a new tissue culture well plate, where
they could proliferate with time comparably to non-encapsu-
lated cells (control group), without any deleterious effect on
their morphology (Fig. 9b and c). It has been reported that
hydrogels containing dynamic reversible crosslinks may
promote the exchange of nutrients and metabolites between
the cells and the external environment, and allow the cells to
engage in complex cellular functions, which can represent an
advantage in 3D cell culture compared with permanently cross-
linked networks.”>''"'*> Therefore we believe that our pro-
posed materials could constitute a robust remotely healable
platform to encapsulate and release cells with applications in
cell delivery technologies.

Conclusions

In summary, we have successfully designed multi-responsive
self-healing hydrogels based on the dynamic covalent boronate
ester complex formed between a thermoresponsive boronic
acid-based copolymer and PVA. These constructs can further
be doped with colloidally stable PVP-coated AuNPs to form
optically active gel nanocomposites. The proposed materials
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comprise a photothermally induced gel-sol type of transition
that can be remotely activated, providing transient malleability
that can be spatiotemporally controlled by visual inspection of
the stimulated areas. In addition, the mechanical and optical
properties of the gels could be broadly tuned simply by adjust-
ing the relative ratios of their building components. The
photothermally controlled dynamic/reversible character of the
boronate ester crosslinks as well as their intrinsic healing
nature endows the gels with shear-thinning and rapid healing
properties under biologically relevant conditions. Indeed, the
proposed gels were capable to encapsulate cells, retain their
viability for days and release them without apparent adverse
effects on their viability. The versatile tunability of the
mechanical properties as well as their rapid healing capabili-
ties potentiate these materials to find applications as remotely
healable cell capture and release systems, or as cytocompatible
soft fillers of biological cavities in tissue engineering and cell
therapeutics. Therefore, we anticipate that our proposed
materials will further “fuel” the field towards the development
of even “smarter” self-repairing materials for biomedical appli-
cations and conceptualise their use in the clinical setting.
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