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ABSTRACT

Imine dynamic hydrogels are synthesized via dual-imine bond crosslinking from O-carboxymethyl chitosan
(CMCS) and a water soluble dynamer using a ‘green’ approach. Three dynamers are prepared through reaction
of benzene-1,3,5-tricarbaldehyde and di-amino Jeffamine with molar mass of 500, 800 and 1900, respectively.
Hydrogels, namely H500, H800 and H1900 are then obtained by mixing CMCS and dynamer aqueous solutions.
FT-IR confirms the formation of hydrogels via imine bonding. H1900 presents larger pore size and higher storage
modulus as compared to H500 and H800 due to the higher molar mass of Jeffamine linker. The hydrogels exhibit
pH sensitive swelling behavior due to electrostatic attraction or repulsion in the pH range from 3 to 10. The
highest swelling ratio is obtained at pH 8, reaching 7500% for H800. Self-healing of hydrogels is evidenced by rhe-
ological measurements with alternatively applied low and high strains, and by using a macroscopic approach
with re-integration of injected filaments. Furthermore, the H1900 membrane exhibits outstanding antibacterial
activity against an E. coli suspension at 108 CFU mL~. Therefore, dynamic hydrogels synthesized from CMCS and
Jeffamine present outstanding rheological, swelling, self-healing and antibacterial properties, and are most prom-

ising as healthcare material in wound dressing, drug delivery and tissue engineering.

1. Introduction

Hydrogels are soft materials which are capable of absorbing large
amount of water without dissolution [1]. They are generally composed
of a 3-dimensional hydrophilic polymer network linked together either
by covalent bonds [2], or by physical interactions via chain entangle-
ments, hydrophobic association, electrostatic interactions, van der
Waals forces, etc. [3]. In the past decades, hydrogels have been most
widely studied for applications in drug delivery [4], wound dressing
[5], tissue engineering [6], and in agriculture [7], owing to their promi-
nent properties such as flexibility, ductility, and biocompatibility.

Dynamic hydrogels are a new generation of hydrogels which are
crosslinked by dynamic covalent bonding via Sy2-type nucleophilic
substitution [8], imine chemistry [9], Diels-Alder reaction [10], etc. Gen-
erally, they are responsive to external stimuli, such as light, tempera-
ture, and pH [11-13]. A dynamic hydrogel was formed by specific
benzoxaborole-carbohydrate interactions between benzoxaborole-
modified hyaluronic acid and fructose-based glycopolymer. Release of
doxorubicin from the hydrogel can be precisely switched on/off by
near-infrared light as a trigger [11]. A thermos-sensitive hydrogel was
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generated by dynamic chemical oxime bonding from alkoxyamine-
terminated Pluronic F127 and oxidized hyaluronic acid, as well as
hydrophobic association. The hydrogel exhibits much higher modulus
and higher stability than the Pluronic F127 hydrogel, and could
be used as a promising postoperative anti-adhesion material in
clinical practice [12]. On the other hand, soft hydrogels based on
alginate-boronic acid were obtained from reversible inter- and intramo-
lecular interactions by dynamic equilibrium of boronic acid-diol com-
plexation and dissociation. The hydrogels present pH- and glucose-
sensitivities [13], and could be promising for applications as biological
glues that require stretchability, self-healing, and multi-responsive be-
havior. Although these dynamic hydrogels exhibit versatile stimuli-
responsive properties compared to common hydrogels, the approaches
involved in the hydrogel fabrication is rather complex. Thereby, among
the various dynamic bonds, imine bonding attracted great interest be-
cause of mild reaction conditions [14], the efficient reversibility of
imine bonds, tunable properties and stimuli-responsive performance
of resulted materials [15].

Chitosan (CS) is a polysaccharide widely used to prepare hydrogels
for various applications because of its biocompatibility [16], biodegrad-
ability [17], and anti-bacterial activities [ 18]. Recently, chitosan received
much attention as a hydrophilic biopolymer for reversible crosslinking
via reaction between the amino groups along the backbone and other
polymers [19], including hyaluronic acid [20], alginate [21], and gelatin
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[22]. Nevertheless, high molar mass chitosan is poorly soluble in water
at neutral or basic pH due to intermolecular hydrogen bonding [23],
which is not beneficial for its utilization in the biomedical field.

Carboxymethyl chitosan (CMCS) is a water-soluble derivative of chi-
tosan which presents outstanding biological properties [24]. Crosslinking
of CS or CMCS with different aldehydes has been reported, including
monoaldehydes [25], dialdehydes [26], and derivatives of aldehydes
[27]. The resulting hydrogels present good mechanical strength [26,28],
and have been studied for applications in tissue engineering. However,
these hydrogels present some disadvantages such as low swelling ratio,
tedious preparation procedure, disordered micro-structure, etc.

Benzene-1,3,5-tricarbaldehyde (BTA) is a promising cross-linker for
the formulation of dynamic hydrogels based on imine bonding. In fact,
BTA can serve as a tri-topic center for three-dimensional cross-linking
with diamino polymers, thus yielding nonlinear and continuous net-
work structures [29]. Nevertheless, BTA is not soluble in water, which
prevents its uses in aqueous medium. Jeffamine is a biocompatible
polyetheramine consisting of poly(propylene oxide) (PPO) and poly
(ethylene oxide) (PEO) blocks terminated with primary amino groups.
It has been largely used in the synthesis of amphiphilic block copoly-
mers [30], hydrogels [31], and dynamic frameworks [32].

Currently, with the appearance of new medical equipments and
technologies, the prevention of bacteria and fungi becomes a key issue
in different medical therapies. The development of antimicrobial mate-
rials attracted much interest [33], especially hydrogels possessing in-
trinsic antibacterial properties. For example, hydrogels based on CS or
CMCS have been largely investigated as wound dressing [34].

In our previous work, a dual-imine dynamic hydrogel was prepared
using a two steps procedure under mild conditions [35]. Difunctional
Jeffamine ED2003 (Mn 1900) first reacts with BTA to form a water sol-
uble dynamer (Dy), followed by crosslinking of the dynamer and CMCS
in water to yield a 3-dimensional network, both based on Schiff base re-
action. The resulting hydrogels present high storage modulus, pH-
sensitive swelling behavior, outstanding self-healing performance and
excellent cytocompatibility. In this work, dynamic hydrogels were pre-
pared using the same procedure from three Jeffamines of different
molar masses, i.e. ED600 (Mn 500), ED900 (Mn 800) and ED2003 (Mn
1900). The resulting hydrogels were characterized by Fourier-
transform infrared spectroscopy (FT-IR) and rheological measurements.
The pH dependent swelling and self-healing behaviors were evaluated
to evidence the effect of Jeffamine molar mass on hydrogel properties.
The antibacterial properties were determined to assess the potential of
dynamic hydrogels in biomedical applications such as wound dressing
or tissue engineering scaffold.

2. Experimental section
2.1. Materials

0,0’-Bis (2-aminopropyl) poly(propylene glycol)-block-poly(ethyl-
ene glycol)-block-poly(propylene glycol) (Jeffamine®) ED-600 (M,
500), ED900 (M, 800) and ED-2003 (M,, 1900) from Sigma-Aldrich,
benzene-1,3,5-tricarbaldehyde (BTA) from Manchester Organics (Pu-
rity 98%) were used without further purification. O-carboxymethyl chi-
tosan (CMCS) with degree of carboxymethylation of 80%, degree of
deacetylation of 90%, and Mw of 200,000 Da was supplied by Golden-
shell Biochemical Co., Ltd. Methanol (96%), citric acid (99.5%), disodium
hydrogen phosphate dodecahydrate (99%), boric acid (99.5%), and
borax (99%) were of analytical grade, and obtained from Sigma-
Aldrich. All chemicals were used without further purification.
Escherichia coli (K12 DSM 423) was purchased from DSMZ, Germany.

2.2. Synthesis of dynamers Dy500, Dy800 and Dy1900

BTA (162.14 mg, 1 mmol), Jeffamine® ED-600 (0.5 g, 1 mmol) were
added in 30 mL methanol. The reaction mixture was stirred at 70 °C

1

under reflux for 4 h. The solvent was then evaporated using rotary evap-
orator. 20 mL Milli-Q water was added to yield a homogeneous Dy500
solution of 50 mM, as calculated from remaining aldehyde groups.
Dy800 and Dy1900 were prepared from Jeffaminie® ED-900 or ED-
2003 under the same conditions.

2.3. Synthesis of hydrogels

100 mM CMCS solution was prepared by dissolving 1.06 g CMCS
(5 mmol, calculated from D-glucosamine units) in 50 mL Milli-Q
water at room temperature. CMCS and dynamer aqueous solutions
were mixed at a glucosamine/Dy molar ratio of 4/1 to a total volume
of 3 mL. The mixture was ultra-sonicated for 1 min to remove trapped
bubbles. Gelation then proceeded at 37 °C for 24 h to yield a hydrogel,
namely H500, H800 or H1900.

2.4. Preparation of H1900 membranes

8 mL of 100 mM CMCS and 4 mL of 50 mM Dy1900 solutions were
mixed in a flask. The mixture was ultra-sonicated for 1 min to remove
trapped bubbles, and poured into a round PTFE mold of 8 cm diameter.
Gelation then proceeded at 37 °C for 24 h. The resulting hydrogel was air
dried under natural ventilation to yield a H1900 membrane. The mem-
brane was recovered and vacuum dried up to constant weight.

A membrane was also prepared from CMCS without crosslinking for
the sake of comparison.

2.5. Characterization

'H NMR spectroscopy was carried out using Bruker NMR spectrom-
eter (400-LS) of 400 MHz. Chloroform-d, was used as the solvent. 5 mg
of sample were dissolved in 0.5 mL of solvent for each analysis. Chemi-
cal shifts were recorded in ppm using tetramethylsilane (TMS) as inter-
nal reference.

Fourier-transform infrared (FT-IR) spectroscopy of freeze-dried
hydrogels was conducted on Nicolet Nexus FT-IR spectrometer,
equipped with ATR diamant Golden Gate.

The morphology of freeze-dried hydrogels was examined by using
Hitachi S4800 scanning electron microscopy (SEM). As-prepared
hydrogels were placed in small vials, and immersed in liquid nitrogen
(—196 °C) in order to conserve the original structure. The frozen sam-
ples were then lyophilized using LABCONCO® freeze dryer for 24 h.
The samples were sputter coated prior to analysis.

Physical MCR 301 Rheometer (Anton Paar) was utilized to deter-
mine the rheological properties of hydrogels, using a cone plate geome-
try (diameter of 4 cm, apex angle of 2°, and clearance 56 pm). The
storage modulus (G’) and loss modulus (G”) were measured as a func-
tion of time, strain or frequency.

2.6. Swelling of freeze-dried gels

The swelling performance of freeze-dried gels was evaluated by im-
mersion in buffer solutions at different pH values. Buffers from pH 1 to
pH 7 were prepared from 0.1 M citric acid and 0.2 M disodium hydrogen
phosphate dodecahydrate solutions, buffers at pH 8 and pH 9 from
0.2 M boric acid and 0.05 M borax solutions, and buffer at pH 10 from
0.05 M borax and 0.2 M sodium hydroxide solutions. Freeze-dried gels
were immersed in a buffer solution, and taken out after 24 h. The swol-
len hydrogels were weighed after wiping surface water with filter
paper, and weighed again after 24 h lyophilization. The swelling and
mass loss ratios of hydrogels were calculated according to the following
equations, respectively:

(Ms_Md)

Swelling ratio% = My

x 100 (1)
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(Mo—Ma)

Mass loss ratio% =
ass loss ratio% Mo

% 100 (2)

where M is the initial mass of dried gel, M; is the wet mass of the swol-
len hydrogel, and M; is the dried mass of the swollen hydrogel after
lyophilization.

2.7. Self-healing properties of hydrogels

Hydrogel samples were prepared in Milli-Q water. One of them was
dyed red with Rhodamine B for better observation. 2 different ap-
proaches were applied to examine the self-healing behavior of
hydrogels: 1) modulus changes of hydrogels were followed with alter-
natively applied high and low oscillatory shear strains at 37 °C;
2) hydrogels were injected in a petri dish to observe integration of fila-
ments at 37 °C.

2.8. Antibacterial activity of membranes

2.8.1. Bacterium and preparation of the bacterial suspension

A non-pathogenic strain of Escherichia coli (K12 DSM 423, DSMZ,
Germany) was selected as a model for bacterial contamination. A cul-
ture medium Lysogeny Broth (LB) Miller was used for growth and
counting. LB agar and soft agar were obtained by adding microbiological
agar (Sigma, France) into LB solution at concentrations of 15 ¢ L™" and
5g L1, respectively. For each experiment, a new bacterial culture was
prepared from frozen aliquots of E. coli stored at —20 °C. The aliquots
were inoculated into fresh LB medium (2%, v/v), and incubated 18 h at
30 °C under constant stirring at 150 rpm until the optical density at
600 nm of the bacterial culture reached about 5 (which corresponds ap-
proximately to 10° CFU mL™"). Bacteria were in a stationary phase in
these conditions. Once prepared, the bacterial culture was centrifuged
at 15,000¢g for 5 min at 4 °C to discard the culture medium, followed
by washing with the same volume of 9 g L™! NaCl solution in the
same conditions. Finally, the washed bacteria were diluted with
9 g L' NaCl solution to yield suspensions at bacterial concentrations
ranging from 10% to 10° CFU mL~" for antibacterial activity tests. The
bacterial concentration of the suspensions was stabilized, i.e. no growth
could occur due to the absence of nutriments.

2.8.2. Antibacterial tests

H1900 membranes were exposed to two disinfection treatments be-
fore antibacterial tests, namely H1900? exposed to thermal treatment
only (24 h at 100 °C), and H1900" exposed to thermal treatment
followed by UVc exposure. UVc exposure was performed using a neon
of the microbiological safety cabinet (Bioair, Safemate 1.2) under the
following conditions: wavelength - 254 nm, power - 30 W, distance to
the sample - 50 + 5 cm, time - 30 min for each membrane side. CMCS
membrane was exposed to both thermal treatment and UVc exposure.

A liquid test was firstly performed to assess the total bacterial re-
moval, including both bacterial adsorption and inactivation. The mem-
brane piece was immersed 3 h at ambient temperature (20 °C) in the
bacterial suspension prepared in Section 2.8.1. The bacterial concentra-
tion was measured before and after contact with the membrane. An ini-
tial bacterial concentration Cq of about 108 CFU mL~! was used for this
test. A concentration decrease was correlated to bacterial removal. The
bacterial log-removal value was defined as the logarithm (base 10)
ratio of the initial bacterial concentration Co (CFUmL™") to the bacterial
concentration C (CFU mL™") measured after 3 h contact with the mem-
brane. A log-removal value of log (Cp) was attributed to the particular
case of total bacterial removal. A log-removal value of 1 corresponds
to a decrease of 90% of the bacterial population, and a log-removal
value of 2 corresponds to a decrease of 99% bacterial population.

The antibacterial effect of the membrane was then assessed by a soft
agar test. 50 L of the bacterial suspension (at about 10° CFUmL™") was
deposited onto a membrane piece (between 2 and 3 cm?) placed

individually in an empty petri dish. After 3 h contact at ambient temper-
ature (20 °C), 10 mL of nutritive LB soft agar were added, embedding the
membrane in a 2 mm thick soft agar. The plates were then incubated
72 h at 30 °C to let the colonies grow. This soft agar test allows the
growth of bacteria adsorbed on the membrane without damaging the
membrane.

For each antibacterial test, a positive control was realized under the
same conditions without membrane. All tests were duplicated.

2.8.3. Counting of viable cells

The bacteria were counted by using the conventional plaque assay
method. For the liquid test, each sample was diluted in decades in a
9 g L™ NaCl solution; six successive dilutions were done. Then, 400 L
of each dilution were spread onto a LB agar plate, and incubated for
72 h at 30 °C. Once the cultivable bacteria had grown on plates, the col-
onies were counted, keeping in mind that each colony stemmed from
one initial bacterium. For the soft agar test, the colonies grown in the
soft agar were directly counted. For all tests, the concentration of bacte-
ria was calculated as the average of the counted colony number divided
by the inoculated volume, taking into account the dilution factor. The
quantification limit was 3 CFU mL™". Each counting was duplicated.
Negative control (i.e. without bacteria) was always performed in paral-
lel to check the sterility.

3. Results and discussion
3.1. Preparation of hydrogels

Imine dynamic hydrogels were prepared through a two steps ap-
proach as previously reported [35]. A water soluble dynamer Dy500,
Dy800 or Dy1900 was first synthesized by reaction of BTA as the core
structure and bifunctional Jeffamine® ED-600 (Mn = 500), ED-900
(Mn = 800) or ED-2003 (Mn = 1900) as the water-soluble linker via
reversible imine chemistry (Scheme 1). The BTA to Jeffamine® molar
ratio was 1:1. In other words, one aldehyde group per BTA molecule re-
mains available for further cross-linking with the amine groups of CMCS
since each BTA molecule has three aldehydes and each Jeffamine® mol-
ecule has two amines.

Fig. 1 presents the 'H NMR spectra of the as-prepared dynamers ob-
tained after 4 h reaction in methanol at 70 °C. Three signals of aldehyde
groups are observed in the 10.1-10.3 ppm range (a), and attributed to
different degrees of substitution in tri-aldehyde. Signals (b) between
8.0 and 8.7 ppm are assigned to the imine and aromatic protons, signals
(c¢) around 3.5 ppm to the methylene and methine protons, and signals
(d) around 1.0 ppm to the methyl protons of Jeffamine. The presence of
residual H,0 is detected between 2.0 and 1.8 ppm. Signals at 5.24 ppm
and 0 ppm are attributed to the chloroform-d, and internal standard,
respectively.

In the second step, the remaining aldehyde groups of the dynamer
react with the amines of CMCS, resulting in a dynamic hydrogel com-
posed of a double imine bonding framework. This double imine
crosslinking in aqueous medium is facile and eco-friendly as compared
to CMCS-based hydrogel prepared by amide bond crosslinking using 1-
ethyl-3(3-dimethylaminopropyl) carbodiimide as crosslinker and N-
hydroxysuccinimide as activator [36]. Three series of hydrogels were
prepared via a mixture of aqueous solutions of 100 mM CMCS and
50 mM Dy500, Dy800 or Dy1900 at a D-glucosamine to Dy molar ratio
of 4. This ratio was used because it leads to optimal crosslinking as pre-
viously reported [35]. Gelation proceeded at 37 °C for 24 h to yield H500,
H800 or H1900 hydrogels. Table 1 summarizes the molar compositions
and total polymer concentrations of the three hydrogels. The total poly-
mer concentration increases from 2.4% for H500 to 2.9% for H800, and to
4.8% for H1900.



R. Yu, L. Cornette de Saint-Cyr, L. Soussan et al.

H H
B —C=N—- B —C=N—o0

A; ‘wf ‘“"(\ W A

e\ —
»m

| "
Ay =0 s
o »
, A%V
Dy Hydrogel

NH- CH /\N
3 € : >
o (e}
7 CHy (¢} NH, OCH,COOH
CHO | h
CH,

OH
o] 0]
ED600 ED900 ED2003 M&/Oﬁ/
mo 9 125 39 i e, "

I+n 3.6 6 6

OHC CHO

BTA Jeffamine CMCS

Scheme 1. Synthesis route of dynamic hydrogel by imine bond formation between CMCS and a dynamer obtained from BTA and Jeffamine.

3.2. FT-IR belonging to C—H and C—O stretching, and two characteristic bands
at 1698 and 1645 cm ™! corresponding to aldehyde and imine bonds, re-

Fig. 2 shows the FTIR spectra of CMCS, the dynamers and the dried spectively. All the characteristic bands of CMCS and Dy are observed on
gels. The large band around 3500 cm ™! is attributed to free OH and the spectra of dried gels. Nevertheless, the enlarged view in the
NH, groups, and the intense band at 1595 cm™! to carbonyl groups of 1750-1550 cm™! wavenumber range shows that the aldehyde band al-
CMCS. The dynamers present large bands at 2850 and 1100 cm™! most disappears, while the imine band merges with that of carbonyl

—— Dy500
—— Dy800
—— Dy1900 C d

Mo N JA:i I,

2 11 10 9 8 7 6 5 4 3 2 1 0
8 (ppm)

Fig. 1. "H NMR spectra of the dynamers Dy500, Dy800 and Dy1900 obtained by reaction of BTA and Jeffamine.
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Table 1
Molar and mass compositions of dynamic hydrogels®.

Sample D-glucosamine/Dy molar ratio CMCS Dy500° Dy800° Dy1900° Total polymer concentration
[mmol] [w/v %] [mmol] [w/v %] [mmol] [w/v %] [mmol] [w/v %] [w/v%]

H500 4 0.2 14 0.05 1.0 - - - - 2.4

H800 4 0.2 14 - - 0.05 1.5 - - 29

H1900 4 0.2 14 - - - - 0.05 34 4.8

@ Hydrogels are prepared by mixing CMCS and Dy solutions at a D-glucosamine/Dy ratio of 4/1 to a total volume of 3 mL. The concentration of CMCS solution is 100 mM. Calculations are
made on the basis of the average molar mass of 212 g/mol obtained for D-glucosamine, taking into account the degree of deacetylation of 90% and the degree of carboxymethylation of 80%.
b The concentration of Dy solution is 50 mM obtained from the remaining aldehyde groups. In a typical reaction, 1 mmol BTA (162 mg) reacts with 1 mmol Jeffamine ED600 (500 mg) or
Jeffamine ED900 (800 mg) or Jeffamine ED2003 (1900 mg) to form a dynamer. As BTA has 3 aldehydes and Jeffamine 2 amines, there remains theoretically 1 mmol of aldehydes in the

dried dynamer. Addition of 20 mL water yields a dynamer solution of 50 mM.

groups at 1595 cm™ . These results indicate that hydrogels are formed
owing to imine formation through aldehyde and amine groups.

3.3. Rheology

The gelation of dynamic hydrogels was investigated by rheological
measurements. CMCS and Dy aqueous solutions were mixed in situ on
the plate of the rheometer, and changes of the storage modulus (G’)
and loss modulus (G”) were followed as a function of time at 37 °C

(Fig. 3a). For all samples, G'is initially lower than G”, which illustrates
a liquid-like behavior of the starting mixture. After an induction time,
both G’ and G” begin to increase, G’ increasing faster than G”. A cross-
over point of G’ and G” is detected, indicating sol-gel transition. The ge-
lation time of H500, H800 and H1900 is 210 s, 300 s, and 360 s,
respectively, with corresponding modulus of 0.15 Pa, 0.20 Pa, and
1.46 Pa at the gelation point. Thus, low molar mass of Jeffamine is ben-
eficial for rapid gelation, but leads to lower modulus of as-prepared
hydrogels.

a)

Dy1900

b)

H500 \| H500
e e \ / 1
N \ N\
N [\~ ]

H800 N— ] H800 i

\ \, t

H1900 \ H1900

e — e X\ A " | |
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Fig. 2. a) FT-IR spectra, and b) enlarged view of the 1550-1750 cm™' wavenumber range of CMCS, Dy500, Dy800, Dy1900, H500, H800 and H1900.
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Fig. 3. a) Storage modulus (G’) and loss modulus (G”) changes as a function of time after mixing CMCS with Dy solutions at 37 °C, at strain of 1% and frequency of 1 Hz; b) storage modulus
(G’) and loss modulus (G") changes of H500, H800 and H1900 as a function of strain at 25 °C and 1 Hz.
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Fig. 3b presents the modulus changes of as prepared hydrogels as a
function of applied strain at 25 °C and at 1 Hz. G’ is nearly stable over
the whole strain range up to 20% although a slight G’ decrease is de-
tected at high strains. On the other hand, the loss modulus G” is much
lower than the storage modulus G’ in all cases, indicating viscoelastic
behavior rather than liquid behavior of hydrogels. In fact, a linear visco-
elastic range is generally observed for chemically or physically
crosslinked hydrogels [36-38].

When the Jeffamine molar mass increases from 500 to 800, the stor-
age modulus slightly increases from 422 Pa for H500 to 453 Pa for
H800 at 1% strain. In contrast, much higher G’ of 1190 Pa is obtained

C-4800 x500

,/\|< ] |),'~L1 )

~5, 60 pm \_:‘

$-4800 x100

for H1900. This finding indicates that the molar mass of Jeffamine
strongly influences the mechanical properties of hydrogels. Higher
molar mass of Jeffamine leads to higher modulus of hydrogels. In fact, al-
though there are more amine groups than aldehyde ones in the mixture,
the amines are less available for imine chemistry than aldehydes due to
their lower chain mobility and steric effect as they are present along the
CMCS backbone with a Mw of 200,000. Thus, a D-glucosamine to Dy
molar ratio of 4 was used for optimal crosslinking. Similar findings
were obtained for modulus changes of as prepared hydrogels as a func-
tion of applied frequency from 0.1 to 50 Hz at 25 °C and at 1% strain
(Fig. S1). It is noteworthy that these dynamic hydrogels present better
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Fig. 4. SEM images and pore size distributions of freeze-dried gels: (a, b) H500; (c, d) H800; (e, f) H1900.
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mechanical performance than CMCS-based hydrogels by amide bond
crosslinking [36].

3.4. Morphology and swelling performance

The inner structure of freeze-dried hydrogels was examined using
SEM. As shown in Fig. 4, H500, H800 and H1900 exhibit a sponge-like
porous structure with regularly distributed and interconnected pores,
which is beneficial for utilization in drug delivery or tissue engineering
as compared to irregular microstructure of other chitosan hydrogels
[39]. Noticeably, the average pore size varies from 20.7 £ 0.1 um for
H500, to 25.3 £ 0.2 um for H800, and to 222.9 + 3.2 um for H1900.
This finding suggests that the molar mass of Jeffamine significantly af-
fect the three-dimensional architecture of hydrogels, especially on the
pore size. Higher Jeffamine molar mass leads to larger pore size because
Jeffamine molecules serve as linkers in the hydrogel network.

The swelling behavior of hydrogels is of major importance for med-
ical applications in wound dressing, drug delivery or tissue engineering.
It is thus of interest to compare the swelling of hydrogels prepared from
different Jeffamines. As shown in Fig. 5a, the swelling ratio is strongly
pH dependent as previously reported [35]. In acidic media at pH 3 and
4, the swelling ratio is rather low (between 200 and 300%). In slightly
acidic and neutral media (pH 5, 6, 7 and 7.4), the swelling ratio progres-
sively increases to reach c.a 2000%. Maximal swelling is observed in
slightly basic media at pH 8, with a swelling ratio of 5280%, 7560% and
5590% for H500, H800, and H1900, respectively. With further increase
to pH 9 and 10, however, the swelling ratio decreases, reaching
2710%, 3500% and 2250% for H500, H800, and H1900 at pH 10, respec-
tively. The pH dependence of the swelling of hydrogels is attributed to
electrostatic interactions resulted from the presence of amino and car-
boxyl groups along CMCS chains [35]. In fact, strong electrostatic attrac-
tion occurs between negatively charged -COO™ and positively charged
-NH7 groups in strong acidic media (pH 3 and 4), leading to shrinkage
of hydrogels and low swelling ratio. Electrostatic attraction becomes
weaker at slightly acidic or neutral pH, and thus the swelling ratio in-
creases. In contrast, strong electrostatic repulsion occurs between nega-
tively charged -COO™ groups in slightly alkaline medium at pH 8,
resulting in strong swelling. With further increase of alkalinity, how-
ever, the electrostatic repulsion between the -COO™ groups is
counterbalanced by the OH™ ions in solution. Hence, the swelling of
hydrogels at pH 9 and 10 diminishes compared to that at pH 8. No
major difference was observed between the three hydrogels in acidic
and neutral media, although H800 seems to present higher swelling
ratio than H500 and H1900 in alkaline media. Additionally, compared
to other chitosan-based hydrogel [36], the excellent swelling ability of
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these dynamic hydrogels should be beneficial for absorption of intersti-
tial fluid or wound exudate, and thus enlarging their biomedical utiliza-
tion, especially as wound dressing [40].

Mass loss often occurs during swelling of hydrogels due to the solu-
bilization of non-crosslinked species. Thus, the mass loss ratio is an indi-
cator of the crosslinking degree and the stability of hydrogels. Fig. 5b
presents the mass loss ratio of hydrogels at different pH values. Notice-
ably, the mass loss of hydrogels is strongly pH dependent. High mass
loss above 50% is obtained in acidic buffers at pH 3 and 4. From pH 5
to pH 7.4, the mass loss ratio progressively decreases. And in alkaline
media, a slight increase of mass loss is observed. These findings suggest
that the imine bonds in the hydrogel network are partly hydrolyzed in
acidic media, especially at pH 3 and 4. In contrast, they are stable in neu-
tral and alkaline media. The slight increase of mass loss in alkaline
media could be assigned to the high swelling which facilitated the
washing away of uncross-linked species. Among the three hydrogels,
H1900 exhibits the highest mass loss in the whole pH range, in agree-
ment with lower crosslinking degree due to the higher molar mass of
Jeffamine ED2003. In fact, better crosslinking could be achieved be-
tween CMCS and Dy500 or Dy800 based on Jeffamine ED600 and
ED900 of lower molar masses. This hypothesis is supported by the fact
that H500 exhibits the lowest mass loss ratio in the range from pH 5
to 9, with a minimum mass loss ratio of 8% at pH 7.

3.5. Self-healing

The prepared dynamic hydrogel exhibits self-healing behavior as ev-
idenced by rheological measurements at fixed frequency of 1 Hz and at
37 °C. Fig. 6a shows modulus changes of H1900 as a function of applied
strain. With increasing strain, the storage modulus of H1900 remains
stable till a strain of 30%. Beyond, G’ rapidly decreases. On the other
hand, the loss modulus begins to increase beyond 10% strain. A cross-
over point is detected at a stain of 62%, indicating the collapse of the hy-
drogel structure.

Continuous step strain measurements were then performed to ver-
ify the rheological self-recovery of H1900 with alternatively applied
low and high strains. As shown in Fig. 6b, at a strain of 1%, H1900 be-
haves as a hydrogel since G’ is highly superior to G” in spite of some G
" decrease. Then the oscillatory shear strain was increased to 62% and
maintained for 100 s. Both G’ and G” almost overlap. With the shear
strain back to 1%, H1900 behaves again like a hydrogel with both G’
and G” remaining stable. Similar measurements were made by alterna-
tively applying higher strains (100, 200 and 300%) and low strain (1%).
At high strains, G’ is lower than G” due to collapse of the hydrogel struc-
ture. And at 1% strain, G’ almost recovers its initial value. Similar
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74 8

Fig. 5. a) Equilibrium swelling ratios, and b) mass loss ratios of H500, H800 and H1900 after 24 h immersion in buffers at various pH values.
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Fig. 6. a) Modulus changes as a function of strain of H1900 prepared in Milli-Q water; b) modulus changes of H1900 prepared in Milli-Q water with alternatively applied high and low

oscillatory shear strains at 37 °C; ¢) macroscopic observation of self-healing of H1900 at 37 °C.

behaviors are observed for H500 and H800 with alternatively applied
low and high strains. Therefore, rheological measurements clearly evi-
dence the self-recovery properties of dynamic hydrogels owing to the
reconstruction of reversible crosslinking in the hydrogel network,
which makes them promising for applications in cell therapy, tumor
therapy and even in bone repairing [41].

A macroscopic approach was used to further illustrate the self-
healing of imine dynamic hydrogels, by using a hydrogel sample dyed
red with Rhodamine B for better visualization (Fig. 6¢). The sample
was injected onto a plastic petri dish through a syringe and placed as fil-
aments side by side. The filaments became almost integrated only after
20 min, and was easily peeled from the petri dish and lifted by hand.

3.6. In vitro antibacterial assay

Chitosan based materials present intrinsic antimicrobial properties
due to the presence of amino groups [42]. Considering the overall prop-
erties of the three hydrogels, H1900 was selected for in vitro antibacte-
rial activity studies by using E. coli (Gram-negative bacterium). H1900
membranes were first subjected to two sterilization treatments, i.e.
H1900? exposed to thermal treatment only and H1900" exposed to
thermal treatment followed by UVc exposure so as to examine the effect
of UV on the membrane properties [43]. The membranes were charac-
terized by FT-IR analysis in comparison with pristine H1900 (Fig. S2).
The results show that the thermal treatment and the UVc exposure
have no major impact on the chemical structure of membrane since
the main functional groups remained the same without apparent peak
shift, implying the good stability of H1900 membranes. UVc treatment
for sterilization of CMCS-based biomaterials is therefore acceptable
after thermal treatment.

Fig. 7 shows the bacterial concentrations obtained in liquid tests for
H1900% and H1900" in comparison with CMCS membrane and positive
control. After 3 h contact at ambient temperature (20 °C) with a bacte-
rial suspension at 108 CFU mL™!, the positive control and CMCS mem-
brane present small log-removal values, i.e. 0.2 and 0.1, respectively
(Table 2, entries 2 and 5). On the contrary, the H1900 membranes

exhibit significant log-removal values, i.e. 1.5 for H1900? and 5.6 for
H1900° (Table 2, entries 3 and 4). In other words, 97.11% and
99.9999% of bacteria were removed by H1900* and H1900P, respec-
tively, suggesting outstanding antibacterial properties of H1900. The an-
tibacterial activity of the hydrogel could be assigned to the positively
charged amino groups along the CMCS chains which could bind to the
negatively charged phospholipid groups present on the bacterial mem-
branes, thus inducing membrane permeabilization, release of the intra-
cellular fluids and finally cell death [42,44]. Additionally, the Schiff-base
containing a benzene ring could also play a significant role in the
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Fig. 7. Bacterial concentrations (CFU mL~") obtained for positive control, CMCS, H1900?,
and H1900" in liquid tests (H1900® with only thermal treatment for sterilization,
H1900" with both thermal treatment and UVc exposure for sterilization).
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Table 2
Antibacterial activity of H1900 membranes (entry 1-5: liquid test; entries 6-9: soft agar
tests).

Entry Sample Cpacteria [CFU mL™']  Log-removal value [—]

1 Initial bacterial suspension 4.5 4+ 0.2 * 108 -

2 Positive control 26+ 0.1*108 0.2
3 H1900% 1.3 £ 0.5*107 1.5
4 H1900° 6.2 4+ 3.1*10% 5.6
5 CMCS 3.7 £0.1*108 0.1
6 Positive control 2.1 4 0.7*10° -

7 H1900? 5.0 + 3.0* 10" 40
8 H1900° 0 53
9 CMCS nd nd

nd: not determined (too many bacteria).
H1900%: only thermal treatment for sterilization.
H1900": both thermal treatment and UVc exposure for sterilization.

antimicrobial activity since Schiff-base bonds in the hydrogel network
have been demonstrated as a promising candidate for designing more
efficient antimicrobial agents [45]. Hence, the Schiff bases and proton-
ated amino groups are supposed to impart outstanding antibacterial ac-
tivity to H1900 membrane.

The biocidal activity of H1900" appears better than H1900? in liquid
tests (Fig. 7 and Table 2), even though UVc exposure seemed not to in-
duce major changes in the chemical structure of H1900 membrane
(Fig. S2). Nevertheless, it has been reported that UV radiation could de-
crease the degree of deacetylation of chitosan [46]. On the other hand,
the antibacterial activity of CMCS based materials is dependent on the
amount of NH3 groups [42,44], and thus on the degree of deacetylation.
Therefore, it can be assumed that the antibacterial activity of H1900P is
improved by UVc exposure as compared to H1900? exposed to thermal
treatment only.

Soft agar tests were carried out in order to make sure that bacteria
were effectively deactivated rather than adsorbed on the membrane. In-
deed, if present, adsorbed bacteria would form colonies onto the mem-
brane that could be observed after 72 h incubation at 30 °C. As shown in
Table 2 (entries 6 and 8) and Fig. 8, the bacterial concentration is zero
CFU mL™" for H1900® with corresponding log-removal value of 5.3. In
other words, no colonies grew onto the H1900® membrane, in contrast
to the positive control (Fig. 8). Besides, the log-removal value is very
close to that obtained in the liquid test (Table 2, entry 4). It is thus con-
cluded that the bacterial removal observed in the liquid test mainly re-
sults from the antibacterial action of H1900® membrane, not from
adsorption.

In the same way, the H1900* membrane exhibits a significant log-
removal value of 4.0 (Table 2, entry 7), thus confirming the intrinsic

and strong bactericidal activity of H1900 membranes. On the contrary,
the CMCS membrane exhibits too many bacteria on a small surface for
bacterial counting (Table 2), suggesting that CMCS does not have any
biocidal action in these conditions probably due to membrane dissolu-
tion. It is also worth noticing that the log-removal value obtained for
H1900° in soft agar test (Table 2, entry 7) is much higher than that ob-
tained in the liquid test (Table 2, entry 3). This result is consistent with
the assumption that the physical structure of H1900? allows a limited
contact with bacteria when it is in suspension in a liquid, while in soft
agar test, bacteria are directly deposited onto the membrane surface.

4. Conclusions

In this work, three pH-sensitive dynamic hydrogels, namely, H500,
H800 and H1900, are prepared by dual-imine bond crosslinking: a
dynamer is first synthesized from BTA with Jeffamine ED600, ED900
or ED2003 of different molar masses, and then the remaining aldehydes
of dynamer react with the amines of CMCS to yield a hydrogel network.
The gelation process is environmental-friendly without involving any
organic solvent. The hydrogels present a highly porous structure with
regularly distributed pores, the pore size increasing with the molar
mass of Jeffamine which serves as the linker in the hydrogel network.
H1900 also exhibits higher storage and loss moduli as compared to
H500 and H800. The swelling and mass loss of hydrogels are highly
pH sensitive due to electrostatic attraction or repulsion in buffers at var-
ious pH values. H1900 exhibits the highest mass loss probably due to
the lower crosslinking degree because of the higher molar mass of
Jeffamine linker. The hydrogels are more stable in neutral and alkaline
media than in acidic media which facilitate the cleavage of imine
bonds. The hydrogels also present excellent self-healing and antibacte-
rial properties, and are thus most promising for biomedical applications
in wound dressing, drug delivery and tissue engineering.
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