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hydrogel scaffold (COB hydrogels) was constructed by incorporating bioactive
glass nanoparticles with a Schiff base crosslinking-based hydrogel composed of
carboxymethyl chitosan and oxidized cellulose. The incorporation of nanopar-
ticles not only shortened the gelation time of the COB hydrogels, but also
enhanced the performance of the hydrogel in terms of function, such as drug
loading capacity. The prepared hydrogels also have self-healing ability,
injectability, drug loading and sustained release, antibacterial properties and
biocompatibility. In addition, given their no cytotoxicity and mild inflammation
in vivo, the hydrogel scaffolds will be important for tissue engineering and drug
delivery applications.
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Introduction

Hydrogels” structural and mechanical properties are
similar to the extracellular matrix of natural tissues,
and can provide sufficient biochemical signals to
support cell attachment, proliferation, and differen-
tiation. So, hydrogels are one of the important bio-
materials for scaffold fabrication [1, 2]. In addition,
hydrogels can be divided into natural polymer-based
hydrogels and synthetic polymer-based hydrogels
because of their raw material sources [3]. Among
them, hydrogels with injectable properties are the
latest research achievements in this field [4, 5].
Injectable hydrogels are a kind of functional materials
that can be injected into the target site by syringe.
These materials have a wide range of application
prospects in tissue filling and repair, drug delivery,
bleeding sealing, biological scaffolds and other fields
as they are minimally invasive, adapting to irregular
defect edge filling [6-9].

Recently, the Schiff base crosslinking reaction have
been widely studied for their various simplicity,
reversibility and avoidance of chemical crosslinking
agents and biocompatibility [10, 11]. Chitosan is a
simple multifunctional material, which has been
widely applied in several fields, such as environ-
mental energy, biomaterials, and biomedicine
[12, 13]. Carboxymethyl cellulose (CC), a major cel-
lulose derivative, is widely used in biomedical
applications owing to its biocompatibility, low toxi-
city, low cost, and remarkable optical properties [14—
171].

Hydrogel composites comprising functional bio-
compatible nanoparticles (NPs) have been applied to
drug delivery and tissue engineering purposes
[18, 19]. NPs can be loaded with specific drugs to
enhance their therapeutic capacity and improve drug
bioavailability [20, 21]. Moreover, the chemical
properties of NPs can induce numerous biological
reactions, such as the antibacterial activity of silver
nanoparticles [22], antioxidant property of gold
nanoparticles [23], and regulation of some specific
cell types (for example, calcium-based nanoparticles
regulating keratinocyte migration [24]). In recent
years, bioactive glass nanoparticles (BGN) have been
widely used as inorganic materials in medical
research [25]. Kim et al. and Li. et al. claimed that
drug-free BGN could achieve profound anti-inflam-
matory effects in vivo [26, 27]. Moreover, BGNs have
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the advantages of a high surface area, surface func-
tionality, low toxicity, and combined pharmacother-
apy [28]. Overall, BGNs have been proved to have a
great potential for tissue engineering applications.

In this work, we designed and prepared an
injectable hydrogel scaffold based on carboxymethyl
chitosan and cellulose derivatives and loaded with
bioactive nanoparticles. Unlike currently designed
soft tissue fillers, the developed hydrogel scaffold
combines important advantages such as (i) self-heal-
ing ability, (ii) drug loading and sustained release,
(iii) degradability, (iv) antibacterial property, (v) no
cytotoxicity, (vi) mild inflammation in vivo. It indi-
cated that COB hydrogels are great potential in future
clinical applications.

Experimental
Materials

Dodecylamine (DDA, 98%), tetraethyl orthosilicate
(TEOS, 98%), triethyl phosphate (TEP, 98%), sodium
carboxymethyl cellulose (CC, 300-800 CP) and Dox-
orubicin (Dox) were purchased from Aladdin
(Shanghai, China). Calcium nitrate tetrahydrate and
Ethylene glycol (99%) was purchased from Huadong
Medicine and 9-Ding Chemistry respectively. Car-
boxymethyl chitosan (CMCs) was purchased from
Macklin (Shanghai, China) and the degree of substi-
tution was greater than 80%. Sodium periodate
(NalOy, 99%) and 2, 4-dihydroxybenzaldehyde (98%)
were purchased from Sinopharm chemical reagent
(Shanghai, China) and ZhongHe chemical Technol-
ogy respectively (Shanghai, China). Hydroxylammo-
nium chloride was purchased from Sigma-Aldrich
(St. Louis, MO, USA). Medical Sodium Hyaluronate
Gels (Haifeile) were purchased from the local hospi-
tal. No other treatments are required for these
reagents. Water used in experiments (DW) was
purified using a Millipore water purification system
with a minimum resistivity of 18.0 MQ cm.

Preparation and characterization of BGN

Monodispersed mesoporous bioactive glass was
synthesized by an improved sol-gel method using
dodecylamine (DDA) as the catalyst and template.
Briefly, 0.08 M DDA was dissolved in 80% ethanol
solution. After DDA was completely dissolved, 16 ml
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of TEOS and 1.22 of mL TEP were added and stirred
for 30 min at 40 °C. Subsequently, 3.39 g of CN was
then added and stirred for 3 h at 40 °C. The collected
white precipitate was rinsed three times with anhy-
drous ethanol and deionized water and freeze-dried
for 24 h. Next, the powder was calcined in a high
temperature muffle furnace (Honglong Instrument
Equipment Factory, MF, Nanjing) at 650 °C for 3 h at
2 °C/min to remove the templates and organic
components in the BGNs calcination. The chemical
composition of BGN was observed and analyzed
using an energy-dispersive X-ray spectrometer (EDS,
SU8010, Hitachi Limited, Japan). At 77.3 K, the
specific surface area and pore volume were evaluated
using the multipoint Brunauer-Emmett-Teller (BET)
N, absorption technique. The pore size was also
calculated using the Barrett-Joyner-Halenda (BJH)
method [29]. The particle size distributions of the
samples were tested using a Malvern Zeta Sizer Nano
5-90 dynamic light scattering (DLS) instrument. After
immersion in a simulated buffer solution (SBF), the
formation of apatite on the surface of BGN was
evaluated through Field Emission Scanning Electron
Microscopy (FE-SEM, SU8010, Hitachi Limited,
Japan) equipped with an energy-dispersive X-ray
spectrometer (EDS) to confirm the biomineralized
bioactivity of BGN.

Synthesis and characterization of oxidized
CC (OCM)

Different molar ratios of NalOy4 (4:1, 3:1, 2:1, 1:1) and
CC solution (1 wt%, dissolved in 100 ml deionized
water) were stirred overnight in the dark conditions
at 25 °C to obtain oxidized CC with appropriate
oxidation degree. Subsequently, 1 ml ethylene glycol
was added to remove any unreacted NalO4 The
solution was dialyzed in distilled water for three
days and lyophilized to obtain the product (defined
as OCM,5, OCM5g, OCM75, OCM; g in terms of oxi-
dation ratio). The aldehyde group content was
quantified by measuring the number of aldehyde
groups in the fibers. The oxidation degree was
determined by titration of hydrochloric acid pro-
duced by the reaction of aldehyde group and
hydroxylamine hydrochloride (Fig. 1a) [17, 30]. The
oxidation degree of OCM,s5, OCMsp, OCM75, OCM1g9
was 12.77£1.912%, 38.96+£4.12%, 62.5£3.72%, 75.03
£5.57% respectively (Table S2, supporting informa-
tion). The structure of the OCM was further
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confirmed using a Thermo Scientific K-Alpha spec-
trometer and Fourier transform infrared spectrometer
(Thermo Fisher Nicolet iS50, Thermo Fisher Scientific
Co., Ltd., USA). X-ray photoelectron spectra (XPS)
provided relevant information about the type of
functional groups on the OCys and OC;p. As shown
in Fig. 1c, three characteristic peaks of Cls, N1s and
Ols were observed on the surface of materials. The
Cls XPS spectrum of OCys (i) and OCyq (ii) in the
inset was deconvoluted into four peaks at 284.6 eV,
286.4 eV, 287.1 eV and 288.4 eV, corresponding to C-
C, C=N, C-OH, and C=O, respectively [31]. The
intensity of OCygp in the Cls region at 288.4 eV was
higher than that of OCjs, confirming that OC;oy had
more aldehyde groups. This result was consistent
with the estimated aldehyde content of hydroxy-
lamine hydrochloride method. In contrast to CC, a
characteristic peak of aldehyde groups around
2900 cm ' was observed in the spectrum of OCM
(Fig. 52). Moreover, this peak intensity increased with
the degree of oxidation.

Fabrication of COB hydrogels

For rapid bonding, a higher degree of oxidation
(OCM;g9) was selected to crosslink with CMCs. BGN
was uniformly dispersed in deionized water (DW) at
a final concentration of 0.5, 1 and 1.5 wt% under
agitation and ultrasonic waves. Meanwhile, CMCs
was dissolved in BGN suspension at a final concen-
tration of 5 wt% and the prepared OCM;qy was dis-
solved in DW at concentration of 15 wt%. Finally,
OCM; oo solution and CMCs solution with or without
BGNs were mixed evenly at volume ratio of 1:1 to
form COB hydrogels by a dual barrel syringe. The
obtained samples are named as COB,. y stands for
the concentration of BGN.

Characterization of COB hydrogels

The surface morphology and chemical composition
of hydrogels samples were observed and analyzed by
a FE-SEM and X-ray energy spectrum (EDS). The
interaction of Schiff bases in hydrogels was studied
using X-ray photoelectron spectroscopy (XPS) per-
formed by Thermo Scientific K-Alpha spectrometer.
The X-ray diffraction (XRD) patterns of the samples
were analyzed by an X-ray diffractometer (XRD-7000,
Shimadzu, Japan) in a continuous mode with 26
scanned from 10° to 80°. Fourier Transform infrared
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spectroscopy (FTIR) analysis of COB gels were
recorded with FTIR spectrometer (Thermo Fisher
Nicolet iS50, Thermo Fisher Scientific Co., Ltd., USA)
against a blank KBr pellet background. The light
transmittance of gels was measured with a UV-Vis
Spectrophotometer (SHIMADZU UV-2550, Shi-
madzu Instrument Co., Ltd. China).

The water loss rate and EWC of COB
hydrogels

The water loss rate: the hydrogels were allowed to
swell equilibrium in PBS (pH 7.4) and weighed (ini-
tial weight, Wy). Then placed them at 37 °C to lose
water. At a given time period, the hydrogels were
weighed, which were recorded as Wy, and water loss
rate is calculated as follows: The water loss rate (%)=
Wa/W*100%.

The equilibrium water content: firstly, the fully
swollen hydrogel samples were weighed as Ws.
Subsequently, the hydrogels were dehydrated via
lyophilized and weighted (W;). The equilibrium
water content (EWC) was expressed as: EWC (%)=
(Ws—Wjp)/W*100%. All experiments were repeated
for three times.

Self-healing behavior
and injectable property of hydrogels

Two slices of freshly cut hydrogels (COBy) were
placed in proximity in a closed environment for 12 h
at room temperature. The hydrogels were then
placed on a hollow platform and bent with the fingers
into a “U” shape to better demonstrate the self-heal-
ing behavior of the gel. The mechanical properties of
COBy, hydrogels with were characterized by Elec-
tronic Universal Testing Machine (WDW-5D, Jinan
Wenteng Testing Instrument Co., Ltd., China). In the
compression experiment, a cylindrical hydrogel with
15 mm in diameter and 10 mm in height was set on
the lower plate and compressed by the upper plate at
a strain rate of 10 mm/min. In addition, the
mechanical properties of the healing hydrogel were
also measured by the same method. Degree of
recovery relative to its original state and used to
quantify healing performance: mM=Preated/ Porigin-
Where P is the mechanical strength [32].

The hydrogel stained with black ink was sprayed
with a double syringe at the rate of 0.2 ml/s to
observe its injectable ability. All of these tests were
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recorded by a camera, and the corresponding pho-
tographs are presented in this paper.

In vitro bonding strength

Fresh porcine skin was cut into rectangular pieces.
Solutions (100 pL of CMCs solution and 100 pL of
OCM; (o) were spread over two skin slices. The skin
sections were then overlapped to a 1.5x1.5 cm?
adhesive area. After placing a weight (100 g) at the
bonding point for 5 min, the bonding strength of the
porcine skin was measured using a universal testing
machine. The tests were performed at least three
times, and the average strength was measured. The
negative controls consisted of simple CMCs.

In vitro biodegradability of hydrogels

The COB hydrogels (500 pg) were initially weighed
and then immersed in 10 mM PBS pH 7.4 at 37 °C,
which were recorded as Wj. At a given time period,
the hydrogels were taken out and removed surface
moisture, then weighed as W,. After every 12 h, the
PBS was replaced with same volume of new one. The
degradation rate was calculated as follows: The
degradation rate (%)=W,/W,*100%.

Drug loading and release of hydrogels

Lyophilized hydrogels were immersed in a solution
containing 500 pg/ml doxorubicin (DOX) at room
temperature. After 48 h, 2 ml of the supernatant was
collected and the ultraviolet spectra were measured
at 300 to 800 nm, and the UV wavelength of DOX was
approximately 480 nm. The amount of the loaded
drug was estimated by subtracting the presence of
DOX in the supernatant from the control
concentration.

The doxorubicin-loaded hydrogels were immersed
in 1 ml of PBS. At specific times (4 h, 8 h,10 h, 12 h,
24 h, and 48 h), 1 ml of the release medium was
collected and replaced with the same amount of fresh
PBS. The presence of DOX in the release medium was
quantitatively determined using UV spectroscopy.

Rheology

Dynamic rheological tests of the hydrogels were
conducted by a Rheometer ARES-G2 (TA-Waters,
USA) strain-controlled rheometer equipped with 8
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mm parallel plates. Frequency sweep experiments
were performed on each sample (COB,, COBj 5, COB;,
and COB;5) in the range at an angular velocity of
0.01 ~100 Hz to determine the dynamic storage
modulus (G') and loss modulus (G”) with constant
strain of 25 rad ! at 25°C.

Cell culture on the hydrogels and CCK-8 assay

NIH 3T3 cells (Cell Biolabs Inc.) in passage three was
used for seeding onto UV-sterilized hydrogels (COBy,
COBg 5, COB;, COB; 5 0.05 g/ml). Cells were inocu-
lated in a 24-well plate with a concentration of 3 x 10*
cells/well and cultured in a humidified incubator
(5% CO,) at 37 °C. The CCK-8 assay was used to
evaluate cell proliferation after 1 day of culture. The
relative cell viability was calculated as follows:

OD sample- OD blank
OD control — ODblank *100%
Cell’s state was observed by a fluorescence micro-

scope (ECLIPSE TI-S, Nikon, Japan) after stained
with Calcein—AM/PIL

Cell viability =

Bacterial colony assay

The antibacterial activity of the COB gels against the
gram-negative bacterium E. coli and the gram-posi-
tive bacterium S. aureus was investigated. In brief, the
bacteria were diluted in 0.9% physiological saline to
reach a concentration of 1x10° CFU/ml. The bacte-
rial suspension solutions (100 pL/well) were then
added to a 96-well plate. Samples of the same quality
were added to the board and the culture plate was
cultured at 37 °C for 4 h. Then The solution in the
96-wells were diluted with PBS, placed on LB agar
plates, and incubated at 37 °C for 8 h. Viable colony
units of E. coli and S. aureus were photographed and
counted.

In vitro antibacterial rate assay

The antibacterial activity of the gels was further
studied using the optical density (ODgy) method.
The 200 pL of the bacterial suspension was added to
each well, and the samples were incubated at 37 °C in
the dark for 12 h for E. coli and 24 h for S. aureus,
respectively. The OD value of the bacterial solution
after dark incubation for 12 h at 37 °C was the control.
The bactericidal ratio was determined using the fol-
lowing equation:
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Antibacterial rate (%)

(Control group OD — Experimental group OD)
= *100%
Control group OD

In vivo implantation of hydrogel

Medical Sodium Hyaluronate Gels (HA gels) were
purchased from a local hospital as control group to
evaluate the in vivo toxicity of COB hydrogels. Male
ICR mice (8-9 weeks) were obtained from Laboratory
Animals Center of Zhejiang Chinese Medicine
University. All the animals were anaesthetized by an
intraperitoneal injection of 0.3% sodium pentobarbi-
tal (0.1 ml1/10 g) and their dorsal regions were shaved
and sterilized. The mice were injected subcuta-
neously with 200 pL hydrogels (HA gels, COBy gels,
and COB; 5 gels) by a dual-barrel syringe. The tissue
around the hydrogel was removed 3 and 7 days later.

Histological analysis

On the 3th and 7th day after initial treatment, tissue
around hydrogels was excised, maintained in cold
4% paraformaldehyde overnight. Skin tissue was
sectioned into 5-pum thickness slices for Hematoxylin
and Eosin (H&E) (Wuhan Servicebio Technology Co.,
Ltd. Wuhan, China) staining. All procedures for the
stains were followed the protocols described in our
previous studies. The tissue slices for H&E and
Masson’s trichrome were observed by a digital
pathology slide scanning system (C13210-01, Hama-
matsu, Japan).

In vivo biosafety study

H&E staining was used to evaluate the biocompati-
bility of hydrogels. After 7 days, all mice were sac-
rificed and the major organs (heart, liver, spleen, lung
and kidney) from each group were harvested for
histological staining. All sections were observed by a
digital pathology slide scanning system. The Animal
experiment protocol listed above had been reviewed
and approved by Laboratory animal management
and ethics committee of Zhejiang Chinese Medicine
University (approval no. JACUC202104-0138).
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Statistical analysis

All data were analyzed and visualized by GraphPad
Prism 8.0.1 (LLC, USA). All values are shown as the
mean=+SD and every experiment was repeated at
least three times. One-way ANOVA was performed
to compare the data with paired samples, and two-
way ANOVA was applied for multiple group com-
parisons. *p value<0.05 was considered statistically
significant.

Result and discussion

The synthesis and characterization of COB
hydrogels

As shown in Fig. Sla, the BGNs were uniformly
spherical and exhibited favorable monodispersibility.
The average particle diameter of the BGNs was
approximately 91.954+12.83 nm and exhibited small
amounts of aggregation (Fig. S1b, supporting infor-
mation). The result was consistent with those of
Dynamic light scattering (DLS, Sle), which showed
589 nm. As shown in Fig. Slc, the BGNs developed in
this study exhibited amorphous structures with a
broad peak at 26=23° Fig. S1d showed the N,
absorption-desorption isotherm plots and pore-size
distributions of the BGN. The BGNs showed a Bru-
nauer-Emmett-Teller (BET) surface area of 221.35
m?/g and a total pore volume of 0.149 cm?®/g, con-
tributed by a remarkable number of micropores
centered at 4 nm (illustration), which is also in good
agreement with the N , sorption results (Table S1,
supporting information). In addition, the zeta
potential of BGN was approximately —20 mV
(Fig. S1f). These results indicated that homogeneous
monodisperse BGNs were successfully synthesized
and that BGNs have similar properties to meso-
porous materials.

The COB hydrogel sample was extruded into the
bottle, changed from flowing to hydrogel state, and
inverted for 5 s without falling, which was defined as
gelation time. The gelation time of COB; 5 was faster
than that of COBj (18 s) and COB; (9 s), at 7 s. SEM
was performed to analyze the micro structure of
COBy, COBy 5, COB; and COB; 5 hydrogels. All these
hydrogels exhibited porous structure, but COBys,
COB; and COB; 5 hydrogels showed particle attach-
ment, which may be due to the function of BGN
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particles. The red arrows indicated BGN, and they
were distributed in the hydrogel skeleton. Compared
with COBy (inset in Fig. 1d), the X-ray energy spec-
trum analysis (EDS) of COB;5 demonstrated the
composition and verified the presence of BGNs
(Fig. 1d and Fig. S3, supporting information). In
addition, all hydrogels demonstrated typical amor-
phous structures, although a broad peak was
observed at 23° (Fig. le). As shown in Fig. 1f, FTIR
spectra of COB hydrogels in the Amide I region
(1617 cm™), which ranged from 1580 to 1720 cm
indicating the COB gels was confirmed by Schiff base
reaction. The broad bands at approximately 820 cm™
and 480 cm™' were associated with the stretching
vibration of Si-O [29] (Fig. 1g). The band at 3300-
3600 cm ™' was attributed to the vibration of hydroxyl
groups (-OH). The characteristic bands of Si-O and -
OH were significantly enhanced as the increase of
BGN content, indicating that the introduction of BGN
might enhance the intermolecular hydrogen bonding.

In vitro biomineralization bioactivity

It has been reported that BGN-based biomaterials
have high biomineralization activity [26]. Fig. S4a
showed the biominerialization activity of BGN
nanocomposites by analyzing the apatite forming in
SBF. Obvious biommineralized layer structure was
observed on the surface, during the soaking time of 1
and 3 days. The P and Ca peak (EDS) was increased
gradually as the immersing time in SBF (Fig. S4c and
4d, supporting information) [33]. Compared with
COBy, an obvious biommineralized layers were
observed on the surface of BGNs in the COB; ;5
hydrogels (Fig. S4e and S4f). The FTIR spectra further
confirmed that the formation of biological apatite
nanocrystals which had the characteristic bands of at
1040 cm ™!, 1424 c¢m! (Fig. S4g and Fig.54h, sup-
porting information) [26].

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) analysis
provided relevant information about the type of
functional groups on the hydrogels” surface. Obvi-
ously, it could be observed that Ols, N1s, Cls, Si2p
and Ca2p exist in COB;5 hydrogels from Fig. 2a,
while three characteristic peaks of Cls, Ols, and N1s
were present in COB gels. The existence of Ca and Si
elements in COB; 5 hydrogels were ascribed to BGN.
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Furthermore, the Cls peak of COB; 5 hydrogels could
be divided into three peaks at 284.6 eV, 285.8 eV and
287.6 eV, corresponding to C-C/C=C, C-N and C=0
respectively (Fig. 2b) [34]. Figure 2c showed the high-
resolution Ca2p spectra of COB; 5 gels, and the peaks
at 350.4 eV and 346.8 eV confirmed the hydroxylation
of the CaO surface. The peak at 102.2 eV suggesting
the successful deposition of the Si-O (Fig. 2d) [33, 35].

Mechanical property and Rheological
analysis

As shown in Fig. S5, the compressive fracture stress
of COB;5 hydrogels was 174.27+£36.92 kPa which
was significantly superior to COB;, COBg 5 and COB;,
groups, respectively (58.72+£16.90 kPa, 94.15+
22.22 kPa, 134.51£26.06 kPa). Investigation of the
stress of the gels with BGN showed a substantial
increase in stress in comparison to COB, hydrogels,
which demonstrates that the BGN-containing
hydrogel was able to withstand higher stress. This
can be attributed to the stronger interaction of BGN

f Cyclic G’ and G” values of the hydrogel for a fixed angular
frequency (10 rad/s) and different time sweeping.

with hydrogel network, so the more BGN added to
the gel, the higher the compressive stress.

Further, we carried out rheological studies to
determine COB hydrogels’ viscoelastic behavior to
testify the effects of the incorporating BGN. The
results showed that the storage modulus (G') were
higher than the loss modulus (G") in all the cases
studied, which confirming the formation of highly
stable and elastic hydrogels (Fig. 2e). With that, the
storage modulus (G') of the COB; 5 hydrogels was
3046.28 Pa which was significantly superior to COB,,
COBgy5 and COB; groups, respectively (1920.18 Pa,
1968.99 Pa and 2138.66 Pa). The results of oscillatory
rheology show that the G’ of BGN-added hydrogels is
larger than that of the hydrogels without nanoparti-
cles, and the strength increases with the increase of
BGN content. This is not surprising, as BGN is
expected to interact with the gel network due to the
certain surface area each particle has (221.352 m?/ g)
[36]. Moreover, we fixed angular frequency to
10 rad/s and temper temperature (25 °C) to investi-
gate the influence of time on sol-gel transition
kinetics of the hydrogel. When hydrogels with BGN
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(a)

(b)

Figure 3 Injectability and self-healing performance of COB
hydrogels. a Photographs of black ink stained COBy at different
stages in air (i-iv) of injectability. Inset in iv shows the image of
“Z=> not falling from the dish, freely dripping water as a control.
b the COB; 5 hydrogels were extruded into PBS at different stages.
¢ Hydrogels showed great stability, and even before and after
(illustration) the shock, the gels did not dissolve. d Neutralized
OCM/black ink suspension and 15% CMCs/1.5% BGN were
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loaded in separate syringes respectively and mixed rigorously with
a joint connector. e The water loss rate of COB hydrogels. The
illustration showed the water loss rate after 2 h. f Visual evidence
of self-healing COB, hydrogel: i the cut sample of hydrogel, ii
self-healed could withstand its own weight without falling, iii two
parts of the healed hydrogel on a bridge support and iv self-healed

sample bent in “U” shape by fingers. The point of contacts was
encircled in (iii) and (iv).
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(COBy 5, COB; and COB; 5) were subjected to a small
amplitude oscillatory shear (strain=2.5%), G' was
greater than G" in a very short time (5 s), while COB,
was within 20 s. These results proved the shorten of
gelation time by the inclusion of BGN.

The injectable and self-healing
of the hydrogels

To demonstrate the injectability of the COB hydro-
gels, COB, was stained with black ink to observe the
process. The COB,, gel in the syringe could easily pass
through the needle. The gel retained its behavior
even after passing through the needle; Fig. 3a shows
the different stages. To meet the requirements of the
internal gel, the hydrogels also need to retain their
shape after being extruded into a water environment.
As shown in Fig. 3d, the COB;5 hydrogels were
extruded into 37 °C PBS using a syringe, and Fig. 3b:
i-iii showed the different stages. The gel retained its
gelatinous behavior, even in PBS (Fig. 3c). Hydrogels
need to possess self-healing properties to maintain
their integrity and functionality. Two pieces of the
fractured COBy hydrogel (Fig. 3f: i) were placed in
close proximity in a closed environment to minimize
water evaporation from the gel. These pieces rejoined
within 12 h to form a single hydrogel. The self-heal-
ing point can be observed in the left scar (Fig. 3f, ii).
Furthermore, the self-healing gel could withstand its
own weight without falling. The hydrogel was placed
on the bridge and bent into a “U” shape (Fig. 3f: iv).

Furthermore, the compressive stress—strain curves
showed that the self-healed hydrogel share similar
profiles with the original samples (Fig. S6, supporting
information). Fracture pressure of self-healed
hydrogel was 53.33+14.72 kPa, while the original
samples was 64.53+£15.20 kPa (illustration). And the
self-healing efficiency of COB, hydrogels was 82.74+
10.36%. The self-healing ability of hydrogels was
attributed to weak noncovalent hydrogen bonds and
dynamic covalent Schiff base networks in hydrogels
[9]. In addition, Water loss rate experiments showed
that the hydrogels lost their water more than 75% in
24 h (Fig. 3e). The illustration showed the water loss
rate after 2 h, which resulted in 71.49+1.7%, 73.67 &
2.1%, 74.88+0.7% and 77.504+2.3% corresponding to
COBy, COBy5, COB; and COB; 5 respectively (inset).
The rate of water loss of hydrogels was proportional
to the content of BGN in a short space of time. We
speculated that this is due to the presence of
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Figure 4 Schematic (a) and representative image (b) of the®
bonding strength measurements. ¢ The bonding strength and
d stress—strain curves of COB hydrogels and CMCs. (¥, p<0.05,
** p<0.01, n=4). e UV spectrum of Dox as control, supernatant
of COBy, COBys, COB,; and COB, 5 after 48 h. f Histogram
showing the percent of Dox loaded on different gels. g Histogram
showing the Dox release from COB,, COB, 5, COB; and COB; s
as a function of time in PBS at pH 7.4. h Percent of degradation of
COB hydrogel in PBS at pH 7.4 as a function of time. (Error bars
indicated means£SD. Data analyzed by one-way ANOVA. *, p<
0.05, **, p<0.01 and ***, p<0.001).

unacceptable BGNs. In addition, the equilibrium
water content (EWC) of COB hydrogels was 83.10+
4.5%, 81.67£29%, 82.60+237%, 84.45+2.36%,
respectively. And no obvious EWC difference was
discovered among those COB hydrogels, indicating
that BGN did not influence the water content of COB
hydrogels (Fig. S7, supporting information).

Adhesion of hydrogels

One of the main concerns for the practical application
of hydrogels is the strength of its binding to the tissue
around the wound. In this study, pig skin was used
as a representative tissue because it is biologically
similar to human dermis. The adhesion test method is
shown in Fig. 4a and b. The bonding strength of
CMCs was only approximately 46.2 kPa, and stress at
fracture was 16.86%, which was substantially lower
than that of COB hydrogels. As shown in Fig. 4c and
d, the bonding strength for the COB; 5 hydrogels was
96.5 kPa and the stress at fracture was 96.5%, which
was significantly superior to COB; and COBgs
hydrogels (74.75 and 73.05 kPa, respectively). We
speculated about the reasons for this adhesive
behavior is a consequence of the increased ability of
the small nanoparticles to both lie on the contours of
the gel surface and not interact with each other [36].

Drug release from the hydrogel

In this work, Dox was chosen as model drug to
evaluate the capacity of COB hydrogels in drug
loading. The results showed that COB;5 hydrogel
had good drug encapsulation rate and sustained
release ability. The drug loading efficiency and
release rates of COB,, COB, 5, COB; and COB; 5 were
25.05+£8.0% and 21.30+1.44%, 23.31+13.79% and
24.37£3.0%; 47.50+£4.79% and 37.83+2.77%; 64.10+
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Figure 5 a Antibacterial properties of hydrogels against various
microbes. Qualitative test of the antibacterial ability of hydrogels
to the b S. aureus (Gram-positive) and ¢ E. coli (Gram-negative).
***kp<0.0001, n=3. d Live/dead cell viability assay. NIH 3T3
cells were treated with different COB hydrogels. The live (green)
and dead (red) cells were stained with fluorescent dyes and

3.35% and 44.284+1.62%, respectively. Such results
are attributed to the charge interaction between the
negatively charged BGN (Fig. S1f) and the positively
charged DOX [37]. Therefore, it is a suitable candi-
date material for cancer drug delivery.

Cell viability (%)

COB, COB,; COB, COB,

observed under a fluorescent microscope. Scale bar=100 pm. e In
vitro evaluation of the cytocompatibility of the prepolymer
solution in certain concentrations. Cells cultured with DMEM
were used as control. CCK-8 assay for evaluation of cytotoxicity
of different sample. (*, p<0.05, **, p<0.01 and ***, p<0.001).

In vitro degradation of the hydrogels

Degradation ability is an important characteristic of
hydrogels. Investigation on the hydrogel degradation
was completed by checking the weight loss percent of
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«Figure 6 a Schematic illustration of COB hydrogel injection
in vivo. b The biosafety of hydrogels was evaluated by
subcutaneous injection. ¢ Representative images of ICR mice
after injection of different hydrogels (day 7). The inset showed the
typical gross morphologies of hydrogel blocks before sample
collection. d Representative image of H&E staining of tissue
sections of hydrogels injected subcutaneously in mice for one
week. The arrows pointed to the inflammatory cells. Scale bars=
50 um. e Infiltrated cells and average fibrous capsule thickness
f statistics of the surrounding subcutaneous tissues. The number of
inflammatory cells was calculated according the following equa-
tion: relative cell number=(100*cell number)/relative area. n>3.
*p<0.05 and **p<0.01.

hydrogels soaking in PBS at pH 7.4. We attributed the
degradability of COB hydrogels to dynamic cross-
linking induced by Schiff base. In vitro degradation
testing showed that COB, hydrogels has faster
degradation rate in PBS as compared to other
hydrogels with BGN at the same OCM concentration.
After hydrogels were immersed in PBS for 96 h, the
degradation rate of COB, was 44.45+7.56%, while
that of other hydrogels was 53.02+2.4, 53.56+2.32%
and 56.36+1.31%, respectively (Fig. 4g). Data ana-
lyzed by one-way ANOVA for each time period.
There were significant differences among COB,,
COB; and COB;;5 hydrogels within 48 h. That's
because the existence of no incompatible BGN. We
attributed the degradability of cellulose derivatives-
based hydrogels to dynamic cross-linking induced by
Schiff base.

Antibacterial properties and Cytotoxicity

The antibacterial ability of COB hydrogels to Escher-
ichia coli and Staphylococcus aureus was also investi-
gated. As shown in Fig. 5a, COB, COB;s and
OCM; o9 completely inhibited the growth of bacterial
colonies in culture medium including gram-positive
and gram-negative bacteria, indicating the excellent
antibacterial property of COB gels was attributed to
aldehyde groups form OCM;jy. In addition, the
results of antibacterial rate experiment also proved
that COB hydrogel had good antibacterial properties
(Fig. 5b and c). The results showed that the antibac-
terial activity of the COB hydrogel was mainly
derived from OCM, which might be caused by the
reaction between the aldehyde and amino groups in
the bacterial cell wall protein, resulting in cell wall
destruction and content leakage [13].
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To further evaluate the cytotoxicity of COB
hydrogels, cell proliferation and live-death staining
studies were performed on NIH/3T3 cells. As shown
in Fig. 5d, the results of cell viability staining showed
that the hydrogel was non-toxic, whose result was
consistent with CCK-8 cell proliferation (Fig. 5e). The
above results of cytocompatibility experiments
showed that COB hydrogel had good biocompati-
bility and met the safety requirements of drug
administration in vivo.

In vivo biocompatibility

To test the biocompatibility of COB hydrogels, the
rejection in vivo and early infection by subcuta-
neously injecting (Fig. 6b) both COBy, COB;5 and
Hyaluronic acid (HA) hydrogels into mace for one
week. The mice without any implants were used as
normal controls (NC). As shown in Fig. 6c, all
hydrogels including COBy,, COB;5 and HA were
successfully injected through syringe without clog-
ging. Figure 6d showed a representative image of
H&E staining of the tissue sections of the hydrogels.
Compared with the NC and HA groups, COB;s
group showed significantly low numerous inflam-
matory cells and fibrous capsule thickness (Fig. 6e
and f), indicating that COB hydrogels have good
biocompatibility. We further studied collagen depo-
sition using Masson’s trichrome staining. As shown
in Fig. S8, the HA hydrogel was encapsulated by a
much denser collagen capsule, whereas the COB, and
COB; 5 hydrogels showed fewer sacs with loosely
distributed collagen. In addition, collagen sacs grad-
ually formed around the tissue and around the
hydrogel due to inflammatory stimulation. This
result further demonstrated that COB hydrogel scaf-
folds exhibit more effective safety than conventional
hydrogels and can be applied to in vivo tissue
engineering.

H&E staining of major organs (heart, liver, spleen,
lung, and kidney) of the corresponding mice was also
investigated for an in-depth evaluation. Notably, no
detectable damage was found in the H&E staining
results in the COB groups compared with that in the
HA group (Fig. S9, supporting information), con-
firming the biocompatibility of COB hydrogels
in vivo. The results suggested that the COB hydrogel
scaffold exerted desirable biocompatibility in vivo
and showed great potential for replacing commercial
hydrogels such as HA.
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Conclusions

In summary, we have prepared an injectable multi-
functional hydrogel scaffold with self-healing, drug-
loading, and degradation capabilities, which is
important for tissue engineering and drug delivery
applications. The hydrogels are prepared by mixing
carboxymethyl chitosan and cellulose derivatives, in
the presence of a small amount of BGN. The differ-
ential drug release of COB hydrogels showed inter-
esting drug loading characteristics owing to the
porous nature of the gels and the charge attraction of
BGN and DOX, which indicating their advantages in
the field of drug delivery. Hydrogels also exhibited
excellent injectability and plasticity, because of the
reversibility of dynamic Schiff base interaction. These
suggested that they can be easily operated with syr-
inges or other delivery systems during interventional
surgery. In vitro experiments proved that the
hydrogel had excellent biocompatibility, antibacterial
property and degradability. Moreover, the hydrogel
scaffold had no cytotoxicity and mild inflammatory
reaction in vivo, which could find potential advan-
tages in the field of minimally invasive surgery.
Combining these features with low cost and ease of
synthesis, this injectable self-healing hydrogel is a
promising candidate for tissue engineering and drug
delivery applications.
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