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Abstract

The  copolymer  poly(acrylamides-2-acrylamido  glucose) (PA) and
poly(acrylamideeo-N-acryloyl-3-aminophenylboronic
acid-co-N-(3-dimethylaminopropyl) acrylamide) (PB) were sepealy prepared by
radical polymerization, and the hydrogel was rgadinstructed by simple mixing
the two kinds of copolymers. The amine-containing onomer,
N-(3-dimethylaminopropyl) acrylamide was incorpochteto the polymer chain to
enhance the stability of the complex between barawid and glucose units under
physiological condition. The mechanical propertadsthe hydrogel can be readily
engineered by adjusting the pH, solid content, pofdenylboronic acid]/[glucose]
ratios. Moreover, the hydrogel possesses excelleininsic self-healing ability.
Benefitting from the reversible property of the bucoester, the hydrogel can be
dissociated by adding competitive sugar moleculMdsch makes it easy to remove
from medical gauze or skin. Additionally, cell ciagicity studies revealed that the
hydrogel has good biocompatibility. With its superiproperties, this dynamic
phenylboronic ester-based hydrogel has great pateiot be a component of new

generation of wound dressings.

Keywords: hydrogel, water soluble polymer; selflmen rheological behaviour,

biocompatibility



1. Introduction

Recently, hydrogels have been considered as idatdrials for wound dressing
owing to their biocompatibility and high water cent.[1-4] The high water content
provides a moist environment, which has been shtiwbe beneficial for wound
healing.[5] Howevertraditional hydrogel dressings adhere to or entangth the
wound to some degree, which can cause secondanyemjto newly formed tissues
and thus additional pain to the patient duringrdraoval of the dressing material.[6]
It is therefore necessary to develop easily remievdtessing materials, which can be
degraded in a rapid and controllable manner to gmewsecondary injuries to
patients.[7] Use of dynamic covalent bonds (DCB#)ich can selectively undergo
reversible breakage and reformation without irrsN@e side reactions,[8, 9]
represents a new strategy for the design and memarof wound dressing3he
dynamic nature of DCBs endows the resulting hydsogeith self-healing,
controllable degradation, and stimuli-response erigs.

As a representative DCB, the boronic ester bond¢twls formed through the
condensation of boronic acid and 1,2- or 1,3-diblss been successfully used to
prepare hydrogels with self-healing and stimulpsse properties.[10-16] However,
the equilibrium between the breakage and reformatibthe boronic ester bond is

controlled by the pH of the environment.[17-19] ibglly, a dynamic bond forms



only at a pH near or above the p&f the boronic acid derivatives, which is typigall
8-10.[20] In aqueous media, phenylboronic acid (PBAsts in equilibrium between
a hydrophilic triangular form and hydrophilic tdtedral form, depending on the
pH.[20,21] This pH-dependent dynamic bond formasgemerely inhibits the practical
application of these materials.

Significant effort has been devoted to reducingdpparent pKof PBA-based
materials in order to facilitate the formation oyndmic boronic esters under
physiological conditions.[22,23] A typical methods ito synthesize boronic
acid derivatives with a lower pKby modifying the structure of PBA with
electron-withdrawing groups.[10,24,2Hpwever, the modification of the molecular
structure or synthesis of these special PBA davigatoften involves complicated
synthetic chemistry, thus limiting its applicahjiliRecent reports have shown that the
pH dependence and viscoelasticity of boronic dsésed hydrogels can be
engineered by designing the chemical structure b polymer chain.[11,26]
Accordingly, a suitable amino group was introdudett the polymer backbone to
decrease the apparent p&f the PBA moiety.[27,28] The amino groups present
PBA-containing polymers enhanced the stability leé boronic ester owing to the
coordination interaction between PBA and the angiadrips.[27,29-31] Okanet al.
used this approach to prepare microgels to coritrel release of insulin under
physiological conditions.[31However, to the best of our knowledge, there hanbe
no report on boronic ester-based self-healing bhildrogels with excellent

physiological usability formed via B-N intermoleanicoordination.



Herein, we report a boronic ester-based hydrogehdéd under physiological
conditions as an ideal wound dressing material. ijligogel was readily constructed
by simple mixing the boronic acid-containing polytdamideco-2-acrylamido
glucose) and diol-containing poly(acrylamide-N-acryloyl-3-aminophenylboronic
acid-co-N-(3-dimethylaminopropyl) acrylamide). To fabricatee hydrogel under
physiological pH, amine-containing N-(3-dimethylaminopropyl) acrylamide
(DMAPAA), was introduced into the polymer chain. eTtcomposition-property
relationship of the hydrogels in terms of the pPBA]/[glucose] ratios, solid content
was investigated by the rheological study. The-se#ling property and degradability
of the hydrogel were investigated comprehensivéljoreover, the effective
biocompatibility of the hydrogel renders it an il@datform for developing easily
removable wound dressing materials.

2. EXPERIMENTAL SECTION
2.1 Materials

D-glucosamine hydrochloride, aminophenylboronic dacacryloyl chloride,
2,2-azobis(isobutylronitrile) (AIBN), andN-(3-dimethylaminopropyl) acrylamide
(DMAPAA) were obtained from J&K Scientific and used received. Acrylamide
(AM), sodium carbonate, sodium hydrogen carbonlayelrochloric acid, dimethyl
sulfoxide (DMSOQO), and acetone were obtained fromofiharm Chemical Reagent Co.
and used as received.

2.2 Characterisation

The '"H NMR spectra were recorded on Bruker Avance 400300 NMR



spectrometer. The feed ratios of the copolymersewdgtermined by elemental
analyse using an Elementar Vario E1 lll elementeallgser (Germany) at 1150 °C.
Static light scattering (SLS) was performed on awb®aHeleos light scattering
instrument (Wyatt Technology) equipped 18-anglehtligscattering detectors.
Morphological observations were performed usingtadhi S-4800 scanning electron
microscope (SEM). Samples of the hydrogel werez&adried and sputter-coated
with platinum. The rheological behaviour of the gé#s was characterised using a
Thermo Scientific Haake MARS IIl rheometer equippeth a 20 mm parallel plate
at 25 °C. All hydrogels were aged for 24 h bef@ing.

2.3 Synthesis of a 2-acrylamido glucose (AAG)

AAG was synthesized according the literaturetki@ reaction of D-glucosamine
hydrochloride and acryloyl chloride.[32] D-glucosam hydrochloride (8.6 g) and
NaNGQG; (0.14 g) were dissolved in 40 mL of 2 M,®O; aqueous and cooled in a
low-temperature reactor at -5 °C with magnetiaisigy. Acryloyl chloride (4.0 g) was
added dropwise to the solution. The mixture wastezhat -5 °C for 120 min, and
then warmed to room temperature for 24 h. Subseéiyyabsolute ethyl alcohols (200
mL) were poured into the reactant and then theendulid was removed by filtration.
The solution was concentrated by rotary evaporatiod the crude product was
obtained. The crude product was purified on sijeh column chromatography and
recrystallization with a methanol/ethyl acetate toni®. The product was obtained and
the yield of the product is 41.5%4 NMR (400 MHz, DO) & 6.34 — 6.08 (m, 4H),

5.72 (dd,J = 10.0, 1.7 Hz, 2H), 5.15 (d,= 3.6 Hz, 1H), 4.68 (d] = 8.4 Hz, 1H),



3.96 — 3.33 (m, 10H).
2.4 Synthesis of N-acryloyl-3-aminophenylboronic acid (AAPBA)

3-aminophenylboronic acid (5.478 g) was dissolve@80 mL of 2 M NaOH and
cooled in a low-temperature reactor at -5 °C withgmetic stirring for 10 min.
Subsequently, acryloyl chloride (5.20 mL) was addexpwise. The reaction mixture
was reacted at -5 °C for 30 min and then was @hoig at room temperature for 120
min, and the pH of the reaction mixture was adpigte2 with a 2 M HCI solution.
The precipitate was filtered off and washed 3 timath 25 mL of cold deionized
water. The precipitate was dissolved in hot walér°C) and filtered off the insoluble
impurities. The hot filtrate was left to a refrigeor overnight and the product was
obtained by filtered off. The yield of AAPBA was .8%.'H NMR (300 MHz,
DMSO-ds) § 10.08 (d,J = 16.0 Hz, 1H), 8.01 (s, 2H), 7.94 — 7.77 (m, 2H}50 (dt,J
= 7.3, 1.2 Hz, 1H), 7.30 (d} = 8.5, 7.7 Hz, 1H), 6.45 (dd,= 17.0, 10.0 Hz, 1H),
6.24 (ddJ = 17.0, 2.2 Hz, 1H), 5.73 (dd= 10.0, 2.2 Hz, 1H).
2.5 Preparation of copolymers

The copolymer, poly(AMzo-AAG) with 5.0 mol% AAG, referred to as PA-5,
was synthesized by radical polymerization. Fird¥] £6.752 g) and AAG (1.168 g,)
were dissolved in 52.8 mL of DMSO. The mixture whegassed under a nitrogen
atmosphere with magnetic stirring for 1 h, and tleninitiator solution (1.0 mL)
containing 0.025 g of AIBN was injected into th@egon mixture. The mixture was
allowed to react at 70 °C for 24 h. After polymatinn, the solution was transferred

to a semi-permeable membrane (MWCO: 3500) andipdrdgainst deionized water



for 7 d to remove impurities. The product was atedi after lyophilisation. Another
polymer referred to as PA-10 containing 10 mol% AM@s prepared in the same
way.

The copolymer, poly(AMzo-AAPBA-co-DMAPAA) with 5.0 mol% AAPBA,
referred to as PB-5, was also synthesized by radogmlymerization. First, AM (6.04
g), AAPBA (0.96 g), and DMAPAA (1.56 g) were disgetl in 57.1 mL of DMSO.
The mixture was degassed under a nitrogen atmasphitr magnetic stirring for 1 h,
and then an initiator solution (1.0 mL) consistwig).025 g of AIBN in DMSO was
injected into the reaction mixture. The mixture vadélswed to react at 70 °C for 24 h.
After polymerisation, the solution was transferteda semi-permeable membrane
(MWCO: 3500) and purified against deionized watar 7 d to remove impurities.
The product was obtained after lyophilisation. Arestpolymer referred to as PB-10
containing 10 mol% AAPBA was prepared in the samg.w
2.6 Fabrication of hydrogels

Hydrogels were prepared by mixing PB and PA soh#iavith mild stirring at
room temperature. To investigate the effect of gt¢ polymers were dissolved in
phosphate-buffered saline (PBS) solutions withedéht pH values (ranging from 5 to
11). The pH value in experiment was repeatedlysadgliby adding 1 M HCI aqueous
solution or 1 M NaOH aqueous solution to the PB8temns. The solid contents were
kept constant at 5.0 wt%he [PBA]/[glucose] ratio was adjusted by varyirtge t
volumes of the PA and PB polymer solutions usedjarogel fabrication.

2.7 Cdll cytotoxicity



The cytotoxicity of the dynamic hydrogels was easdal by Cell Counting Kit-8
(CCK-8) assay using both human embryonic kidneyKR®3) cells and HelLa cells.
Typically, hydrogels with different compositionscaamounts were incubated in 4 mL
of the Dulbecco’s modified eagle medium (DMEM) (Gimig, USA) for 24 h. Cells
were seeded in 96-well plates at a density of D>cglls/well and incubated at 37 °C
in a 5% CQ atmosphere for 24 h. Then, the cells were incubati¢h either fresh
DMEM medium or DMEM medium containing gel extraéts another 24 h. Each
well was washed twice with PBS after removing thedram. Then, a mixture of
CCK-8 (Shanghai Yeasen Biological Engineering Technoldgiyina) and DMEM
medium (1:10; 100 uL/well) was added to the welid the cells were cultured for 2
h. The cell numbers were counted using a micropkdder (Model 680 Bio-RAD) at
450 nm; DMEM medium without cells but with added K58 was used to record the
background signal.

2.8 Decomposition of hydrogels

The hydrogel formed from PB-5 and PA-5 in PBS (pody content of 10 wt%,
[PBA]/[glucose] = 1) was used to investigate thregponsiveness to sugar. To test the
sugar responsiveness, a hydrogel plate colouredabyine was cut into two equal
pieces, and the halves were incubated in a PBS/ (BHsolution with or without 2 M
fructose. The dissociation of the hydrogels was itooed visually at different time
intervals. Moreover, a piece of hydrogel was attacho a medical gauze, and a
fructose-soaked gauze was applied to half the lyarao test its controllable

degradability.



3. Resultsand discussion
3.1 Characterization of copolymersand fabrication of hydrogels at various pH

The boronic acid-containing copolymer PB and dmMaining copolymer PA
were separately prepared by conventional radicginperisation. The structures of
the polymers were characterized ¥y NMR spectra as shown in Figure 1, and the
molecular weight of the copolymers was determingdShS (Table 1). The actual
molar ratios of monomers in copolymers were catedldrom the results of elemental
analyse (Table S1). Rheological properties of tHg $blutions with varying
concentrations were also investigated, as shovagre S3. For the PB-5 and PB-10
solutions, the loss modulus is always prevailingtloe storage modulus over entire
investigated range of the oscillatory strain. Meeo loss modulus dominates the
whole frequency range with increasing tendency athstorage and loss modulus.
The PB itself cannot form gels using B-N as craskihg at the polymer

concentration use in experiments.
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Figure 1. 400 M'H NMR spectra of a) PA-5 and BB-5.The spectra were recorded

at 298 K in D20.

Hydrogels were prepared by mixing boronic acid-aomhg PB copolymer and
diol-containing PA copolymer solutions (Scheme Tdée amino groups present in the
boronic-containing polymer enhanced the stabilitthe boronic ester, which is likely
related to the electrostatic attraction betweertteda-deficient boron in the PBA
group and electron-rich nitrogen in the amino gratipn intermediate pH. Scheme 1b
and Figure S4 qualitatively illustrates the intelecolar B-N interactions in the
polymer mixture. [33,34] It is clear that the midddystem (pH = 7) has stronger
attractive interactions between boron in the PBAatyoand nitrogen in the amino

moiety. It is worth noting that other weak non-clevd interactions occur in parts



other than those involving B-N interactions, whia pH is greater than or less than

7.

Table 1 Characterization of copolymers.

Determinedatic® My, app’ A (10°  Yield
sample Feed ratio (%)
(%) (10" g/mol) mol mL/gf) (%)
PB-5 85.0:10.0: 50 80.53:14.11:5.36 7.29+0.63 0.112 92.4
PB-10 80.0: 10.0: 10.973.23: 17.56: 9.1 8.10+1.42 -0.098 93.8
PA-5 95.0:5.0 92.12: 7.88 11.2+£1.58 0.692 87.5
PA-10 90.0: 10.6 83.37: 16.63 9.63+1.88 0.743 86.4

2 Calculated from elemental analyS®©btained by SLS measuremenfMolar ratios

of AM: DMAPAA: AAPBA in PB ; dMolar ratios of AM: AAG in PA.

Hydrogel formation at varying pH values was quélty confirmed through a
vial inversion test, as shown in Figure 2a. Thetorx was converted from a viscous
liquid to an elastic hydrogel with a change in pbinfi acidic to alkaline one. At pH
6.5, the system exhibited a semisolid state andeftbunder gravity on a long-time
scale, indicating the formation of a hydrogel. Muwer, gelation occurred
immediately upon mixing and gently stirring the twolymer solutions. To obtain
further insight into the gel-formation kineticsggnamic time sweep experiment was
conducted to determine the hydrogelation processshown in Figure S5. The
hydrogel could form within 60 s, as indicated by ttrossover point o&' and G”

curves. These results indicated that the hydrogelformed with the pH > 6.5. To



demonstrate the influence of the intermolecular Bddrdination on this system, the
control experiments were carried out. The copolymely(AM-co-AAPBA) with 5.0
mol% AAPBA and without the DMAPAA, referred to asN, was synthesized.
Rheological properties of hydrogels (formed from -PNand PA-5, 5.0 wt%,
[PBA]/[glucose] = 1) at different pH were also istigated as shown in Figure S6 and
Figure S7. It was clearly that the hydrogel canmfed when the pH > 8.2. The
existence of the DMAPAA in the polymer backbone gaovide a weak alkaline
microenvironment due to the coordination interactietween PBA and the amide

groups, which can decrease the apparegtopkhe AAPBA.
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Scheme 1. (a) Schematic illustration of the formation of tthgnamic hydrogels. (b)



Non-covalent interactions of the polymer mixturstseyn. Regions of red, green, and
blue indicate strongly repulsive, weakly attractimad strongly attractive interactions,

respectively.

To quantitatively investigate the effects of pH thre mechanical properties,
hydrogels prepared at various pH were subjectedosaillatory rheological
measurements as a function of angular frequency. sAswn in Figure 2b,
frequency-dependent modulus curves were observedalfohydrogels. At high
frequencies, the hydrogels behaved likeelastomer withG' > G”, whereas at low
frequencies, a liquid-like state was observed v@th< G”. Typically, unlike gels
cross-linked by permanent covalent bonds, gelssdinked by dynamic covalent
bonds usually display frequency-dependent moduli.hisT reversible
association-dissociation mechanism often contrbute a characteristic relaxation
time 7., which characterises the dynamics of the system.

Ther. value was obtained from the inverse of the crossfvegquencyf, whereG’
equalsG”.[35,36] At low angular frequencies, there is stént time for the bonds to
restructure when perturbed because the time scalteg in the test is longer than the
lifetime of the reversible cross-linking, wherehs system does not have enough time
to dissociate at high angular frequenciBlse hydrogel formed at pH 6.5 has the
highestf; of 0.16 Hz corresponding to a relaxation timef 6.67 s. With increasing
pH, 7. increased ak shifted to the low-frequency region. For exampla@ncreased to
7.38 s and 20.11 s for the hydrogels formed at gH({f¢ = 0.135 Hz) and 10.0.(=

0.043 Hz), respectively. Moreover, the storage nuslin the frequency-independent



region increased with increasing pH. The plat€awualues are summarised in Figure
2c. The improved mechanical properties and lifetiofe the network can be

reasonably attributed to the increased bindinghid§fibetween the PBA group and
glucose moiety at an alkaline pH. The relative bigdconstants of PBA and sugar are
pH-dependent, and a higher pH favours the formadiathe boronic ester bond under

specific conditions.[37,38]
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Figure 2. (a) Photographs, (b) dynamic oscillatory angulagfrency sweep, (c)
storage modulus of the hydrogels formed at diffeygd. (d) SEM images of the
dynamic polymer dry gels formed at different pH.eTiydrogels were formed from

PB-5 and PA-5 (5.0 wt%, [PBA]/[glucose] = 1).

The structural features of the hydrogels were alsracterised according to the

network parameters (Table S3) calculated from Eqoatl-3.[39,40]
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where c¢ (g/L) is the polymer concentration, R is timiversal gas constanta i
the Avogadro constant and T is the temperature,Ghevas determined from the
frequency independent regime of the storage modulus

The cross-linking density. increased with increasing pH, and therefore, the
cross-linking distance’ between effective cross-links decreased. The Izabml
molecular weight of the polymer segment betweeectife cross-linkdv, was used
to evaluate the number of effective cross-links palymer chain. To investigate the
interior morphology of the hydrogels formed at eli#int pH values, SEM images
were obtained, and are shown in Figure 2d. All thalrogels possessed an
interconnected porous network structure. The pae decreased at an alkaline pH,

indicating an increase in the cross-linking density

Table 2. Network parameters for polymer gels formed withyireg pH.

pH 7 (S) Gp(Pa) Me (kg/mol) ve (107t m3)  &(nm)

6.5 5.03 21.5 5756.4 5.2 57.6
7.0 7.38 52.0 2381.4 5.2 57.6
7.5 10.84 126.2 981.6 12.6 42.9
8.0 15.91 209.1 592.7 30.7 31.9
9.0 18.06 253.2 489.6 50.8 27.0

10.0 20.11 284.3 436.2 61.5 25.3




The rheological properties of the hydrogel formeshf PB-10 and PA-10 were
also investigated (Figure S9). The moduli of thé/per gels formed by complexing
the PB-10 and PA-10 copolymers were much greatem those of the hydrogels
consisting of PB-5 and PA-5 at the same pH. Morgotree crossover frequency
shifted to lower angular frequencies as compareh thiose of the hydrogels formed
from PB-5 and PA-5, indicating a slowing of the hygkl dynamics.[36] Increasing
the number of cross-linking moieties in the polynshrin increased the number of
effective cross-links per polymer chain, which asrelated withe.

3.2 Effect of [PBA]/[glucose] on hydrogels
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Figure 3. (a) Dynamic oscillatory angular frequency sweephef hydrogels formed
from PB-5 and PA-5 (pH = 7.0, 5.0 wt%) with diffeatdPBA]/[glucose] ratios. The
data have been vertically shifted by?16 avoid overlapping. (b) summarization of

plateau storage modulus with various [PBA]/[gludas¢ios.

The mechanical properties of the polymer gels caltb be manipulated by
altering the ratio of [PBA]/[glucose]. Figure 3adalRigure S10 show th@&' andG” as

a function of f for the gels obtained from PB-5 and PA-5 with eliént



[PBA]/[glucose] ratios at a constant 5.0 wt% solidontent. The
frequency-independent plate&l are summarised in Figure 3b. As expected, the
largest platea®’ occurred at the stoichiometric ratio (1: 1) of iJBglucose] due to
the increased cross linkages. The network paramet@re calculated, and are
presented in Table S2. The hydrogel with a [PBAllfgse] ratio of 5:5 has the
highest cross-linking density and thus the lowest cross-link distaideetween two

points.

3.3 Effect of solid content on hydrogels

The mechanical properties of the dynamic boronierdsased hydrogels can be
further engineered by adjusting the solid contBotymer gels formed from PB-5 and
PA-5 (pH = 7.0, [PBA]/[glucose] = 1) with differemgolymer concentrations were
chosen for testing. Th&' and G"” as functions of strain obtained from oscillatory
amplitude sweep are shown in Figure S11. As exgdebiath storage and loss moduli
increased with increasing polymer content due ® ititrease in the cross-linking
density. The hydrogels with various concentratiateamonstrated similar linear
viscoelastic regions up to 100% strain. In thisiorg G’ remained aboves”,
indicating that the hydrogel networks were rigidi dhat the networks remained intact
under relatively large deformations. With incregsistrain amplitude, gel-liquid
transition points, where th&” curve crosses over tH®' curve occurred at 500%
strain, indicating the beginning of the destructajrthe hydrogel network. However,
both G’ andG” show little strain-hardening behaviours under oy strain before

the destruction of the network structure, implyitigat both the creation and



destruction of dynamic bonds occurred during thiscpss and that their creation

occurred more quickly than their destruction.[4],42
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Figure 4. (a) Dynamic oscillatory angular frequency sweephef hydrogels formed
from PB-5 and PA-5 (pH = 7.0, [PBA]/[glucose] = With different polymer
concentrations. (b) storage modulus as functioriee@polymer concentrations.
Figure 4a depicts the storage and loss moduli gesgular frequency at a
constant strain (10%) for hydrogels with variouslypwer concentrations. The

crossover frequency of th& andG” curves was independent of the concentration at



approximately 0.083 Hz in the concentration ranfj@0s-150 g [*. There have been

reports that both th&’ and G” curves of dynamic hydrogels with different solid
contents can be superimposed by only vertical ingif86] This indicated that the

polymer concentration did not alter the lifetimetbé cross-links arising from the

reversible nature of the DCBs. The plateau storagedulus versus polymer

concentration plots are presented in Figure 4bwslg a curve approximating a

straight line on a double logarithmic coordinatsteyn. The correlation between the
mechanical strength and polymer concentration ®fer effective approach to design
hydrogels with tailored mechanical properties.

The rheological properties of the hydrogel formezhf PB-10 and PA-10 were
also investigated (Figure S12). The modulus of pwymer gels formed by
complexing the PB-10 and PA-10 copolymers were mhigher than those of the
PB-5 and PA-5 gels. The plateau storage moduluhefhydrogel with a polymer
concentration of 15 wt% was 8.6 KPa, indicating tihh@ mechanical strength could
be tuned over a large range.

3.4 Hydrogel self-healing behaviour

Hydrogel wound dressings with self-healing abisitiean improve the reliability
of dressings and provide better wound protecti®48] To qualitatively evaluate the
self-healing behaviour of the dynamic polymer galintermediate pH, three parts of
a cylindrical hydrogel (formed from PB-5 and PA1) wt%, [PBA]/[glucose] = 1)
prepared under physiological conditions were plaoggther and contacted without

external treatment. As expected, the gels merggdnamously into a whole



cylindrical hydrogel after contact for 40 min. Fwetmore, the cracks in the
attachment region disappeared completely (FiguyeTse hydrogel after healing was
strong enough to be stretched to a length severastits initial length without
breakage. This self-healing behaviour can be expthby the dynamic equilibrium of
the formation and breakage of the phenylboronierdsond.[46] In aqueous media,
free boronic acid and diol groups still exist ire thydrogels due to the reversibility of
the boronic ester bonds. Thus, the boronic estendtbon and rearrangement across

the adjacent interfaces contributed to the selfihgaf the hydrogels.
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Figure 5. a) Optical images showing the self-healing behavad dynamic hydrogels,
the red hydrogels were dyed by carmine, and selliig of hydrogels after fracture,
the plot b) shows the change in modulus during gfnain ramp described by the
bottom plot c).

The self-healing properties of the dynamic polymels were also investigated by



dynamic rheological experiments. The hydrogel wagescted to increasing strain to
induce a large-amplitude deformation (1300% odoitiastrain) far beyond the linear
viscoelastic region, followed by a recovery periodder small-amplitude (10%
oscillatory strain) deformation conditions. As shoim Figure 5b, the gel recovered
its original mechanical properties in 100 s at 18%@in after being destroyed,
indicating its excellent self-healing performanEerthermore, the modulus value of
the hydrogel did not decrease significantly witlisleeepeated cycle of recovery. This
repeatable and efficient self-healing performantehe hydrogel is beneficial for
bioengineering functions. To study the injectalieperties, hydrogel was loaded into
a syringe, then injected on glass substrate. Tlfehsaling hydrogel could pass
through a 26-gauge needle without clogging (Figusd3), indicating its
excellent injectability. This injectable self-heai hydrogel dressing could be easily
applied to irregular wound sites and adhered tonalswor medical gauze situ. To
illustrate the adhesion properties, the hydroged adhered to human skin, and the
image was shown in Figure S14.
3.5 Cdll cytotoxicity

Biocompatibility is an essential requirement forlivekesigned hydrogels for
wound dressing.[4,5] Therefore, a relative cellbility assay based on the standard
CCK-8 was performed for both HEK293 cells and Heledls, and the results are
shown in Figure 6Considering the appropriate mechanical strength godd
self-healing ability,[5,7,47] the hydrogel formedorih PB-5 and PA-5 (10 wit%,

[PBA]/[glucose] = 1) was chosen for evaluation. Mawcical tensile test showed that



the hydrogel possessed good stretchability (21 RP@% of the elongation-at-break),
which could assure their integrity during the apgtion (Figure S15). The hydrogel
exhibited low cytotoxicity, with over 95% cell vidity remaining for both HEK293
and HelLa cells at a concentration of 400 mg geftimL of DMEM. When the
hydrogel content was increased to 800 mg, sliglotler yet still good viabilities of
88.7% and 87.5%, respectively, were obtained foK2EB and HelLa cells. Typically,
boronic derivatives are considered to have low toydcity for most cell lines.[48]
The good biocompatibility of the hydrogel can beriliited to the good
biocompatibility of the glycopolymer PA and the lm@ntent of PBA groups in PB-5.
Therefore, this boronic ester-based hydrogel formeder physiological conditions

has great potential as a wound dressing material.
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Figure 6. Cell viability of HeLa cancer cells and HEK293 eedifter 24 incubation
with gel extracts, the hydrogels were formed froB-3 and PA-5 (10 wt%,
[PBA]/[glucose] = 1).

3.6 Decomposition of hydrogels



Wound dressing materials are usually mechanicaiyoved from the wound,
which may cause secondary injury and additionah paithe patient. The dynamic
boronic acid ester bond can be dissociated in tkesegmce of another competitive
molecule due to a shift in the equilibrium,[49,50hich can be effectively used to
prevent any new injuries arising from the removéltlee material. Fructose was
selected for experiments owing to its high sengjtito complexing with PBA.[16,51]
The hydrogel could completely degrade into a visctiquid in 3 min after the
addition of excess fructose (Figure 7a), indicatiig efficient dissociation of
phenylboronic-glucosamine interactions. The dissomn of carmine-dyed hydrogels
in 2 M fructose is depicted in Figure 7b. The hyoincubated in the fructose
solution completely disappeared within 30 min beeawf the cleavage of the
cross-links due to competition from fructose fonding with the PBA groups in the
system. Moreover, there was no obvious volume obharighe hydrogel in the PBS
solution without fructose, indicating that the hggel was stable under physiological
conditions. Figure 7c shows the dissolution procgsmedical gauze. One half of the
carmine-dyed hydrogel coated on fructose-soakedzegalisappeared completely
within 5 min; that is, only half of the hydrogelnained. These results confirmed that
the demonstrated dynamic hydrogel with its coraut degradability can effectively
improve the performance of wound dressings, asiit le easily removed to avoid

damage to newly formed tissues.



Figure 7. (a) Degradation of the hydrogel by adding excesshef fructose, (b)
Hydrogel stability in PBS with (right vial) and wabut (left vial) 2.0 M of fructose, (c)
photographs of gel degradation process. (c, 1) ir@ig hydrogel, (c, 2)
fructose-soaked gauze was applied to half of tledgel, (c, 3) after 5.0 min and (c,
4) gauze was removed and only half of the hydrogelained. Hydrogels were dyed
by carmine for better observation and the gauze imasersed in a 10 M fructose
solution for 10 min before used.
4. CONCLUSIONS

In summary, we fabricated bulk boronic ester-bakgdrogels with excellent
physiological usability using the B-N coordinationteractionfor wound dressings.
The hydrogels were readily prepared by mixing tbpotymer poly(AM€o-AAG)
and poly(AMco-APBA-co-DMAPAA) in aqueous solution. Amine-containing
DMAPAA was incorporated into the polymer backbooddcilitate the formation and
increase the stability of the cross-links. The s#asking density and inner structure

of the polymer hydrogels could be readily engindef®y controlling the pH,



[PBA]/[glucose] ratio, solid content of the polyménus offering great versatility for
preparing functional hydrogels with tuneable meatelnproperties. Moreover, the
hydrogels exhibited excellent biocompatibility fowth HEK293 cells and HeLa cells.
Benefitting from the dynamic nature of the borongteg the hydrogels can be
dissociated by adding competitive sugar molecutesing them easy to remove from
medical gauze or skin. This approach of designipglgmer architecture to regulate
the pH dependence and mechanical properties ofl & ge promising strategy for
preparing functional hydrogels. The amine-contardgnamic hydrogel is a practical
platform for designing multifunctional, smart saofiaterials, and has great potential
for biomedical applications, especially for woundssings.
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The captions of Scheme and Figure

Scheme 1. (a) Schematic illustration of the formation of ttignamic hydrogels. (b)
Non-covalent interactions of the polymer mixtursteyn. Regions of red, green, and
blue indicate strongly repulsive, weakly attractigad strongly attractive interactions,
respectively.

Figure 1. 400 M*H NMR spectra of a) PA-5 and BB-5.The spectra were recorded
at 298 K in D20.

Figure 2. (a) Photographs, (b) dynamic oscillatory angulagirency sweep, (c)
storage modulus of the hydrogels formed at diffeqgd. (d) SEM images of the
dynamic polymer dry gels formed at different pH.eTtydrogels were formed from
PB-5 and PA-5 (5.0 wt%, [PBA]/[glucose] = 1).

Figure 3. (a) Dynamic oscillatory angular frequency sweephaf hydrogels formed
from PB-5 and PA-5 (pH = 7.0, 5.0 wt%) with diffatdPBA]/[glucose] ratios. The
data have been vertically shifted by?16 avoid overlapping. (b) summarization of
plateau storage modulus with various [PBA]/[gludos¢ios.

Figure 4. (a) Dynamic oscillatory angular frequency sweephaf hydrogels formed
from PB-5 and PA-5 (pH = 7.0, [PBA]/[glucose] = With different polymer
concentrations. (b) storage modulus as functioteepolymer concentrations.

Figure 5. a) Optical images showing the self-healing behavad dynamic hydrogels,



the red hydrogels were dyed by carmine, and selliig of hydrogels after fracture,
the plot b) shows the change in modulus during dfnain ramp described by the
bottom plot c).

Figure 6. Cell viability of HeLa cancer cells and HEK293 eedifter 24 incubation
with gel extracts, the hydrogels were formed froB-3 and PA-5 (10 wt%,
[PBA]/[glucose] = 1).

Figure 7. (a) Degradation of the hydrogel by adding excesshef fructose, (b)
Hydrogel stability in PBS with (right vial) and wibut (left vial) 2.0 M of fructose, (c)
photographs of gel degradation process. (c, 1) ir@ig hydrogel, (c, 2)
fructose-soaked gauze was applied to half of tltedgel, (c, 3) after 5.0 min and (c,
4) gauze was removed and only half of the hydrogelained. Hydrogels were dyed
by carmine for better observation and the gauze imasersed in a 10 M fructose

solution for 10 min before used.



Highlights
* New polymer architecture is designed to regulate pH dependence of gel formation
» Hydrogels based on dynamic covalent bonds show significant self-healing properties
* pH and polymer content/ratio are varied to control their mechanical properties
» They show low cytotoxicity to both cancer and normal cells

* They arereadily dissolved by fructose, making it easy to removeable for wound dressings
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