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Abstract

Chitin is a biopolymer which has been proved to be a candidate as biomedical materials, yet the
weak mechanical properties limited their potentials seriously. In this work, a chitin-based double-
network (DN) hydrogel was designed as a potential superficial repairing material. The hydrogel
was synthesized through double-network (DN) strategy composing hybrid regenerated chitin
nanofibers (RCNs)-poly (ethylene glycol diglycidyl ether) (PEGDE) as the first network and
polyacrylamide (PAAmM) as the second network. The hybrid RCNs-PEGDE/PAAmM DN hydrogel
was strong and tough, possessing Young’s modulus (elasticity) E 0.097 £0.020 MPa, fracture
stress o7 0.449 +0.025 MPa, and work of fracture W 5.75 =0.35 MJ m=>. The obtained DN
hydrogel was strong enough for surgical requirements in the usage of soft tissue scaffolds. In
addition, the chitin endowed the DN hydrogel with good bacteria resistance and accelerated
fibroblast proliferation, which NIH3T3 cell number increased nearly 5 times within 3 days.
Subcutaneous implantation studies showed that the DN hydrogel did not induce inflammation after
4 weeks, suggesting a good biosafety in vivo. These results indicated that the hybrid RCNs-

PEGDE/PAAmM DN hydrogel had great prospect as rapid soft tissue repairing materials.

Introduction

Superficial soft tissue damage is one of the most common physical injuries in our normal lives,

such as skin damage, e.g. burns, scratch, strikes and skin ulcers, and even superficial muscle
2



41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

damage, e.g. cuts and tears. A major therapy is covering the wounds with wound dressings. Gauze
and non-woven blends are known as the most frequently utilized in vitro dressings to facilitate
wound healing. However, such dry dressings allows wound desiccate rather quickly which induces
strong pains and microbial invasion, also the adhesion and even bonding to the wound surface lead
to difficulties of removing, or the second time damage when removing the dressing, which is
confronted with a great challenge in wound caring.’ In the case of muscle damages, such as
muscle cuts and tears, not only the repair surgery is necessary, sometimes the suitable scaffolds
are used at the same time to support the tissue and promote the wound healing. Yet the

development of high mechanical strength scaffolds is a great challenge.

Natural polymers have been widely used as biomedical materials owing to their biophysical
similarity to soft biological tissues.* ® Because of the excellent hydrophilicity, biocompatibility
and biodegradability, the hydrogels constructed by cellulose®, alginate’, collagen®, dextran®, silk®
and hyaluronan®! are regularly considered as candidates for artificial tissue, scaffolds and
extracellular matrix. But the poor bacterial barrier capacity restricts the direct applications except
for embedding with antibiotics, metal ions or nanoparticles*?>, which also brings in possible
inflammation and allergy in vivo'® ", Natural polymer extracted from marine crustaceans and
fungi, so-called chitin and its derivatives, chitosan, which has also been proved to accelerate
fibroblast proliferation, are regarded as more promising matrix as wound repairing materials® 1°.
At the early study, the chitin-based repairing materials were mainly designed as wound dressings,
which were based on chitin nanofibers, whiskers, nanocomposites, etc?-22, Current researches on
chitin-based hydrogels used for wound repairing are focus on the blending and co-spinning with
other synthetic polymers for enhancing strength and flexibility, such as PVA, PEG and PVP and

other natural polymers such as collagen, cellulose, chitosan and their derivates® 22, But the poor
3
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mechanical strength and low moisture retention capacity of these chitin-based materials are still
dissatisfied as required. The drawbacks are originated from insufficient processing method due to

the great resistance against most of solvents of chitin.

Precious studies have demonstrated the relationship between the elasticity of the substrate and
the cell phenotype. Discher et al. hypothesized that cells maybe mechanosensitive to the substrate
stiffness.?® Specifically, a relative high modulus is essential for activation, differentiation and
proliferation of fibroblast and myoblast phenotype?%’, which is important in the myoideum
healing. Therefore, in the fabrication of materials for the wound healing in vivo, the elasticity of
the materials should be considered. The presented chitin-based hydrogels for in vivo treatments
are generally designed as the injectable thermosensitive hydrogels, which is easy handling and can
fill the defect area of the wounds to minimize the invasive surgical procedures. In the case of the
cells culturing in a three-dimensional extracellular matrix, the easy mixing of cells and injectable
hydrogels promotes cell growth significantly partially owing to a wide area of contact,?8-%
However, the injectable chitin hydrogels generally have a relatively low elasticity (5 ~ 20 kPa) and
may limit fibroblast phenotype in the case without cytokines.?* 26 Hence chitin materials with high

elasticity are required for fibroblast proliferation.

Recent studies on the native chitin nanofiber-based films and membranes have drawn attentions
due to its high mechanical strength. The native chitin nanofibers are generally produced through
simple mechanical and chemical treatments which are able to remain a high aspect
(length/diameter) ratio.3! As a result, the self-assembled materials made from these native chitin
nanofibers, such as nano-film, nano-paper and nano-sheet, have excellent mechanical properties.3?-

34 However, the native chitin nanofiber dispersion to prepare film and membrane is always of low
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concentration and requires water evaporation during preparation, the resulting dry and very thin
films and membranes maybe highly restricted in the usage as wound healing materials. Besides,
the redispersion of the nanofibers in water may occur without crosslinking which limits its
applications as wound healing materials in vivo. Injectable hydrogels based on native chitin
nanofibers used as the extracellular matrix are also rarely seen.®® Compared to the native chitin
nanofibers, the applications of regenerated chitin nanofibers (RCNs) have a wider outreach, which
can be produced by dissolving chitin in a suitable solvent then regenerating it from the solvent by
solvent exchange®®. So far, several solvent systems are used for chitin dissolution, which produces
RCNs and its materials, including hexafluoro-2-propanol (HFIP), lithium chloride (LiCI)/N, N-
dimethylacetamide (DMACc) composite solvent, sodium hydroxide (NaOH)/urea aqueous solution
and potassium hydroxide (KOH)/urea aqueous solution®’-*2, The RCNs based hydrogels is able to

hold a large amount of water, but at the same time, they are weak and brittle.

To overcome the current mechanical weakness of chitin hydrogels, the double-network strategy
is an efficient method to develop chitin-based tough hydrogels*:. A double network hydrogel (DN
hydrogel) consists of two interpenetrated networks with contrasting structure: the first network is
rigid and brittle, and the second network is soft and stretchable**. Also, another important factor
to create a DN hydrogel is that the first network gets swell largely in the second network monomer
solution.® The low aspect ratio of RCNs leads to the network brittleness and weakness*®, which
can fulfill the mechanical strength requirement as the first network in the double-network strategy.
However, due to the strong aggregation tendency, the chitin nanofibers in the dispersion self-
assembles to a physical hydrogel with dense structure during the preparation of RCNs, which is

unable to swell largely in neither water nor the hydrophilic monomer solution. Hence the second
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network formed in a physical RCNs based hydrogel is unable to exert the double network effect,

resulting in poor mechanical properties.

A common method to construct a highly swollen RCNs based network is introducing epoxy
chemicals as crosslinker into the chitin dispersion.*”*® The chitin dispersion was prepared by using
aqueous KOH/urea solution as previously reported.®® Different from synthetic polymers, the
concentration of the epoxy crosslinker largely excess the molar ratio of monomer units of chitin.
The epoxy crosslinker not only consumes all hydroxyl groups on RCNSs, but also self-react to form
another network. As a result, the RCNs-based hydrogel prepared by this method is a hybrid
network which is composed of nanofibers-g-crosslinker network and crosslinker-g-crosslinker
network. After reacted with EGDE then washed by water, the RCNs based hydrogel is achieved.
Owing to the flexible crosslinker-g-crosslinker network, the hydrogel swells largely in water and
hydrophilic monomer solution, which is suitable for being reinforced by double-network strategy.
A simple and biosafe polyacrylamide is also selected as the second network in this work to
fabricate a tough RCNs-based/polyacrylamide double-network hydrogel. Combining with the
rapid fibroblast proliferation ability and good bacteria resistance of chitin, the enhancement in
mechanical properties of the DN hydrogel has great prospects as the wound repairing materials,
such as hydrogel wound dressing and superficial soft tissue scaffolds. Introducing epoxy
crosslinker is one of the regular methods to prepare chitin and other natural polymer hydrogel,
however, the attempting to prepare DN hydrogel by a hybrid network in this work is rare. The co-
construction of stiff nanofibers and soft network for highly swelling hydrogel preparation will

inspire another strategy to construct natural polymer based DN hydrogel with high toughness.
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Experimental section

Materials and reagents. The raw squid pens extracted from Todarodes pacificus were purchased
from Kaneshime Takahashi Suisan (Hokkaido, Japan). As the raw squid pen contained mainly
chitin and minor protein and minerals, before usages, raw squid pens were subsequently
demineralized and deproteinized twice by 4% (w/v) hydrochloric acid and 4% (w/w) sodium
hydroxide solution, respectively. The treated squid pens were washed by deionized water at each
step and then freeze-dried to obtain purified S-chitin. The molecular weight of purified g-chitin
was determined as 1.2 - 2.0 <108 g/mol at 5% LiCl/95% DMAc (w/w) and 25<C by size exclusion
chromatography®!, and the degree of acetylation was determined as 98.7% by two abrupt change
conductometric titrations®2. Acrylamide (AAm), ethylene glycol diglycidyl ether (EGDE), N, N -
methylenebisacrylamide (MBA), and 2-oxoglutaric acid (a-keto) were purchased from Fujifilm

Wako Pure Chemical Industries (Japan) and used without any pretreatments.

Luria-Bertani broth (LB) and agar were obtained from Fujifilm Wako Pure Chemical Industries
(Japan). Gram-positive bacteria Micrococcus luteus (M. luteus NBRC 3333) and Gram-negative
bacteria Escherichia coli (E. coli strain K-12) were employed in the antibacterial test. Dulbecco’s
modified Eagle’s medium (DMEM) was purchased from Nissui Pharmaceutical (Tokyo, Japan);
penicillin-streptomycin, trypsin-EDTA, and HEPES were from Sigma-Aldrich (St. Louis, MO,
USA); and fetal bovine serum (FBS) was from Gibco®-life Technologies (Grand Island, NY,
USA). The murine embryonic fibroblasts (NIH3T3) were purchased from JCRB (Japan). Calcein-
AM, (sodium 2, 3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)-carbonyl]-2H-

tetrazolium) inner salt (XTT), (N-methyl dibenzopyrazine methyl sulfate) (PMS) and propidium
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iodide (PI) were purchased from Wako Pure Chemical Industries (Japan). The live/dead bacteria

kit (SYTO9/PI) was purchased from Invitrogen (Thermo Fisher Scientific).

Preparation of RCNs-PEGDE hydrogel. A 2 g of the purified f-chitin was suspended in 98 g of
aqueous KOH/urea solution containing 20 g KOH and 4 g urea, and then dissolved by freezing-
thawing method®®. A 7.7 mL of EGDE as chemical crosslinker was added and then vigorously
stirred to mix them well. The mixed solution was degassed, and subsequently stored for 4 h at
15<C to form stable as-prepared gel. The as-prepared gel was totally washed by deionized water
to get the highly swollen first network hydrogel namely RCNs-PEGDE hydrogel. The initial
concentration of chitin (Cenitin’) Was 24.1 g/L and the molar concentration of EGDE relative to chitin
monomer (Cecpe) was 500 mol%. For convenience, the RCNs-PEGDE hydrogel was coded as SN

in the following text.

Preparation of RCNs-PEGDE/PAAmM double-network hydrogel. The SN hydrogel was
immersed into 3mol/L AAm solution containing MBA (crosslinker) and a-keto (initiator) for 1 d.
The concentration of MBA and a-keto were both 0.02 mol% relative to AAm monomer. After
highly swelled in AAm solution, the precursor chitin gel was sandwiched between two
hydrophobic sheets and glass plates, and the system was lightly pressurized to expel access AAm
solution on the surface. The polymerization of AAm was performed using 365 nm UV light
irradiation (4 mW/cm?) for 8 h under argon atmosphere. After polymerization, the sample was
further fully washed and swelled in deionized water. The sample thus achieved was chitin-
PEGDE/PAAmM double-network (DN) hydrogel. For convenience, the chitin-PEGDE/PAAmM DN

hydrogel was coded as DN in the following text.
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Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR-FTIR). The
ATR-FTIR measurements on B-chitin and SN hydrogel were performed by a FT-IR 6600
spectrometer (JASCO, Japan) with diamond prism. The applied p-chitin sample was ungrounded
purified squid pen, and the SN hydrogel was cut into dish-like shape with a thickness of 0.5 mm.
The spectra were measured in full contact with the prism for wavenumbers of 4000 - 700 cm™, at
32 times accumulation and at a resolution of 2 cm™. The air background was subtracted by the

accessory software.

Water content measurements. The water content of all sample hydrogels swollen in pure water
was measured using the moisture balance (Moisture Balance; MOC-120H, Shimadzu Co., Japan).
Water inside the hydrogel was gradually evaporated from 30 to 120<C until no longer changed.
The water content (w, %) was calculated as the ratio percentage between the weight of water in

hydrogel to the total weight of the hydrogel. The results were average of three specimens.

Swelling ratio measurements. The as-prepared SN gel was chosen as the reference state. The
swelling ratio was defined as Qv = Vsw/Vas, Where Vs was the volume of fully swollen SN or DN
hydrogel and Vas was the volume of as-prepared SN gel. The volume of the gel was measured
through its three-dimension length. The true chitin concentration cehitin' in SN and DN hydrogel

was calculated as Cehitin! = Cehitin/Qu™ and Cenitin' = Cenitin/QuPN, respectively.

Tensile test. The tensile test was performed on a universal testing system (Instron 5965, US) at a
stretch velocity 100 mm/min. The samples were cut into dog bone shape with 100.0 mm length
and 10.0 mm width. The fracture stress orand strain s were both directly obtained from the nominal
stress and stress at the fracture point. The Young’s modulus E was calculated as the slope of the

initial stress-strain curve. The work of fracture Wi was calculated from the area under the stress-
9
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strain curve. The values of all the mechanical properties were calculated as averages for at least
five specimens. All measurement was performed at the temperature of 25<C and in water vapor

environment to avoid sample drying.

Bacteria killing kinetics test. This test was used to study the bacterial killing kinetics on the
PAAmM, SN and DN hydrogels. Briefly, M. luteus and E. coli were allowed to grow in LB broth to
reach a concentration of 2.5 x 10’ CFU/mL. Thereafter, 10 mL of bacteria suspension was
centrifuged (4,500 rpm, 8 min) to remove supernatant, and then re-suspended in 1 mL saline. At
the same time, 5 pL live/dead backlight bacterial viability kit (SYTO9/PI, Invitrogen) was added
into the above bacteria/saline suspension. Then 2 pL of the suspension was spread on the hydrogel
surface with plastic razor blade. The agar was used as a control. All samples were immersed into
saline for 1 d before this test. The samples with bacteria were placed and observed by a fluorescent
microscope with time-lapse system (Eclipse Ti-E Inverted Microscope, Nikon Instruments Inc.,
Japan). SYTOQ is a dye that stains living bacteria which fluoresces in green (Ex.: 485 nm, Em.:
498 nm). PI dye stains only dead bacteria and fluoresces in red (Ex.: 535 nm, Em.: 617 nm). The
interval for each snapshot was set as 15 min and the total time was 18 - 20 h. An environment
system was used and adjusted to optimal temperature and relative humidity (R.H.) for M. luteus
(30°C, 100% R.H.) and E. coli (37°C, 100% R.H.). The survival rate of bacteria was defined as the
ratio of live and total bacteria counting. The experiment was repeated three time to get average

result.

Bacterial inhibitory test. The bacteria inhibition rate was measured to characterize the efficacy
of the hydrogel samples against bacteria. The bacteria were allowed to grow in the LB broth to

reach a concentration of 2.5 x 10’ CFU/mL. Then 2 pL suspension was spread on surface of

10
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hydrogel samples and then incubated at 30 <C (for M. luteus) and 37 <C (for E. coli) with shaking
at 150 rpm for 24 h. All hydrogel samples were cut into a dish-like slices with diameter and
thickness of 2 cm and 2 mm, respectively. The samples were immersed into LB broth for 1 d before
the test. The agar was used as a blank control. After incubation, the hydrogel samples with bacteria
were washed by 1 mL saline for three times to enrich all bacteria. After centrifuging at 4,500 rpm
for 8 min, the supernatant was removed, and the bacterial were re-suspended with 1 mL saline. To
calculate the concentration of the bacteria suspension, the absorbance at 625 nm (ODs2s) was
measured by UV-Vis spectrophotometer (UV-1800, SHIMADZU, Japan). The experiments were
performed three times to get average. The inhibition rate was defined as the growth reduction of

bacteria on hydrogel and agar, which was calculated as followed:>*

0D on hydrogel) — OD initial inoculum
Inhibition rate, % = 100 — 625 ydrogel) 62.5(. — ) x 100
ODg,s(on agar) — ODg,5(initial inoculum)

Cell morphology observation. The murine embryonic fibroblasts (NIH3T3) were cultured in
DMEM supplemented with 10% FBS, 1% penicillin-streptomycin and 1% L-glutamine in a
humidified 5% CO. atmosphere. The cells were seeded into a 12-well tissue culture plate at a
density of 5 x10* cells/well and incubated in 1 mL of DMEM for 4 h for immobilization. Then,
the DMEM was removed and gently settled the PAAm, SN and DN hydrogel samples on the top
of cell layer. After that, 0.5 mL of fresh DMEM was added into each well and then incubated for
24 h. All hydrogel samples were sterilized in HEPES buffer and immersed into DMEM for 1 d
before this experiment. The blank control was performed without any hydrogels. After 24 h, the
DMEM and hydrogel samples were gently removed, further 1 mL of DMEM with Calcein-AM/PI
dye was added into each well and incubated in the dark for 30 min to stain all cells. The stained

cells were observed under fluorescent microscope.
11
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Cell viability assay. The NIH3T3 cell suspension at a density of 2 x<10° cells/well was added into
12-well plate with the PAAm, SN and DN hydrogel samples and incubated for 24 h. After that,
0.5 mL of trypsin-EDTA was added into each well for 60 s, and all the cell were harvested by 4.5
mL DMEM. After replacement by fresh DMEM, 20 pL of cell suspension was mixed with 20 uLL
of 0.4% trypan blue and counted the blue dead cells under microscope. The cell viability was
calculated by the ratio of the dead cell and total cell counting. All hydrogel samples were sterilized
in HEPEs and immersed into DMEM for 1 d before this experiment. The blank petri dish was used

as a control.

Cell proliferation measurement. To measure the cell number quantificationally, an XTT assay
was employed. The XTT immerses into cell and reduces to an orange, water-soluble formazan
products. Before the experiment, a standard curve of absorbance versus cell concentration was
built to estimate cell number linear area and detection limitation (see Supporting Information
Figure S5). The NIH3T3 were cultured in DMEM supplemented with 10% FBS, 1% penicillin-
streptomycin and 1% L-glutamine in a humidified 5% CO» atmosphere. The cells were seeded into
a 12-well tissue culture plate at a density of 2 < 10° cells/well and incubated in 1 mL of DMEM
for 4 h for immobilization. Then, the DMEM was removed and the PAAm, SN and DN hydrogel
samples with thickness of about 1 mm and diameter of 2 cm were gently settled on the top of cell
layer in triplicate. To make sure the cells grew consecutively, the hydrogel samples were divided
into 7 groups and only 1 group of samples was used for daily measurement. After the hydrogel
placement, new DMEM was added into each well. The volume of DMEM was controlled to cover
all the cells and avoid the floatage of hydrogel samples. The DMEM was exchanged each three
days. At each daily measurement, the DMEM was gently removed. The cells and hydrogel samples

were treated with 200 pL trypsin-EDTA twice and harvested into 1 mL DMEM. The well plate
12
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and hydrogel samples were carefully washed by 1 mL DMEM to ensure all cells were harvested
and mixed with the trypsin-EDTA treated one. After centrifugation, the supernatant was removed,
and the cells were resuspended in 200 uL DMEM. After that, 100 uL of cell suspension with 20
uL XTT (supplemented by 2% PMS) was incubated for 4 h (counted into the total incubation time).
The other 100 pL of cell suspension was used as reference. After 4 h, the absorbance values of
each cell suspension were measured in triplicate at the wavelength of 450 nm and 655 nm. The
absorbance of cell suspension was calculated as Assonm - Asssnm and the resultant absorbance of
formazan was calculated as Atest - Areference. The cell number after daily proliferation was calculated

according to the standard curve. The experiment was repeated for three times to get average.

Histopathological study. Wound histology specimens were performed under the dorsal skin of
rabbits. The rabbits were mature female Japanese white rabbits which were weighed 3.9 kg in
average. Before surgery, the fur on rabbit dorsum was shaved off and each rabbit was anesthetized
by isoflurane. Three rectangular sterilized hydrogel samples were implanted among the connective
tissue through an incision surgery, and surgical suture was also employed for hydrogel
immobilization. After surgery, the rabbits were allowed to move and have solid rations and water
freely in their cages. The histopathological slices were made from the tissues contacted with
hydrogel and collected on day 7, 14 and 28. All the specimens were fixed in 4% paraformaldehyde
solution for 2-3 days. The samples were embedded in paraffin, and 3 - 4-um-thick tissue sections
were prepared. Representative sections were stained with hematoxylin and eosin (H&E) for
observation by light microscopy. For the control groups, an incision was made at the same position
on another rabbit and the injured tissue sections without hydrogel contact were used for

histopathology study. Three rabbits were used in each group. After the experiments, all rabbits

13
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were euthanized. The animal studies were performed in accordance with the protocol approved by

the Institutional Animal Care and Use Committee at Hokkaido University Faculty of Medicine.

Result and discussion

Figure 1a showed the preparation process of the highly swollen first network combined with
chitin and EGDE. Herein, the chitin resource is extracted from squid pen and namely g-chitin®, it
was purified and dissolved in an aqueous KOH/urea solution by freezing-thawing cycle.>® > Due
to the strong inter- and intramolecular hydrogen bonding, the chitin molecules tended to aggregate
into nanofibers even in a strong polarity solvent which chitin solution was a dispersion consisted
of chitin nanofibers, as shown in Figure 1a. Distinguished from the polymerization of traditional
poly-(2-acrylamido-2-methyl-1-propanesulfonic acid) (PAMPS) first network*, the first network
was prepared through a typical sol-gel method by employing a water-soluble crosslinker EGDE,
which reacted with the exposed hydroxyl groups on the surface of chitin nanofibers, as shown in
Figure 1b. After reacted with EGDE and washed by deionized water, the chitin nanofibers
regenerated from the dispersion and became insoluble and formed RCNs based hydrogel. The
FTIR result showed that the intensity of -CHz- and -OH group significantly increased after
reaction, suggesting the formation of RCNs-PEGDE networks (see Supporting Information Figure
S1). Notably, the molar mass of EGDE was well in excess to that of chitin monomer, suggesting
after the hydroxyl groups on the surface of nanofibers were consumed, the residual EGDE
continued to form PEGDE homo-polymer (Figure 1c), and created a hybrid first network which
was combined with RCNs-PEGDE and PEGDE-PEGDE network. However, it was no way to form
a pure PEGDE gel under the same EGDE concentration applied in the chitin dispersion. After
reaction, the as-prepared first network was washed by large amount of deionized water and got

14
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swelled during the washing, which volume swelling ratio Qy of the gel reached to about 5.4 in
relative to the as-prepared chitin gel. Furtherly, the first hybrid network was immersed into AAm
solutions containing initiator and crosslinker for further swelling, then the PAAm second network
was synthesized in the presence of the first network under UV light to get as-prepared DN gel.
After the as-prepared gel was washed and swelled in deionized water (Qv ~ 9.0, in relative to the

as-prepared first network gel, Table 1), the DN hydrogel was achieved.
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Figure 1. (a) Illustration of the preparation process of the RCNs-PEGDE hydrogel (SN hydrogel)
and the RCNs-PEGDE/PAAmM DN hydrogel (DN hydrogel): (1) The g-chitin was dissolved in
aqueous KOH/urea solution to form a chitin nanofiber dispersion; (2) A desired amount of EGDE
was added into the dispersion to react with chitin nanofibers or themselves to form a hybrid

network, and after washing and swelling in DI water, the first network was obtained; (3) The
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317  second PAAmM network was synthesized under UV light and argon atmosphere, and after washing
318 and further swelling in DI water, the DN hydrogel was obtained. (b) Reaction between RCNs and
319 EGDE. Each RCNs was composed of several chitin molecules which were aggregated through
320  hydrogen bonding. Only the hydroxyl groups exposure on the surface of RCNs were able to react
321  with single or multiple EGDE molecules under alkali condition and formed covalent bonds. (c)
322  Self-reaction of EGDE molecules under alkali condition. The wavy line referred to crosslinking

323  with other EGDE.

324  Table 1. Formulation of SN and DN hydrogels, volume swelling ratio (Qv) in relative to the as-
325  prepared chitin gel and water content (w, %) of SN and DN hydrogels in pure water, and true chitin

326  concentration (Cenitn') calculated through Qy in the hydrogels.

Sample 1%t network 2"d petwork 0, , % Cehitin'y g/L E, kPa

2.0 wt% chitin,

SN hydrogel - 54 98.4 4.5 6.8+0.9
500 mol% EGDE
3MAAm,
2.0 wt% chitin,
DN hydrogel 0.02 mol% MBA, 9.0 89.3 2.7 97 £20
500 mol% EGDE

0.02 mol% o-keto

327 Figure 2 showed the photograph (a) and mechanical strength (b-d) of the chitin-PEGDE SN
328 and DN hydrogels. The transparent SN hydrogel containing more than 98% water was very brittle
329  and it broke even by a bending deformation (Figure 2a). From the swelling ratio Qv of SN hydrogel,
330 the true chitin concentration cehitin' in SN hydrogel was calculated as 4.5 g/L, as shown in Table 1.

331  After being reinforced by PAAmM through DN strategy, the DN hydrogel became tough enough
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that sustained a large deformation. The fracture stress o, fracture strain ¢ and Young’s modulus E
values of the SN hydrogel were only 4.5 £1.2 kPa, 0.5 0.1, 6.8 0.9 kPa, respectively, and those
of PAAm hydrogel were 64 £6.3 kPa, 13.6 2.1, 12.1 +2.9 kPa, respectively (Figure 2b). The
mechanical strength of the DN hydrogel was much higher than the SN and PAAm hydrogel,
showing a stress-strain curve similar to that of previously reported tough PAMPS/PAAM DN
hydrogel with yielding behavior®®, as shown in Figure 2b. DN hydrogel had a significant high W
of 5.75 £0.35 MJ m, and ov, & and E values were 0.449 +0.025 MPa, 14.0 2.4 and 0.097 +
0.020 MPa, respectively (Figure 2b). o of the DN hydrogel was of almost 100 times to that of than
the SN hydrogel. However, the water content of the DN hydrogel slightly reduced to 89%, which

meant that the PAAmM network was restricted to swell by the SN network. From the swelling ratio

Qv of the DN hydrogel, the total polymer content in DN hydrogel was estimated about 130 g/L
while the cehitin' in DN hydrogel decreased to 2.7 g/L due to swelling of SN hydrogel in AAm
solution and the further swelling of the as-prepared DN hydrogel in water (Table 1). Compared to
the other chitin-based blended hydrogels, chitin nanocrystals/PAAM®’, chitin whisker/alginate
composite hydrogel®®, chitin/PVA hydrogel*’, nanoparticle reinforced chitin hydrogel*® % 60,
double-crosslinked chitin hydrogel®®, and the native chitin nanofiber-based hydrogels®?®, the
RCNs-PEGDE/PAAmM DN hydrogel developed in this work was tougher (larger Ws ) and stronger
(larger ot ), which was able to undergo suture surgery. Also, the high modulus of the DN hydrogel
should favor the requirement for fibroblast activation and proliferation as previously reported.?® 67
In this work, the toughening strategy for the SN hydrogel referenced the pre-stretching strategy
that had applied to the neutral polymer-based first network*® %, through introducing an additional
flexible component to improve the network stretchability to obtain a higher swelling ratio for the

fabrication of tough DN hydrogel. In various physiological saline and PBS buffer solutions, as
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well as in various pH solutions, the DN hydrogel deswelled very slightly (Table S1), which might
be owing to the high osmotic pressure of the concentrated neutral PAAmM in the DN hydrogels.
The slight deswelling lead to small changes on mechanical properties under various media (Figure
2¢ and 2d), but it remained the similar mechanical strength, indicating a good stability in

physiological fluids.

- B

DN
c 04r
————————— [
= o3l 0.006
) SN
0 0.003
% 0.2+
0.1} /0,'008.0 0.2 0.4 0.6 0.8 PAAM
00 n 1 1
0 4 8 12 16
Strain, mm/mm
d
) 0.6
© A~ ©
a | | [l |
S 04 T| S 04 ﬂ
7} 7}
[72] [72]
g o2 g o2
n - —— Water o —— pH=7
—— Saline — pH=5
——PBS — pH=10
0.0 . . . 0.0 . . :
0 4 8 12 16 0 4 8 12 16
Strain, mm/mm Strain, mm/mm

Figure 2. (a) Photography of the chitin-PEGDE SN hydrogel and the DN hydrogel. The lattice
length in (a) was 5 mm. Upper photos: samples in dog bone shape for tensile test; lower photos:
SN hydrogel broken after bending (left) while DN hydrogel allowed bending (right). (b) Tensile
stress-strain curves of the SN hydrogel, PAAm hydrogel, and the DN hydrogel swollen in water.
(c, d) Tensile stress-strain curves of the DN hydrogel after equilibrium in different buffers (c) and

solutions with different pH values (d).
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One of the essential properties as wound dressings is the strong resistance to bacterial infection.
Chitin and chitosan have excellent antibacterial ability due to the potential to have protonated
amino and acetylamino groups, and the antibacterial ability increases with content of amino
groups.®® Herein, the degree of deacetylation (D.D.) of chitin hydrogel was determined as 5.9%
due to possible deacetylation in alkali solution during dissolving. The My of chitin might decrease
due to the alkali degradation, but the decrease was reported to be small after dissolution and would
not change the physiochemical properties apparently.” Generally, the antibacterial ability was
confirmed by the bacteriostatic (bacteria-inhibiting) and bactericidal (bacteria-killing) tests.”
Figure 3a and 3b showed the inhibition rate and survival rate of the PAAm, SN and DN hydrogel
against E. coli (Gram-negative) and M. luteus (Gram-positive), respectively. The inhibition rate
demonstrated the bacteriostatic capacity of the hydrogel and it was calculated according to the
bacteria colony-forming unit changes after incubation on agar and other samples. Agar had no
inhibition or killing effect against bacteria and was used as blank control. To measure the inhibition
rate, E. coli and M. luteus were spread on the PAAmM, SN and DN hydrogel in the presence of
culture medium and allowed to grow under their optimal growth temperature. After incubation for
24 h, all bacteria on the hydrogel was harvested and the concentration was measured by
spectrometer method to quantify the inhibition rate. The inhibition rate of the hydrogel sample was
around 75% - 90% against E. coli and 50% - 75% against M. luteus, respectively (Figure 3a),
showing a favorable resistance against bacteria growth. The survival rate demonstrated the
bactericidal capacity of the hydrogel and it was calculated according to the live/dead bacteria ratio
after incubation on agar and other samples. A bacterium killing kinetics experiment was firstly
performed on the SN hydrogel to determine the time range. As shown in Figure S2 and Movie S1,

the bacteria gradually died (turned green to red) and the survival rate decreased with incubation
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time and reached to a constant after 12 h which confirmed the end of bacteria killing. Hence the
time range of Kkilling kinetic measurements for other samples were based on 12 h for comparation.
On the agar one, about 25% of E. coli and 35% of M. luteus were dead after 12 h incubation due
to possible dehydration. For the PAAmM sample, the survival rate was similar to that of agar, which
showed no bactericidal capacity against E. coli and M. luteus. This was because the amino groups
on polyacrylamide were difficult to be protonated, which result in a lack of antibacterial ability.
While on the SN hydrogel, only 14% of E. coli and 7.5% of M. luteus survived after 12 h
incubation, indicating a good bactericidal capacity. On the DN hydrogel, most of the bacteria dead
after incubated for 12 h, as shown in Figure 3c and 3d, and the survival rate was 27% for E. coli
and 23% for M. luteus, which was higher than that on the SN hydrogel due to the low concentration
of protonated amino groups on the hydrogel surface’. As the results showed here, it was
reasonable to conclude that the DN hydrogel had good bacterial resistance. The bacteriostatic and
bactericidal capacity of chitin hydrogels were originated from the electrostatic interaction between
the negatively charged cell wall of bacteria and the protonated amino groups fixed on the surface
of DN hydrogels”, but because of the localized chitin molecules on the surface of DN hydrogel,
there was a time gap for the bacteria to contact with the hydrogel surface and interact with chitin
molecules’. Unlike diffusible antibiotic and chemicals with strong positive charge such as silver
ions, zinc ions, chitosan oligomer and its derivatives and tetraalkylammonium salts, their strong
antibacterial activity might serve in a short-term in relative to their dose level, which would be
used as emergency disinfection. Compared to the above chemicals, the relative low inhibition rate
and long killing time of the DN hydrogel in this work demonstrated a mild antibacterial capacity,
but it also suggested the possible long-term antibacterial activity, which might be benefit in a long

therapeutic procedure. Specifically, chitosan was considered as potential inflammation incentives
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because the abundant amino groups might cause serious proinflammatory response when they
were protonated in vivo’™, and as a result, the content of amino group must be controlled to
minimize the possible inflammations in our cases. Without any doubt, the antibacterial capacity of
chitin could be enhanced by moderately increasing positive charge through deacetylation treatment

or cationic modification.

a) 100 E. coli b) 100 E. coli
O\O '// XY M. luteus O\O— X M. luteus
oo 1| 1Bl |
c 25t S 25t Z
E® . N NN N N A

O nhibition Z§ %//§ %§ O Z§ Z§ %& %§
Agar PAAmM SN DN Agar PAAMm SN DN
c)

Figure 3. (a) Inhibition rate of the agar, PAAm, SN, and DN hydrogel samples against E. coli and
M.luteus. (b) Survival rate of the bacteria after incubation on the samples for 12 h. Each
measurement was performed in triplicate. (c, d) Fluorescent microscope images of live (green) and
dead (red) E. coli (c) and M. luteus (d) after incubation on DN hydrogel for 12 h. Scale bar = 100

pm.
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Differ from the transplantation materials, the wound dressing always required non-adhesion to
the tissues for further painless removing. Generally, the cell adhesion on hydrogel occurred with
the involvement of cell adhesion receptors and corresponding proteins, and therefore, without
appropriate design, most of synthetic hydrogels, including PAAm hydrogel, were anti-adhesive’®.
Chitin was reported having effects on promoting fibroblast’’, but the cell adhesion on chitin
hydrogel was weak because of the very low positive charge density’®. As shown in Figure S3,
NIH3T3 cells properly adhered on petri dish and grew in regular shape, while on the PAAm, SN
and DN hydrogel, the NIH3T3 cells deactivated and floated, and aggregated into large bundles,
suggesting that these hydrogels were non-adhesive to the cells. As a result, to minimize the cell
aggregate and simulate the cell growth under the effect of hydrogels in vitro, the cells were seeded
on the petri dish at first for immobilization then covered by hydrogels and incubated for subsequent
measurements. Figure 4a and 4b showed NIH3T3 cell morphology and viability after incubation
on the petri dish, PAAm, SN and DN hydrogel in vitro. The stained NIH3T3 cells grew in their
regular long spindle or polygon shape on the petri dish. When the cells contacted with the PAAm,
SN and DN hydrogels, the cells grew in the same shape as that on the petri dish (Figure 4a),
indicating no significant inhibition by hydrogel contact. In addition, the cell viability was higher
than 98% when contacted with the hydrogels (Figure 4b), also indicating the non-cell-cytotoxicity
of the hydrogels. Further, to demonstrate the contact-mediated acceleration effect of the DN
hydrogel on NIH3T3 cells, a daily XTT assay, which has been demonstrated to be more sensitive
and harmless than MTT assay, was employed’®. The calibration curve for XTT measurement was
established at first to acquire the linear detection region, which was ranged from 2.0 x10° to 3.0
»x 107 (see Supporting Information Figure S4a). At day 0, the NIH3T3 cells were seeded on petri

dish with a cell number of 2.0 x10° cells/dish and then each hydrogel sample was placed upon the
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cells to exert its influence. After incubation and proliferation for a time interval, the daily XTT
assay was performed and the absorbance result was recorded, as shown in Figure S4b. The cell
concentration versus time calculated according to the calibration curve (see Supporting
Information Figure S4c) was shown in Figure 4c. The cells grew on petri dish, increased gradually
from 2.0 x10° to 3.5 x10° cells from day 0 to day 3. Compared to that incubated on petri dish,
when the cells contacted with the PAAm, SN and DN hydrogel, they grew faster and the cell
number significantly increased to 6.7 < 10°, 8.3 x10° and 9.8 x10° at day 3, respectively, which
cell number showed 3.4, 4.2 and 4.9 times increase compared to day 0. According to these results,
the SN and DN hydrogels showed similar promotion effect on fibroblast proliferation, although
the ceniin® in the DN hydrogel was lower than that of the SN hydrogel. Since the previous studies
have shown that that the promotion on fibroblast was effected by chitin concentration’” 8, it was
reasonable to interpret that the promotion on fibroblast proliferation was originated from the higher
modulus of the DN hydrogel than the SN hydrogel (Table 1)?* 227, The accelerated effect of the
DN hydrogel in this work was higher than cellulose®, alginate®?, dextran® and gelatin
methacryloyl®*, which were often applied in commercial wound dressings. The results on DN
hydrogels was also comparable to the dry chitin based dressings with excellent fibroblast
proliferation promotion effect®® &, At the similar water content, the accelerated effect of the DN
hydrogel was better than that of the crosslinked PEG hydrogel, collagen/alginate/cellulose
composite hydrogel and glucomannan/PNVP composite hydrogel®”#. After day 3, cells contacting
with hydrogels showed steady increase while cells on petri dish showed acceleration. The result
suggested that cells on petri dish just proceeded from lag phase to log phase at day 3 while cells
on hydrogel were stimulated to grow quickly from the very beginning. Lag phase meant the slow

proliferation phase at beginning that cells need to adapt the growth environment and adsorb
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nutrients for adhesion, transformation and then proliferation, normally it would take days, and after
the lag phase it was the log phase for explosive growth. It was clear to see that the cells increased
fastest on the DN hydrogel, which indicated the most effective stimulation on fibroblasts,

suggesting an accelerating fibroblast proliferation during wound healing.
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Figure 4. (a) Fluorescent microscope images of living cells stained with Calcein-AM (green), and
dead cells stained with Pl (red) after incubation on the petri dish (i), PAAm hydrogel (ii), SN
hydrogel (iii) and DN hydrogel (iv) for 24 h. (Scale bar = 200 um) (b) Cell viability of NIH3T3
cells after incubation on the samples for 24 h. (c) Proliferation of NIH3T3 cells on the petri dish
and under the PAAm, SN and DN hydrogel. Each measurement was performed in triplicate.

F*kk

Statistical significance ("p < 0.05, “p < 0.01 and ““p < 0.001) between the hydrogel sample and

blank control was analyzed using the one-way ANOVA test by SPSS Statistical software.

As a potential repairing material, the direct contact of the DN hydrogel with the superficial soft
tissues was necessary, hence the importance of its biosafety should be concerned. To examine the

biosafety of the DN hydrogel in vivo, a subcutaneous implantation surgery was employed on

24



485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

rabbits, which presented similarities to humans with respect to fracture resistance® 1. The DN
hydrogel was implanted under the dorsal skin of a rabbit through an incision (Figure 5a). Due to
non-adhesion of the DN hydrogel to body tissue, surgical suture was necessary for hydrogel
immobilization (Figure 5b-i). Generally, an injured tissue would take weeks to recover, and herein,
the implantation was allowed to perform for weeks to examine the inflammation response in vivo.
After 1, 2 and 4 weeks, the implanted hydrogel was resected for subsequent pathological
examination. As shown in Figure 5b-ii, the vessels macroscopically grew surrounding the hydrogel
without abnormal findings. Further, the pathologic specimens were obtained from both control and
the hydrogel-contacted tissues after 1, 2 and 4 weeks and H&E staining was performed (Figure
5c). At the first week, it was clear to find out fibroblasts and collagen fibers upon the stratum
granulosum. And the number of fibroblasts and collagen fibers generated much more when the
tissue was contact with the hydrogel. At the second week, the tissue layer upon the stratum
granulosum grew thicker, and thickness of the new generated tissue (green dashed line) contacted
with hydrogel was larger than that without hydrogel contact, suggesting a faster tissue healing
under the effect of DN hydrogel. At the fourth week, both the tissue layer upon the stratum
granulosum with and without hydrogel contact became thinner than that appeared at the second
week and suggested the late stage of wound healing involving degradation of collagen fibers.
During this healing process, it was rare to find any inflammatory cells, e.g. neutrophils,
macrophages and lymphocytes, which demonstrated almost no inflammation was induced by the

foreign DN hydrogel, suggesting the good biosafety to the body tissues in vivo.

25



505

506

507

508

509

510

511

512

513

514

515

516

517

518

b)

/Inclslon
I/"l L < v Ly o £ !.*"
. Hydrogel .
(¥ (¥ ) [
 Muscle
1 week 2 weeks 4 weeks
Without 1 =
Hydrogel ;s o
contact fb fb
3 “\ t\*— e ’77 /}‘\ “' i
» P e ke = Vel
Contacted T .
with e : ==k g
hydrogel |~ e ol \

Figure 5. (a) Scheme of the in vivo implanted hydrogel. (b) Photographs of the rabbit dorsum at 1
week after implantation (i) and the implanted hydrogel (ii). (c) Histopathologic profiles of the
tissues without and with hydrogel contact. Hematoxylin and eosin (H&E) staining was used for
the examination. The black arrowed showed the fibroblasts (fb) and keratinocytes (kc) at the

second week. The blue arrows indicate the pieces of DN hydrogel. (Scale bar = 100 um).

Conclusion

In this work, we prepared a biosafe DN hydrogel composed of hybrid RCNs-PEGDE as the first
network and PAAmM as the second network. The DN strategy significant enhanced the mechanical
properties of RCNs hydrogel and reserved the ability of bacterial resistant and fibroblast
proliferation from chitin. Also, from the animal experiments the DN hydrogel was proved to be
biosafe. These properties of chitin based DN hydrogel would realize its full potential as

regenerative materials using for wound healing and even grafting applications. Also, the idea that
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applying a hybrid network composed of stiff nanofibers and flexible co-polymer to prepare the
DN hydrogels would inspire others to find out a different approach for natural polymer
applications. Future chitin based DN hydrogel development considering in vivo degradation may

broaden the applications in clinical therapeutic fields.
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Figure S1. ATR-FTIR result of B-chitin and SN hydrogel in the dry state.
Figure S2. Time evolution of survival ratio of M. luteus and E. coli incubated on the SN hydrogel.

Figure S3. Photographs of NIH-3T3 cells suspension and after cultivation on the petri dish, PAAm,
SN and DN hydrogels.

Figure S4. Calibration curve and time evolution curve of absorbance versus cell concentration.

Table S1. The relative swelling ratio of the DN hydrogel in various solutions in relative to that in
pure water.

Movie S1. Time-dependent bacteria killing test of M. luteus and E. coli on SN hydrogel.
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Figure S1. ATR-FTIR result of B-chitin (black) and SN hydrogel (red) in the dry state. The
wavenumber of 2870 cm™ was assigned to the stretching vibration of -CHa- group, and the

wavenumber of 3279 and 3441 cm™* were assigned to the stretching vibration of -OH group on SN
network, respectively.
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Figure S4. (a) Calibration curve of absorbance versus cell concentration. The linear area is
between 3 x10° to 3 <10’ cells mL™? (SD = 5.8%). (b, ¢) The time evolutions of absorbance (b)
and the calculated cell numbers (c) for cells incubated on petri dish and between petri dish and
each hydrogel sample.

Table S1. The relative swelling ratio of the DN hydrogel in various solutions in relative to that in
pure water.

Solutions Relative swelling ratio ¢
Physiological Saline (pH=7.0) 0.86
PBS buffer (pH=7.4) 0.81
pH=5.0° 0.92
pH=10.0° 0.89

& The relative swelling ratio was calculated according to the volume ratio between the samples in
ionic solutions and that in water.

b The pH value of the solutions were only adjust by 0.1 mol/L HCI and NaOH solution,
respectively.

Movie S1. Time-dependent bacteria killing test of M. luteus and E. coli on SN hydrogel. Each
snapshot was taken every 15 minutes by a fluorescent microscope with time-lapse system (Eclipse
Ti-E Inverted Microscope, Nikon Instruments Inc., Japan) then aligned into an animation by the
accessory software.
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