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Regeneration Effect of Visible Light-Curing Furfuryl Alginate
Compound by Release of Epidermal Growth Factor for Wound
Healing Application
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ABSTRACT: A visible light-curable polysaccharide conjugate was prepared and was included with epidermal growth factor (EGF) for
wound healing application. Alginate was modified with furfurylamine, and the furfuryl alginate (F-alginate) was mixed with Rose
Bengal for visible light reactivity. The introduction of furfuryl group was confirmed by 'H-NMR and UV/vis spectroscopy. Visible
light-induced crosslinking was evaluated by micropatterning and weight measurement. Swelling ratio was also determined. To verify
its applicability in wound healing applications, EGF was included in the system of F-alginate and Rose Bengal. After the confirmation
of no cytotoxicity of F-alginate and murine EGF release from the system, cell proliferation, antibacterial activity, and animal test were
performed on the system. In conclusion, it was demonstrated that the system was useful for wound healing. © 2013 Wiley Periodicals,

Inc. J. Appl. Polym. Sci. 2014, 131, 40113.
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INTRODUCTION

The skin is the largest organ in the human body. It protects the
body from external stimuli or microbial infection and functions
as barrier to withhold moisture. When the skin is damaged, its
performance in these roles is compromised.' Therefore, wound
healing is a dynamic process, and healing methods can be
changed by wound type and healing process. However, typically
a warm and moist environment is effective for wound healing,
in which most healing agents are created to provide these con-
ditions.> Because moisture is lost by evaporation at a wound
site, it is very important to heal the wounds while maintaining
a moist environment.* In addition, proper dressing adhesion is
also required for wound healing.>®

To promote wound healing, many materials have been developed.
In particular, various natural polymers have been used as wound
healing materials.”'® Among them, alginate has the advantages of
absorbing body fluid and effectively maintaining wound site mois-
ture."" In addition, alginate from seaweed is widely used in various
fields, including biomedical materials because of its biocompatibil-
ity, biodegradation, and antibacterial activity."** Alginate is a
linear random copolymer consisting of two monomers, o-L-glucu-

ronic acid (G) and f-p-mannuronic acid (M) (Figure 1).°

© 2013 Wiley Periodicals, Inc.
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Furthermore, studies using growth factors that transfer inside
the cell causing cell proliferation and differentiation have been
widespread.'®"” Growth factors include different types such as
epidermal growth factor (EGF), fibroblast growth factor, nerve
growth factor, and transgenic growth factor.'™>' Specifically,
EGF is a growth factor that promotes cell growth, proliferation,
and differentiation. EGF plays a role in wound healing and is
supplied through the sweat, blood, and tissue on injury.*> How-
ever, when the protein is injected in the body for medical appli-
cation, it has been reported that EGF is inactivated due to
aggregation or denaturation.”> As a result, studies have been
aimed to protect EGF functions.*** In the various methods
suggested to protect EGE some studies have used chemical con-
jugation using crosslinking agents.”*?” However, these methods
cause risks through urea, which can affect protein denatura-
tion.”® To complement these problems, the photoimmobiliza-
tion method has been studied, which is based on a crosslinking
reaction for protein inclusion.”® The advantages of this method
are that the protein is not denatured, inclusion time is fast, and
the process is simple.”® Many photoimmobilization methods use
ultraviolet (UV) light because UV light contains high-energy
photons.”® However, UV light can result in many problems
such as skin cancer, immune system weakness, and genetic

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40113
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Figure 1. Alginate structure. Alginate is a linear random copolymer consisting of a-L-glucuronic acid (G) and f-p-mannuronic acid (M).
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Figure 2. Preparation of F-alginate by EDC/NHS coupling.

mutation.’®* For these reasons, UV light is not suitable to use
directly on the human body.

Therefore, in this study, we applied a photoimmobilization
method using visible light that is harmless to the human body.
Furfuryl alginate (F-alginate) was prepared by the introduction of
a furfuryl group, which becomes a visible light-reactive group in
the presence of Rose Bengal, to the alginate backbone. EGF was
included in the photoreactive F-alginate system for cell prolifera-
tion. The system was also evaluated for antibacterial effect using
Gram-positive bacteria Staphylococcus aureus and Gram-negative
bacteria Escherichia coli. Finally, to confirm the usefulness for
wound healing of EGF-included F-alginate system, we evaluated
the effect in an animal model using Sprague-Dawley (SD) rats.

(a) Alginate
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EXPERIMENTAL

Materials

Sodium alginate (from brown algae), N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC), fluorescein
isothiocyanate-conjugated bovine serum albumin (FITC-BSA),
and furfurylamine were purchased from Sigma-Aldrich (St.
Louis, MO). N-Hydroxysuccinimide (NHS) was purchased from
Wako Pure Chemical Industries (Tokyo, Japan). Acetic acid and
dimethyl sulfoxide (DMSO) were purchased from Samchun
Pure Chemical Company (Seoul, Republic of Korea), and meth-
anol was purchased from Duksan Pure Chemical Company
(Seoul, Republic of Korea). Murine EGF (mEGF) was obtained
from PeproTech (Rocky Hill, NJ). 3T3-L1 (mouse embryonic
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Figure 3. Comparison of 300-MHz "H-NMR spectra between (a) alginate and (b) F-alginate in deuterium oxide. According to (b), it has specific peaks

at 6-8 ppm, but does not exist in alginate. These peaks are based on furan ring in furfuryl group. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Figure 4. UV-vis absorbance values of alginate, furfurylamine, and
F-alginate. [Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]

fibroblast cell line) cells were obtained from the Korean Cell
Line Bank (Seoul, Republic of Korea). For cell culture and pro-
liferation, Dulbecco’s modified Eagle’s medium (DMEM) was
purchased from Wako Pure Chemical Industries, and fetal
bovine serum (FBS) and penicillin-streptomycin were obtained
from Gibco® (Eggenstein, Germany). For cytotoxicity test, a
Cell Counting Kit-8 for water-soluble tetrazolium salt (WST)
assay was procured from Dojindo (Kumamoto, Japan). For anti-
bacterial assay, representative pathogen Gram-positive bacteria
S. aureus (KCTC 3881) and Gram-negative bacteria E. coli
0157: H7 (ATCC 43888) were used. To determine the wound
healing effect in vivo, adult SD rats (7 weeks old, 200-250 g)
were supplied from Samtako (Osan, Republic of Korea). For the
visible light irradiation experiment, a Dr’s light (visible light
lamp, 420-490 nm) was obtained from Good Doctors Company
(Seoul, Republic of Korea).

Preparation and Characterization of F-Alginate

To increase amide bonding efficiency between the amino group
of furfurylamine and the carboxyl group of alginate, F-alginate
was prepared by the previously reported EDC/NHS coupling.”*
Sodium alginate (500 mg) was dissolved in distilled water (200

| I :
e
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mL). After that, EDC (150 mg) was added and stirred for 30
min, and then NHS (100 mg) was added. The pH of the mix-
tures was adjusted to pH 5 by 1 M acetic acid solution and
stirred for 24 h at room temperature. Subsequently, the mix-
tures were filtered and evaporated. After evaporation, the mix-
tures were washed three times by methanol and dried under
vacuum. The prepared sample was dissolved in distilled water
(150 mL), and furfurylamine (200 uL) in DMSO (10 mL) was
added dropwise. The mixtures were stirred at 60°C in an oil
bath for 12 h. The stirred mixtures were filtered and dialyzed
via dialysis membrane (cutoff: 1000 Da; Spectrum Laboratories,
Rancho Dominguez, CA). After dialysis, the sample was evapo-
rated and freeze dried. The sample was a pale yellow color. The
overall reaction processes and chemical structures are illustrated
in Figure 2. "H-NMR of the prepared F-alginate was determined
using deuterium oxide by NMR spectrometer (Gemini 2000,
300 MHz; Varian, CA). For measurement of UV—vis absorbance
values, alginate, furfurylamine, and F-alginate were measured by
UV-vis spectrophotometer (T60U; Eyela, Tokyo, Japan).

Observation of Micropatterning

The prepared 0.7% F-alginate solution containing 0.1% Rose
Bengal was cast on a 12-well plate and dried for 30 min at
room temperature in the dark. The samples were covered with a
photomask (Toppan Printing Company, Tokyo, Japan) and were
irradiated using a visible light from a distance of 5 cm for 7
min. To remove nonimmobilized regions, the samples were
washed by PBS and observed with a microscope (CSB-IHS5;
Samwon Scientific Industries, Seoul, Republic of Korea). To
confirm protein immobilization, the 0.7% F-alginate solution
containing FITC-BSA (5 mg/mL) was cast on a 12-well plate
and air dried for 30 min at room temperature in the dark. Sub-
sequently, the samples were irradiated using a visible light from
a distance of 5 cm for 7 min and washed with PBS. The
protein-immobilized and micropatterned surfaces were observed
by fluorescence microscope (Eclipse TE2000-U; Nikon Sankei,
Tokyo, Japan).

Crosslinking Ratio

To use the prepared F-alginate for wound healing application,
optimized curing properties are necessary. For that reason, to
optimize crosslinking ratio according to irradiation times and
concentrations, various F-alginate samples (0.3, 0.5, 0.7, and
1%) were prepared. The samples were mixed with 0.1% Rose

Figure 5. Micrographs of (a) micropatterned photomask and (b) photoimmobilized 0.7% F-alginate (0.1% Rose Bengal). Fluorescence micrograph of

(c) photoimmobilized FITC-BSA (5 mg/mL) with 0.7% F-alginate. Images (b) and (c) show micrographs irradiated with visible light for 7 min. Scale

bar, 100 um. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Ratios of crosslinking at various concentrations of F-alginate
and visible light irradiation times. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Bengal, the mixtures (40 pL) were cast on glass microscope slide
(75 mm X 25 mm; Marienfeld, Germany), and then the sam-
ples were irradiated with visible light for various times (60, 180,
300, 420, and 600 s). Subsequently, the samples were washed
using PBS and weighed after drying. The crosslinking ratio was
calculated as follows:

W,
Photocrosslinking ratio (%) = WdXIOO,
i
where W; is the initial sample weight, and W, is the sample
weight after washed and dried.

Swelling ratio was measured as follows. F-alginate sample (40 uL)
was mixed with 0.1% Rose Bengal, and the mixture was cast on
glass microscope slide and irradiated with visible light for 420 s.

120
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The photocured samples were immersed in 20 mL of distilled
water and incubated at 37°C to reach equilibrium swelling state.
The swelling ratio (Q) was calculated as follows:

W,
Swelling ratio (Q)= WS X100,
where W; is the swollen sample weight, and W; is the initial
sample weight.

Assay of mEGF

F-alginate solutions containing 0.1% of Rose Bengal were mixed
with mEGF (1 pg/mL). The mixtures were cast (30 uL) on a
24-well plate and were irradiated with visible light. The samples
were incubated in PBS solution at room temperature for 72 h.
The released mEGF solutions (100 uL) were added to a 96-well
plate precoated with goat anti-mouse EGF antibody. After 2 h,
the solutions were removed, and the wells were washed three
times. Subsequently, 100 uL of the diluted detection antibody
(0.5 pug/mL) was added per well and incubated at room temper-
ature for 2 h. The diluted color development enzyme (100 uL)
was added per well and incubated for 30 min. After 30 min,
pink-one TMB color reagent (100 puL) was added to each well
for 10 min. To stop the color reaction, the stop solution (100
uL) was added to each well. Among all reaction processes,
liquids were aspirated and washed from the plate three times
using washing solution. The color was measured using a micro-
plate reader (Spectramax 190; Molecular Device, Sunnyvalve,
CA) at 450 nm.

Cytotoxicity Assay

Cytotoxicity of F-alginate was measured using 3T3-L1 cells cul-
tured in DMEM containing 1% penicillin—streptomycin and
10% FBS at 37°C in a 5% CO, incubator. After the cells were
counted using hemocytometer (Marienfeld), the cells (3 X 10*
cells per milliliter) were seeded in a 96-well plate (DK-4000
Roskilde, Kamstrupvej 90; Nunc A/S, Denmark) and incubated
for 24 h to promote attachment. Various concentrations of
F-alginate solution were then added to the 96-well plate. After

100 -

80

60 -

Cell survival percent

40 -

20

12h 24h

Figure 7. Cell viability assays using 3T3-L1
wileyonlinelibrary.com.]

Mﬁk\;’?\iﬂﬁ WWW.MATERIALSVIEWS.COM
1

40113 (4 of 10)

® Control

M F-alginate 0.3%
m F-alginate 0.5%
M F-alginate 0.7%
M F-alginate 1%

36h 48h
Concentration of photo-reactive alginate

cells by CCK-8 kit. [Color figure can be viewed in the online issue, which is available at
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Figure 8. Time course of the in vitro release of mEGF under the various
concentrations of F-alginate and irradiation times (1, 3, 5, and 7 min):
F-alginate 0.3% (4#), F-alginate 0.5% (M), F-alginate 0.7% (A), and
F-alginate 1% (®). [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

incubation for various times (12, 24, 36, and 48 h), the media
was removed, and 10% WST solution (50 uL) was added. The
samples were incubated for 30 min at 37°C in a 5% CO, incu-
bator and measured using a microplate reader (Spectramax 190;
Molecular Devices, CA) at 450 nm.

Cell Proliferation Assay

To evaluate cell proliferation on F-alginate, 3T3-L1 cells
(3 X 10* cells per well) were seeded in a 96-well plate and cul-
tured in DMEM media containing 5% FBS for 48 h at 37°C in

Mah\"‘lfu-'§ WWW.MATERIALSVIEWS.COM
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a 5% CO, incubator. At each time interval (12, 24, 36, and
48 h), the samples were washed with PBS and observed with a
microscope (CSB-IH5).

In Vitro Antibacterial Assay

To measure the prepared alginate as a wound treatment, a lawn
cell plate assay was analyzed to verify the antibacterial activity
against pathogens. Briefly, S. aureus KCTC 3881 and E. coli
0O157:H7 ATCC 43888 were incubated in LB broth at 37°C. To
evaluate the inhibitory activity, 10 uL of each furfurylamine,
alginate solution (0.7%), and F-alginate solution (0.7%) dis-
solved in sterilized water were dropped onto the 6-mm-
diameter disk paper and placed on a LB agar plate including
107 CFU/mL of each cultured bacterium. The treated plates
were incubated for 8 h at 37°C, and then the antibacterial activ-
ities were evaluated.

In Vivo Animal Wound Healing Test

Female SD rats, 7 months old and weighing 200-250 g, were
placed in individual cages and were given sterilized water and
pellet feed for experimental animals. The experimental rats were
maintained at a temperature of 25°C = 0.5°C with a 12-h light/
dark cycle. The rats were anesthetized with Zoletil 50® (200
uL), and their backs were shaved and cleaned. Circular wounds
with 17 mm in diameter were made in four places. Each wound
was treated with 40 uL samples [Group I: control (nontreated);
Group II: 0.5% Rose Bengal mixed 0.7% F-alginate solution;
Group III: mEGF (50 ug/mL); and Group IV: mEGF (50 ug/
mL) and 0.5% Rose Bengal mixed 0.7% F-alginate solution]
and then irradiated using visible light for 7 min. After surgery,
Vaseline gauzes were placed over the wounds and covered with
a bandage. The dressings were changed every 3 days.

Wound tissue samples were observed via wound area measure-
ments/visual assessment and histological examination. For visual
assessment and wound area measurements, we imaged the
wound, and the wound area was measured. The initial wound
area was set as 100%, and for comparison, the recovered wound
area was converted to a percentage.

For histological observation, the wound tissue samples were
kept in 10% formalin solution at 3, 7, and 14 days after extrac-
tion. The samples were covered with paraffin and stained using
hematoxylin and eosin for histological examination.

RESULTS AND DISCUSSION

Spectroscopic Characterization

In 'H-NMR measurements, the resonances of F-alginate and
sodium alginate are shown in Figure 3. In Figure 3(b), specific
peaks corresponding to the furan ring were observed at 6.0-8.0
ppm in the '"H-NMR spectrum.” The result indicates that a
furfuryl group was introduced to alginate. The UV/vis absorb-
ance spectra of prepared F-alginate, sodium alginate, and furfur-
ylamine are shown in Figure 4. In Figure 4, there was no
specific absorption in the sodium alginate spectrum. However,
there were maximum absorptions at 280 and 262 nm corre-
sponding to furfurylamine and F-alginate spectra, respectively.
This means that F-alginate has a specific group that is analo-
gous with furfurylamine. The reason for the absorption wave-
length shift of F-alginate is based on electron delocalization

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40113
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Figure 9. (a) Photographs and (b) relative cell contents of cell proliferation of fibroblasts (3T3-L1 cells) cultured on negative control (untreated), photo-
cured F-alginate (0.7%), and photocured F-alginate (0.7%) with mEGF (50 pg/mL) for 12, 24, 36, and 48 h. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

from the amide bond of modified alginate.*® These results indi-
cate that a furfuryl group was successfully introduced in
alginate.

Micropatterning

To demonstrate the photoreactivity, micropatterning of photo-
reactive F-alginate was performed and is shown in Figure 5. The
nonirradiated F-alginate was not observed in the micropattern-
ing because of being washed away with distilled water. However,
F-alginate was crosslinked by visible light irradiation, and the
resulting surface patterning was similar to the photomask [Fig-
ure 5(b)]. These results suggest that Rose Bengal absorbs energy
from visible light and then helps to generate singlet oxygen
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from oxygen molecules.”” Because of the generation of singlet
oxygen, furan derivatives react through the formation of furan
endoperoxide. The micropattern of F-alginate solution contain-
ing FITC-BSA is shown in Figure 5(c). Using FITC-conjugated
BSA, the micropattern of immobilized protein was observed by
fluorescence microscope. These results suggest that visible light-
curable F-alginate can be immobilized with various proteins via
visible light irradiation and can be used as a wound healing
agent.

Crosslinking
The crosslinking ratio of F-alginate was measured at various
irradiation times and concentrations (Figure 6). When the
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Figure 10. For antibacterial assay, the culture plates were inoculated with Staphylococcus aureus and Escherichia coli O157:H7. Type of inhibition zone:
(a) sterilized water (control), (b) furfurylamine, (c) alginate, and (d) F-alginate. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

irradiation time was 1 min, the average crosslinking ratios
of samples were below 50% (0.3% F-alginate; 19%, 0.5%
F-alginate; 26% and 0.7% F-alginate; 45% and 1% F-alginate;
50%). Crosslinking ratio significantly increased after 3-min irra-
diation time. In addition, 0.3, 0.5, 0.7, and 1% F-alginate
samples showed 31, 48, 69, and 73% crosslinking ratios, respec-
tively, for 5-min irradiation time. However, there was no signifi-
cant difference in crosslinking ratio between 7- and 10-min
irradiation times. Moreover, the 0.7 and 1% of crosslinking
ratio were similar at the 7-min irradiation time. Generally, the
crosslinking ratio was proportional to the increase in irradiation
time and concentration of F-alginate. Therefore, the 7-min irra-
diation of visible light using 0.7% F-alginate demonstrated the
most effective crosslinking ratio. The maximum swelling ratio
of different concentrations of F-alginate (0.3, 0.5, 0.7, and 1%)
ranged from 220 to 250%.

Cytotoxicity of F-Alginate

WST assay for cytotoxicity assay was performed, and the results
are shown in Figure 7. Cell viability at various F-alginate con-
centrations was similar to the control group. No significant
cytotoxic effects were observed for 48 h. Therefore, the prepared
F-alginate is considered noncytotoxic and can be a suitable
wound healing agent.

mEGF Release

Figure 8 shows the release of mEGF from crosslinked F-alginate.
The release rate decreased with the increase of concentration of
F-alginate, although concentrations of 0.7 and 1% had no sig-
nificant difference. This result indicates that the increase of
crosslinking ratio, as shown in Figure 6, contributed to the
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reduction of the mEGF diffusion in the crosslinked gel and that
0.7% of F-alginate was enough for inclusion of mEGFE. In addi-
tion, the elongation of irradiation time also reduced the release
of included mEGE. This is also considered to be related with
the crosslinking behavior as shown in Figure 6.

Cell Proliferation

3T3-L1 cells were cultured under various conditions, which
were negative control (untreated), photocured F-alginate, and
photocured F-alginate with mEGE Cell proliferation was
checked every 12 h, and all F-alginate samples used the 0.7%
concentration. In the negative control and photocured
F-alginate groups, cell proliferation was slightly increased
over 48 h. In these two conditions, cell proliferation was very
similar. Photocured F-alginate with mEGF did not demon-
strate significant changes when compared with other groups
for 12 h; however, after 24 h, the rate of cell proliferation was
higher than the other groups. According to Figure 9(b),
the rate of cell proliferation was the highest in the photo-
cured F-alginate with mEGF for 48 h. It means that mEGF
was successfully photo-included into F-alginate and that
released mEGF enhanced cell proliferation. Considering that
the included mEGF was almost released from the gel, the
mutagenic activity is due to the whole amount of mixed
mEGF (0.5 mg/mL).

In Vitro Antibacterial Activity

The antibacterial activity of the prepared F-alginate was deter-
mined by the existence of the inhibitory zone (Figure 10).
Furfurylamine showed a weak inhibitory activity against
E. coli O157:H7, but not against S. aureus. Alginate and
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Figure 11. Visual assessment and wound area measurements. (a) Photographs of wound area at Days 3, 7, and 14 taken postoperatively after full-
thickness skin excision. (b) Representative of wound area was dramatically decreased in the immobilized F-alginate with mEGF-treated group when com-
pared with the other group. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

F-alginate had the antibacterial activities against both patho-
gens, and a higher activity was shown in E. coli O157:H7. Fur-
thermore, F-alginate demonstrated a stronger inhibitory
activity against both pathogens. Generally, S. aureus is known
as a Gram-positive bacterium having the thick cell wall com-
posed of a high amount of peptidoglycan, whereas E. coli
0157:H7, a Gram-negative bacterium, has a thicker cell mem-
brane than Gram-positive bacteria. According to the structural
difference and the impermeable cell wall of S. aureus, the
overall antibacterial activities of those compounds showed the
highest activity in E. coli O157:H7.
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Wound Healing and Histology

To further assess the wound healing effect, an in vivo test was per-
formed [Figure 11(a)]. Four control groups were set in one SD
rat (Group I Negative control; Group II: F-alginate treatment;
Group III: mEGF treatment; and Group IV: mEGF-included
F-alginate treatment). In visual assessment and wound area meas-
urements, the overall wound area was decreased over 14 days.
Specifically, the wound area of Group IV was the smallest when
compared with the other groups, indicating that it also had the
quickest recovery. As shown in Figure 11(b), the wound of Group
IV recovered by 71% after 3 days and 41% after 7 days. On the
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Figure 12. Histological observations of nontreated control, F-alginate, free mEGEF, and F-alginate included with mEGF on the SD rat. After 3, 7, and 14
days, wounds were measured showing various effects such as inflammation, foreign body reaction, fibrosis, and epithelial regeneration by hematoxylin
and eosin staining (>X200). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Table I. Histological Results (Inflammation, Foreign Body Reaction, Fibrosis, and Epithelial Regeneration) of the Wound Area After Treatments

mMEGF-included

Control F-alginate mEGF F-alginate
After 3 days
Inflammation 3 3 3 3
Foreign body reaction 0 0 0 0
Fibrosis 0 0 0 0
Epithelial regeneration 0 0 0 0

After 7 days

Inflammation 3 1 2 1
Foreign body reaction 2 1 2 1
Fibrosis 0 0 0 1
Epithelial regeneration 0 1 1 2
After 14 days
Inflammation 3 1 1 0
Foreign body reaction 2 0 1 0
Fibrosis 1 2 2 3
Epithelial regeneration 1 3 3 3

Point meaning: 1: below 1/3 of the whole wound; 2: below 2/3 of the whole wound; 3: in the whole wound. (In inflammation and foreign body reaction,
3 point meaning is severe condition. In epithelial regeneration and fibrosis, 3 point meaning is completely healed.)
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14th day after surgery, the wound showed the best healing condi-
tion, which was 24%. These results indicate that mEGF-included
F-alginate was more effective than free mEGE.

Figure 12 shows the histological result (inflammation, foreign body
reaction, fibrosis, and epithelial regeneration) of the wound area,
and the results are summarized in Table 1. Neither fibrosis nor epi-
thelial regeneration was observed in all the groups until 3 days after
operation. On the seventh day postoperation, Group I still showed
severe inflammation/foreign body reaction and did not show epi-
thelial regeneration. Groups II and III showed inflammation/foreign
body reaction and started epithelial regeneration. Group IV showed
low inflammation/foreign body reaction and better epithelial regen-
eration than the other groups. On the 14th day postoperation,
Group I showed sustained inflammation/foreign body reaction and
did not show complete epithelial regeneration. Fibrosis only
occurred in some parts. Group II showed inflammation/epithelial
regeneration; however, fibrosis did not occur completely. Group I1I
showed slight inflammation/foreign body reaction and was good
epithelial regeneration. However, fibrosis did not occur completely.
Group IV did not show inflammation/foreign body reaction, and
epithelial regeneration/fibrosis occurred completely. These results
indicate that mEGF-included F-alginate system had a well-
preserved wound healing effect after protein inclusion.

CONCLUSION

Alginate modified with a furfuryl group was prepared for
wound dressing with enhanced healing efficacy. It is expected
that F-alginate helps in wound healing by offering antibacterial
activity and a moist environment to reduce initial inflamma-
tion. In addition, F-alginate could include proteins like mEGF,
and it is more effective for wound healing by promoting cell
growth, proliferation, and differentiation. Therefore, photocros-
slinked F-alginate with mEGE which has a high biocompatibil-
ity, is an ideal biomaterial for wound healing.
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