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Abstract

There is an urgent need for treatments for hydrofluoric acid (HF) burns and their derivative problems that prevent hydrogen
ion dissociation and fluoride ion binding to tissues. This study evaluated the ability of chitosan-based hydrogels combined
with a buffer solution containing either boric acid or Tris and calcium gluconate (CHS-BA-CG and CHS-Tris-CG) to repair
HF burn wounds and prevent wound infections. We assessed calcium release rates and biocompatability and constructed
a mouse HF burn model to assess the tissue repair effects of the hydrogels. Finally, we performed disc diffusion tests from
burn tissue and quantified the bacterial counts to assess the anti-infection properties of the hydrogels. Calcium was gradually
released in the CHS-BA-CG and CHS-Tris-CG groups (73% and 43%, respectively, after 48 h). The cell viabilities at 48 h
after HF burn in these groups were significantly higher than those in the phosphate-buffered saline (PBS) and CG-treated
groups. Histopathological evaluation showed a clear boundary between the epidermal and dermal layers in both CHS-BA-CG
and CHS-Tris-CG-treated groups, indicating their effectiveness in tissue repair. In the disc diffusion test, CHS-BA-CG and
CHS-Tris-CG exhibited larger inhibition zones against Acinetobacter baumannii than those for PBS and CG. The bacterial
counts on HF burn wounds were significantly lower in the CHS-BA-CG and CHS-Tris-CG-treated groups than those in the
PBS and CG-treated groups. The in vitro studies demonstrated the biocompatibility and antimicrobial effects of the CHS-BA-
CG and CHS-Tris-CG hydrogels. Both gels also demonstrated tissue repair and anti-infection effects. Thus, chitosan-based
hydrogels may be candidates for HF burn therapy.
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Introduction lead to progressive tissue necrosis. Additionally, the disso-

ciation of hydrogen ions leads to the necrosis of clotting

Hydrofluoric acid (HF) burns are a serious problem in emer-
gency medicine [1]. HF enters the human body via the skin,
mucous membranes, respiratory tract, and other surfaces
to cause systemic toxicity, severe hypocalcemia, and even
death. The mechanism of burn injury starts with the release
of fluoride ions, which combine with calcium ions to cause
changes in membrane permeability to potassium ions that
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proteins. Thus, preventing HF absorption into tissues and
tissue damage caused by fluoride ions are key in the treat-
ment of HF burns.

Skin contact accounts for 70% of HF injuries. The sever-
ity of skin injury depends on HF contact time and concentra-
tion. Redness, swelling, heat, and pain appear after initial HF
contact through the skin. Cloudy and creamy blisters may
gradually occur, with ulcers and tissue necrosis developing
in the final stage [2, 3]. HF burns are currently managed by
removing HF, preventing systemic toxicity, applying sup-
portive treatment, and managing local infection [4]. The
common treatment methods include flushing with normal
saline, the application of topical calcium ointments, the
injection of calcium solutions, and even the surgical removal
of affected parts.
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Acinetobacter baumannii is an important opportunistic
human pathogen, most strains of which have been isolated
from hospitalized patients [5]. While A. baumannii does not
easily cause disease under normal circumstances, it can cause
skin and soft tissue infections, wound infections, meningitis,
and bloodstream infections in hospitalized patients, especially
those with low immunity after burns [6]. Additionally, clinical
reports have described the increasing emergence of antibiotic-
resistant strains of A. baumannii. Thus, the treatment of A.
baumannii infections represents a challenge.

A variety of hydrogel dressings are available for wound
care [7-9]. Hydrogels with different materials appropriate for
medical use provide a moisturizing environment for wound
repair; they can also reduce wound pain and bacterial infec-
tion. Hydrogels are easily applied, especially to burned and
injured skin. In addition, hydrogels are compatible with sev-
eral water-soluble drugs, allowing the use of antibiotics to
treat infections. However, the limitations of hydrogels include
cell cytotoxicity and biocompatibility in combination with
certain drugs, as well as the biological activity of materials.

Herein, we used chitosan combined with different buffer
solutions and calcium to prepare a hydrogel to provide effi-
cient tissue repair as well as antibacterial effects in the treat-
ment of injury from HF burn.

Materials and methods
Chemicals

HF (55%, pure, CAS number: 7664-39-3, ECHO CHEMICAL
CO. LTD, Taipei, Taiwan), phosphate-buffered saline (PBS,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany), calcium
gluconate (CG) gel (2.5%, Calgonate Corp., State of Florida,
USA), calcium D-gluconate monohydrate (purity >98%, CAS
number: 299-28-5, Echo Chemical Co. LTD, Taipei, Taiwan),
boric acid (pure, CAS number: 10043-35-3, Echo Chemical
Co. LTD, Taipei, Taiwan), Tris base (CAS number: 77-86-1,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany), hydro-
chloric acid (37%, CAS number: 7647-01-0, Sigma- Aldrich
Chemie GmbH, Steinheim, Germany), and deacetylated
chitosan (CAS number: 9012-76-4, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) were purchased.

The 55% HF was diluted in deionized water to prepare 8%
and 30% HF concentrations for the cell and animal experi-
ments, respectively.

Fabrication of the buffer solutions
and the chitosan-based hydrogels

Different buffer solutions have been combines with
chitosan-based hydrogels, including phosphoric acid,

citric acid, succinic acid, boric acid, and Tris. We used a
chitosan-based hydrogel combined with either boric acid
or Tris, plus CG gel as decontaminating agents for the
absorption of fluoride ions after HF exposure, as these two
types of buffer solutions yielded the best results in previous
studies. First, 2% chitosan was dispersed in acetic acid
(1% (v/v)) and gently stirred for 24 h at 40 °C to dissolve
completely. The neutralized crystalline salt (boric acid
or Tris base) was then dissolved in deionized water at a
concentration of 0.1 M with CG (2.5% (w/v)) and added
to the chitosan solution. Finally, the prepared solution was
vortexed for 1 h. All hydrogels were washed with distilled
water to remove residues that did not react. Finally, they
were sterilized by ultraviolet light exposure for 1 h and
stored at 4 °C.

The characterization of hydrogel

The formation of chitosan-based hydrogel was monitored
by placing pre-gel solution containing chitosan, acetic
acid, calcium D-gluconate monohydrate, 0.1 M Tris, or
0.1 M boric acid in the beaker, then observe the viscosity
changes over time via the stopwatch.

In the swelling ratio (SR) test, the hydrogels were
cut into samples of about 2 g then were soaked in
water with a mild shaking motion. We measure the
weight of hydrogels after 2, 4, 8, 16, 24, 48, and 72 h
after removal of excess water carefully. The swelling
ratios of hydrogels were calculated using the formula
SR =(Wi—Wd)/Wd, where Wi and Wd are the weight
of the swollen hydrogel and the weight of the dry hydro-
gel, respectively.

In vitro tests of calcium release
in the chitosan-based hydrogel

A calcium colorimetric assay (Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) was used to test calcium
release by the chitosan-based hydrogel. We added 500 pl
of PBS to 200 pl of gel and incubated the combination at
37 °C to mimic the in vivo environment. The following
procedure was duplicated every 6 h until after 48 h. First,
ultrapure water was used to prepare the calcium standard
solution. Then, a chromogenic reagent was added to each
sample and standard. The solutions were mixed gently
using a 200-pl tip and calcium assay buffer was added.
The samples were then incubated at room temperature for
10 min. Absorbance was measured at 575 nm on a TECAN
200/200Pro multimode microplate reader (TECAN Trad-
ing AG, Minnedorf, Switzerland).
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Bacterial culture

Acinetobacter baumannii strain NTUS58 (AB NTU58) was
cultured at 37 °C in Mueller-Hinton broth (MHB, Lab M
Limited., Heywood, UK) overnight with shaking at 250 rpm.
Bacteria were then transferred to fresh MHB at a ratio
of 1:100 and cultured for another 4 h until reaching log-
phase growth. The cells were collected by centrifugation
at 8000 x g for 10 min and washed with sterile PBS. We
repeated the washing steps three times and then resuspended
the cells in sterile PBS at a concentration corresponding to
1 x 10% colony-forming units (CFU)/mL.

In vitro antimicrobial study

The antimicrobial activities of the chitosan-based hydro-
gels were evaluated by Kirby—Bauer (KB) disc diffusion
tests. AB NTUS8 bacterial suspensions (1 X 108 CFU/mL)
were prepared as described above. Then, 50 ul of bacte-
rial suspension was transferred to Mueller—-Hinton agar
(MHA, Lab M Limited, Heywood, UK). The hydrogels
(5-mm diameter) with 2% (w/v) of chitosan were loaded
onto 10-mm sterile paper discs, which were then trans-
ferred to the dish. Sterile filter paper immersed in PBS was
used as a control. The plates were incubated at 37 °C. The
zones of bacterial inhibition were measured after 24 h of
incubation [10].

Cell culture

Human dermal fibroblasts (HDFs) were purchased from
the Bioresource Collection and Research Center (BCRE,
Hsinchu City, Taiwan) and cultured in DMEM medium
(Gibco; Thermo Fisher Scientific, Inc., MA, USA)
containing 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc., MA, USA) and 1% penicillin/streptomycin
(Invitrogen; Thermo Fisher Scientific, Inc., MA, USA) at
37 °Cin a 5% CO, incubator. The morphologies of the HDFs
were observed using an optical microscope (CiS, Nikon,
Tokyo, Japan).

In vitro biocompatibility assay

The cytotoxicity of the chitosan-based hydrogel was investi-
gated using the Cell Counting Kit-8 assay (CCK-8, Dojindo,
Kumamoto, Japan). The HDFs were seeded onto a culture
plate at a density of 6x 10° cells per well and grown over-
night. The hydrogel samples were exposed to UV light for
1 h for sterilization. When the cells reached 80-90% conflu-
ency, the hydrogels were gently placed on the well, allow-
ing contact between the hydrogels and the cells. The HDFs
were allowed to grow for 3 days with daily culture medium
changes.
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After 3 days, cells were washed twice with PBS, then
180 pL of culture medium was added, followed by 20 uL of
the CCK-8 reagent. The cells were incubated at 37 °C for
2-4 h. The absorbance at 450 nm was then measured using a
TECAN 200/200Pro multimode microplate reader (TECAN
Trading AG, Minnedorf, Switzerland). Background absorb-
ance measured at 630 nm was subtracted from the final
value. Each assay was performed in triplicate and the mean
was calculated.

The effect of the chitosan-based hydrogel
on the viability of HF-acid-injured HDFs

When cells reached 80-90% confluency, they were treated
with 8% (v/v) HF for 5 min. We then divided the cells into
four groups as follows: the control group cells were washed
three times with PBS; the boric acid group cells were washed
three times with boric acid buffer and then covered with the
chitosan-based hydrogel containing boric acid and 2.5% CG;
the Tris base buffer group was washed three times with Tris
buffer and then covered with the chitosan-based hydrogel
containing Tris and 2.5% CG; CG gel group. Following each
treatment, the cells were seeded in 96-well plates at an initial
density of 6x 10° cells/well and incubated for 3 days. The
effect of the hydrogel on the cell viability of HF-acid-injured
HDFs was evaluated using a CCK-8 assay (Dojindo). Every
24 h, 20 ul of CCK-8 reagent was added and the plates were
incubated for 1 h. The optical density was read at 450 nm.
Cell proliferation was assessed using a TECAN 200/200Pro
multimode microplate reader (TECAN Trading AG). Each
assay was repeated in triplicate and the data were expressed
as percentages of viable cells.

HF burn model

Eight-week-old male C57BL/6 mice were obtained from
BioLASCO Taiwan Co., Ltd (Taipei City, Taiwan) and
maintained at the National Defense Medical Center labora-
tory animal center IACUC 20,229). The dorsal surfaces of
the mice were shaved and depilated with depilatory cream
before the experiment. The mice were divided into four
groups, each containing five mice (n=35). The mice were
anesthetized with zoletil (5 mg/kg) and cutaneously exposed
to 30% HF for 5 min.

After establishing the burn, elastic bandage tape was used
to removing the upper epidermal layer. Then, 20 pl of an AB
NTUS8 bacterial suspension in PBS was smeared on the burn
wounds [11]. One hour later, the control group mice were
resuscitated with 1-ml sterile saline. The remaining three
groups, A, B, and C, were treated as follows. The wounds in
Group A were washed with 1-mL sterile saline, and a smear
of 2.5% (w/v) CG gel was applied. The wounds in Group B
were washed with 1-mL boric acid buffer solution; a smear
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of the chitosan-based hydrogel was then applied, which con-
tained 0.1 M boric acid and 2.5% CG. The wounds in Group
C were washed with Tris base buffer solution; a smear of the
chitosan-based hydrogel was applied, which contained 0.1 M
Tris base and 2.5% CG. The treatment period was 7 days, dur-
ing which the dressing was changed daily. The tissue changes
were recorded with a camera.

Histological analysis

The mice were divided into four groups (n=35 for each
group). Following the establishment of burns on their dorsal
skin surface, the hydrogels were placed on the affected skin
areas. The mice were sacrificed on days 3 and 7. Skin sam-
ples were fixed in 10% formalin before histological analysis.

To evaluate the impact of the chitosan-based hydrogel on
mouse skin, dorsal skin samples were collected on days 3
and 7. All samples were processed and embedded in paraffin
and sectioned (5 um thick), followed by staining with hema-
toxylin and eosin (H&E) and Masson trichrome. To evaluate
the effect of treatment, the sections were observed under a
light microscope (CiS, Nikon, Tokyo, Japan).

Microbiological analysis

At 3 and 7 days after infecting the burn wounds, the mice
were sacrificed. Skin samples from control and treated
groups were excised (10 mm?). The tissue samples were then
homogenized in 800 pl PBS, and ten-fold serially diluted
bacterial colonies were enumerated by plating on MHA and
incubated at 37 °C for 24 h. The results were normalized
and expressed in log,, CFU bacterial load present in 1 g of
tissue sample.

Statistical analysis

In this study, we conducted two-way ANOVA with Tukey’s
multiple comparison test for days and groups. P < 0.05 were
considered statistically significant. All experiments were
conducted at least in triplicate for statistical analysis, with
the results presented as means + standard deviation.

Results
Preparation and evaluation of the hydrogel formula

This study prepared two chitosan-based hydrogel formula-
tions containing either boric acid or Tris, as well as 2.5%
(w/v) CG (CHS-BA-CG and CHS-Tris-CG, respectively).
The physicochemical characteristics of these hydrogels were
compared to those for a commercial CG gel.

Because of physical cross-linking, our pre-gel solution
composed of chitosan, CG, Tris, or boric acid became vis-
cous over time and finally transformed into polymer gels.
As shown in Fig. 1a, all of the liquid levels of the initial
pre-gel solution indicated high fluidity. While the gel
was formatting, the viscosity of the system got increased
and the fluidity was reduced as well until the gel finally
formed. The CHI-Tris-CG gel was formed in 1 min, and
the formation of CHI-BA-CG gel took 30 min (Table 1).
There was no flowing phenomenon observed even the
bottle was placed upside down. The formed polymer gel
could be taken out of the bottle and had its shape kept
well. As shown in Fig. 1b, the CHI-BA-CG gel had a
perfect swelling in water and expanded to almost twice
its initial size and still kept its shape, indicating the stable
cross-linking of the gel network. On the other hand, the
CHI-Tris-CG gel could also be expanded to 1.5 times its
initial size and had its shape kept. A further quantitative
study of the swelling behaviors was conducted by calcu-
lating the amount of absorbed water. In Fig. 1c, the swell-
ing ratio of all the gels increased over time. We could see
the rapid swelling process in the early stage from 1st to
10th hours. Afterward, the swelling was slow and finally
approached an equilibrium state in the hour of 50.

In vitro test for chitosan-based hydrogel calcium
release

As shown in Fig. 2, within the first hour, 7% of calcium
was released from the CHS-Tris-CG gel, compared to
13% from the CHS-BA-CG gel. The amount of calcium
released from two kinds of gels increased over time.
After 5 h, 51% calcium was released from the CHS-BA-
CG gel compared to 73% after 48 h. The calcium release
from the CHS-Tris-CG gel was slower than that from the
CHS-BA-CG gel; only 27% and 43% of the calcium was
released after 5 h and 48 h, respectively.

In vitro antimicrobial activities of the chitosan-based
hydrogels

The antibacterial activities of the chitosan-based hydrogels
were tested against A. baumannii infection after HF burn
using the disk diffusion test. As shown in Fig. 3, the two
chitosan-based hydrogels produced larger zones of inhibi-
tion compared to that for the commercial CG gel and PBS
groups. Compared to that of the CHS-Tris-CG group, the
diameter of the inhibition zone was larger in the CHS-BA-
CG group.
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Fig. 1 The characterization of hydrogels: a Gelation test; b and ¢ swelling test

Cell morphology and viability after HF acid
exposure

Optical microscopy was used to assess the change in cell
morphology after HF acid exposure. Under the micro-
scope, fibroblasts with a normal morphology had a star-
like shape. As shown in Fig. 4a, at 24 h after HF burn, no
significantly different changes in cell morphology were
observed in any of the treated groups compared to the
control group. However, at 72 h after HF burn, cells in
the PBS and CG groups had a slender shape and showed
unclear nucleoli. In comparison, CHS-Tris-CG- and CHS-
BA-CG-treated cells showed noticeable nucleoli with a
relatively plump cytoplasm.

Table 1 The gelation time Gelation time (s)

Chitosan -

CG -
CHI-Tris-CG 55
CHI-BA-CG 1800

@ Springer

After the fibroblasts were exposed to HF, we observed
the cell viability for 3 consecutive days (Fig. 4b). Before
HF exposure, the cell viability was maintained at 95-100%.
All groups were then exposed to 8% HF for 5 min.
Twenty-four hours after the HF burn, the cell viabilities
in the PBS, CG, CHS-Tris-CG, and CHS-BA-CG groups
were 70.66 +10.06%, 87.66+2.52%, 71.00+6.56%, and
76.00 +8.72%, respectively. At 48 h after HF burn, the via-
bilities were 62 +7.55%, 56.33 +6.03%, 78.00 +2.65%, and
78.33+4.73%, respectively. At 48 h after HF burn, there was
no significant difference in cell viability between the PBS
and CG groups. However, the cell viabilities were signifi-
cantly higher in the CHS-Tris-CG and CHS-BA-CG groups
compared to that in the CG group.

Evaluation of the in vivo effects of hydrogels
in a mouse model

After exposing the dorsum of mice to 30% HF, skin red-
ness developed. As seen in Fig. 5, the group washed with
PBS only (PBS group) and the CG group showed burn
wounds on day 1. In contrast, the two chitosan-based
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Fig.2 Calcium release curves of different chitosan-based hydrogels

hydrogel-treated groups showed no apparent dorsum
wounds on day 1 after treatment. Moreover, the gels had
formed a thin film on the skin surface that maintained
skin moisture. On day 3, the no-treatment and CG groups
showed reddish wounds on the dorsum; however, no vis-
ible wounds were observed in the two chitosan-based gel-
treated groups. On day 7, all mice in PBS- and CG gel-
treated groups were dead. In contrast, the dorsum wounds
in the two chitosan-based hydrogel-treated groups were
encrusted with scabs.

CHS-Tris-CG

Fig. 3 In vitro examination of antimicrobial activities of the different
chitosan-based hydrogels

18 24 30

36 42 48

Histopathological evaluation

H&E and Masson’s trichrome staining was used for histo-
pathological evaluation. As shown in Fig. 6a, H&E staining
revealed no significant damage in the epidermal and der-
mal layers in all groups on the first day after skin burn. On
the third day, the keratin layer had disappeared in the PBS
group, while the CG group showed keratin damage with a
discontinuous epidermal layer and uneven thickness. The
two chitosan-based hydrogel-treated groups showed slight
keratin damage. On day 7, all mice in the PBS and CG
groups were dead. Figure 6 shows the partial hyperplasia
of the stratum corneum with a clear boundary between the
epidermal and dermal layers in the CHS-Tris-CG group. The
same tendency was observed in the CHS-BA-CG group.
Furthermore, scabs were observed on the wounds.

Figure 6b shows the results of Masson’s trichrome stain-
ing in all of the groups after HF skin burn. On day 1 after
skin burn, the cytoplasm obtained from the damaged cells
from the dermal layers in the PBS group was reddish in
color. The collagen density was also decreased. The CG
group showed diffuse damage throughout the epidermal
layer as well as decreased collagen density. No significant
damage in the epidermal and dermal layers was observed in
the CHS-Tris-CG group; however, slight keratin damage and
decreased collagen density were observed in the CHS-BA-
CG group. On day 3, the wounds in the CHS-Tris-CG and
CHS-BA-CG groups started to scab and the collagen density
increased. On day 7, the CHS-Tris-CG and CHS-BA-CG
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«Fig.5 a The survival curve of each group (n=5). b Wounds on the
dorsum of mice after exposure to 30% HF. On day 1, a visible burn
wound is visible in the PBS and CG groups (white arrow); on day 3,
burn wounds are visible in the PBS and CG groups (white arrow),
while there was no visible wound on the surface of the skin in the
CHS-Tris-CG and CHS-BA-CG groups; on day 7, the wounds are
encrusted with scabs on the dorsum of the CHS-Tris-CG and CHS-
BA-CG-treated mice. HF hydrofluoric acid; PBS phosphate-buffered
saline; CHS-Tris-CG chitosan, Tris, and calcium gluconate; CHS-
BA-CG chitosan, boric acid, and calcium gluconate

groups showed a clear dividing line between the epidermal
and dermal layers, the density of collagen was remarkably
increased, scabs had formed and a relatively normal keratin
layer had been restored.

Fig. 6 Histological images of ( a)
skin specimens. a Hematoxylin
and eosin (H&E) and b Mas-
son’s trichrome staining (X 40
mag)

PBS

Day 7

In vivo assessment of burn-induced microbial
infection

The antimicrobial effects of the chitosan-based hydro-
gel against A. baumannii were evaluated in burned tissue
obtained from sacrificed mice by homogenizing and quan-
tifying the CFUs on day 3. The wounds treated with the
two chitosan-based hydrogels showed significant decreases
in bacterial counts compared to those in the PBS and CG
groups. The same procedure executed on the day 7. The
antimicrobial effects of CHI-BA-CG gel are still better than
CHI-Tris-CG gel. However, there were no significant differ-
ences between two groups (Fig. 7).

CG CHS-Tris-CG  CHS-BA-CG

CG CHS-Tris-CG  CHS-BA-CG
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Discussion

HF burns as an occupational injury are widely seen in both
developing and industrialized countries. The major mecha-
nisms underlying the toxic effects of HF are the high pen-
etration rate in skin tissue and the release of large amounts
of dissociated fluoride ions potentially leading to severe
systemic toxicity [1]. The treatment principle includes the
removal of any residual HF, neutralization of free fluoride
ions, and prevention of HF-induced biological corrosion and
progressive tissue destruction. In clinical practice, the first
step in the treatment of HF burns is to wash the wound with
abundant water. The second step is to neutralize dissociated
fluoride ions to prevent deeper tissue damage [12]. The fluo-
ride ions can bind to calcium and magnesium ions to form
insoluble salts that are excreted from the human body. The
fluoride neutralizers in clinical use may contain CG [13].
Thus, water flushes and the external application of fluoride
neutralizers are among the standard treatments for HF [14].
The CG gel is suitable as a first-aid treatment for injuries
due to its easy administration; however, both the gel and
calcium penetrate poorly into tissue, which also limits their
use for treating fluoride ions in deep tissues [15]. Although
local tissue damage could be addressed, water flushes and
neutralizers may not prevent systemic toxicity [4, 12].

Other adjuvant therapy for HF injury, such as topical CG
injection to increase CG concentration to bind fluoride ions
or the combination with infiltration aids such as dimethyl
sulphoxide (DMSO), can help promote calcium penetrabil-
ity [16]. However, excessive calcium in the tissue can lead
to cellular toxicity and delay wound healing. In addition,
the subcutaneous injection of high concentrations of cal-
cium may cause vasculitis around the tissue, hypercalce-
mia, or even arrhythmia leading to death. Moreover, DMSO
can cause protein degradation in the tissue and even tissue
necrosis. Thus, the development of effective and safe therapy
for the treatment of HF burns is needed to improve patient
prognosis.

Several kinds of hydrogel are used as wound dressings
to maintain wound moisture and remove necrotic tissue.
Among hydrogel materials, chitosan is biodegradable,
biocompatible, and bio-adhesive, making it suitable for
preparations aimed at healing HF burn wounds [17, 18].
This study applied deacetylated chitosan-based hydrogels
for the treatment HF. This composition has been reported
to provide stability for the delivery of different therapeutic
agents [19]. Additionally, we combined calcium and differ-
ent buffer solutions to the chitosan-based gel for repair of the
burn wound. Fluoride ions can form an insoluble complex
with calcium and magnesium that is excreted from the body
[20]. Calcium released from a hydrogel applied to the wound
surface could prolong the tissue damage.

This study combined two buffer solutions, Tris and boric
acid, with a hydrogel. Tris is an organic compound with
high biocompatibility and low immunogenicity, which used
in biochemistry as a buffer solution [21]. Boric acid is an
antibacterial compound that has been used for the treat-
ment of minor burns [22]. These buffer solutions maintain
the pH on the skin surface after HF burns and prevent dis-
sociated hydrogen ions from HF from penetrating deeper
tissue and potentially causing severe damage. The present
study performed in vitro and in vivo evaluations to compare
the effects of these two buffer solutions combined with the
hydrogel on tissue repair.

All formulations of the chitosan-based hydrogel were
formed by simple mixing, to which 2.5% (w/v) CG was
then added. As the result showed, in contrast to CHS-
BA-CQG, significant high gelation time and low swelling
ratio were found on CHS-Tris-CG that calcium release
ratio of CHS-BA-CG was higher than CHS-Tris-CG. As
we know the hydrogen-bonding exhibit great effects on the
viscosity properties of polymer gel. Tris has more hydrogen
then Boric acid. Hydrogen bond interaction in polymer
composites of CHI-Tris-CG more than CHI-BA-CG. We
suggested that because of molecular interaction, Tris might
be higher intermolecular force with CHS than CHS-BA-CG.
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We used calcium colorimetric assay to measure the cal-
cium release rates for the two buffer solution hydrogels. The
release index did not differ significantly between the two
hydrogels initially, after 1 h, and up to 3 h. After 4 h, the
hydrogel with boric acid showed a calcium ion release rate
of almost 40%, which increased to 76% at 48 h. Compared
to boric acid, Tris has a higher viscosity, which may affect
polymer swelling, which, in turn, affects calcium release
from the hydrogel [23]. In contrast, the porous property of
boric acid offers a larger surface area that allows the solvent
cladding in hydrogel rapidly; moreover, the high dissolving
rate in water allows easy calcium release [24]. One major
mechanism of damage in HF burns is the easy skin penetra-
tion and dissociation of hydrogen ions. The high concentra-
tion of hydrogen ions may cause a pH decrease, leading to
mucous membrane damage and even tissue necrosis [1, 25].
In this study, the chitosan-based hydrogel combined with
a buffer solution slowed the hydrogen ion attack in tissues
and maintained the pH at 6.5-7.5 to prevent further tissue
damage.

We studied the cell viability and morphology change
in three ways in a commercial CG gel, a chitosan-based
hydrogel with Tris buffer solution, and a chitosan-based
hydrogel with boric acid. After 48 h, the cells in the CG
group appeared slender and with an unclear nucleolus and
showed significantly decreased cell viability compared to
those in the other two groups. In theory, the CG gel could
address dissociated fluoride ions on the cell surface and
prevent cell death [4]. However, some data have indicated
that the CG gel does not adjust pH values; thus, it could not
block hydrogen ion penetration into deep tissue. In contrast,
the two chitosan-based hydrogels with buffer solutions
could be used to flush damaged tissues, bind hydrogen ions
to maintain the pH, preserve cell viability, and enhance cell
proliferation. The 2.5% calcium added to the chitosan-based
hydrogels allowed the release of calcium as the hydrogels
degraded to minimize fluoride ion penetration into tissue and
subsequent damage.

The in vivo model exhibited the same result; H&E and
Masson’s trichrome staining showed signs of wound healing
including connective tissue generation and skin lesion repair.
The inflammatory cells infiltrated the epidermal and dermal
layers, and epidermal damage with either detachment of the
corneal layer or epidermal deroofing was observed in the PBS
and CG groups. However, the two chitosan-based hydrogel-
treated groups showed initiation of re-epithelialization
through the damage, with gains of the corneal layer and
epidermis observed on the seventh day. Moreover, less
collagen damage was also observed in the two hydrogel-treated
groups. Regrowth from the basal layer of the epidermis was
observed on the third day in the two hydrogel-treated groups
compared to the PBS and CG-treated groups. A remarkable
rearrangement of collagen fiber order was noted on the
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seventh day in the two hydrogels treated groups, with the old
debris and crusts pushed out with the recovery of the normal
epidermal layer.

The results of the in vitro antibacterial study and in vivo
evaluation of the chitosan-based hydrogels revealed two anti-
microbial characteristics of chitosan and buffer solutions in
this hydrogel. Chitosan is an antibacterial agent as it can bind
with negatively charged bacteria and change bacterial mem-
brane permeability, leading to bacterial death [26]. Another
antibacterial mechanism of chitosan is the binding of metal
ions to inhibit microbial proliferation [27]. The buffer solu-
tions, Tris and boric acid, may cause bacteria dehydration to
inhibit replication [28]. Moreover, the pH of the buffer solution
can also prevent bacteria growth [29]. In this study, water-
soluble chitosan combined with a buffer solution increased
the surface area of the compounding interacting with bacteria,
enhanced the positive charge of chitosan, and altered the mem-
brane permeability, thus negatively affecting bacteria viability
[30]. These data showed that the synergistic effect of chitosan
with buffer solutions could enhance the antibacterial properties
to prevent infection after HF burns.

In summary, the results of this study showed that chitosan-
based hydrogels combined with a buffer solution could reduce
discomfort from HF burns. The bridgeable hydrogel released
calcium and buffer andante to prevent HF penetration into the
skin and maintain the tissue pH. The results also showed the
enhanced epithelization property of chitosan in wound healing
as well as its antimicrobial effects. Treatment of HF burns with
chitosan-based hydrogels combined with buffer solutions may
be useful for skin care or tissue repair.
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