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ABSTRACT

In this study, a novel layered hydrogel composing of alginate (AL), chitosan (CS), and poly(y-glutamic
acid) (PGA) was prepared. The resulting hydrogel was characterized, including the swelling ratio, water
vapor transmission rate, the release of Ca?* and blood coagulation activity. In vitro evaluation of cell
migration and proliferation were carried out on electric cell-substrate impedance sensing (ECIS). Effect
of the hydrogels on wound healing was examined in type 1 diabetic rat model induced by streptozotoxin
(STZ). After grafting to full-thickness wounds in diabetic rats, AL-CS-PGA exhibited higher rate of wound
healing than conventional AL hydrogels. Epithelialization and collagen deposition were examined histo-
logically. Hydroxyproline levels also were assessed in the wound skin. The results indicated AL-CS-PGA
treated wounds showed increased collagen regeneration and epithelialization. Therefore AL-CS-PGA can
improve wound healing of diabetic rat models comparing to conventional AL wound dressing.

Poly(y-glutamic acid)
Rat model

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Wound healing is a complex biological process including blood
coagulation, inflammation, fibroplasia, collagen deposition, and
wound contraction (Gurtner, Werner, Barrandon, & Longaker,
2008). The impaired healing seen in diabetic human is also seen
in diabetic animal models, where poor wound healing is found
in genetically diabetic mice and also in streptozotocin-induced
diabetic rats (Darby, Bisucci, Hewitson, & MacLellan, 1997). Such
animals thus provide good model systems as well as considering
changes seen in diabetes in general, both in humans and animal
models, that may in turn contribute to ulcer formation (Blakytny &
Jude, 2006).

The principal functions of wound dressings are to remove
wound exudates, to prevent the entry of harmful bacteria into the
wound, and to promote the establishment of the best milieu for
natural healing (Boateng, Matthews, Stevens, & Eccleston, 2008;
Ovington, 2007). At present, high quality wound dressings are
designed to create a moist environment to promote healing.
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Sodium alginate (AL) is a natural linear polysaccharide consist-
ing of 1,4-linked -p-mannuronic acid (M) and a-L-guluronic acid
(G)units. Alginate exhibits excellent biocompatibility, non-toxicity,
non-immunogenicity, biodegradability, and can be easily gelled
with divalent cations such as calcium ion (George & Abraham,
2006). Alginate wound dressing is fabricated by introducing cal-
cium ions into sodium alginate solution, and has been used
clinically to absorb excess exudates to maintain an appropriate
moist environment at the wound surface (Qin, 2008).

Chitosan (CS), a polycation biopolymer, is a nontoxic, biocom-
patible, and biodegradable polysaccharide derived from naturally
occurring chitin (Berger, Reist, Mayer, Felt, & Gurny, 2004;
Murakami et al., 2010). Positively charged CS is soluble in acidic
aqueous solution below pH 6, while generally insoluble in neutral
conditions and most organic solvents. Chitosan has many useful
and advantageous properties such as hemostatic activity, wound
healing ability, reducing scars, and antimicrobial activity, as well as
inhibition of a wide variety of bacteria (Kim et al., 2008; Muzzarelli,
2009a). Therefore, CS has been investigated for using as wound
dressing (Ribeiro et al., 2009).

Poly(y-glutamic acid) (PGA) is a hydrophilic, nontoxic, edible,
and biodegradable polymer (Huang & Yang, 2010). PGA is a linear
homo-polyamide composed of p- and L-glutamic acid units con-
nected by amide linkages between a-amino and «y-carboxyl groups.
Each repeating unit of PGA contains one «-carboxyl group, and that
shows specific affinity for some biomaterials, hence it is success-
fully utilized in biomedical field such as drug carrier and wound
dressing (Wang, Su, Chen, & Chen, 2009; Yu, 2007).
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In the literature, polyanion-polycation complexes formed from
alginate and chitosan have been investigated and their drug release
properties have been studied (George & Abraham, 2006). Iwasaki
et al. indicated that the alginate-based chitosan hybrid polymer
fibers promoted favorable biological responses of seeded chon-
drocytes including enhancing cell attachment and proliferation
(Iwasaki et al., 2004). Moreover, Hsieh et al. reported that the
PGA can be well mixed with chitosan to fabricate both dense
and porous PGA/chitosan composite matrices (Hsieh, Tsai, Wang,
Chang, & Hsieh, 2005). In our laboratory, we successfully prepared
alginate/Ca-PGA hydrogels film as wound dressing and drug release
carrier (Huang & Yang, 2010).

Recently, several multilayered wound dressings were developed
to promote wound healing. Griffiths et al. developed a multilayered
wound dressing comprising an adhesive layer and an absorbent
layer for highly exuding wounds located on areas of the body that
require a high degree of flexibility from the dressing (Griffiths,
Pritchard, Jacques, Bishop, & Lydon, 2004; Griffiths, Pritchard,
Jacques, Bishop, & Lydon, 2010). Bishop et al. prepared a multilay-
ered wound dressing for wounds producing high levels of exudate.
Their dressings are consisting of a transmission layer, an absorbent
core, and a wound contacting layer, which transmits exudate to
the absorbent core, while the absorbent core and wound contact-
ing layer limiting the lateral extend of exudate in the dressing to
the region of the wound (Bishop, Griffiths, Linnane, Lydon, & Shaw,
2010). In accordance with this trend, a layered hydrogel consisting
of PGA, AL, and CS was developed in our laboratory (Lee, Chang, Lai,
Yang, & Chien, 2011). The base layer was composed of AL to provide
mechanical strength, while the top layer was composed of PGA and
CS to serve as absorbent.

In this study, the feasibility of using this layered hydrogel as
functional wound dressings for healing wounds was investigated.
The physical properties (i.e. swelling ratio, water vapor transmis-
sion rate, and durability) of the hydrogel film were measured.
Additionally, the hemocompatibility of hydrogel was evaluated
based on blood coagulation times and complete blood count (CBC).
The effect of these hydrogels on cell migration was assessed in vitro
using electric cell-substrate impedance sensing (ECIS) device. Fur-
thermore, the in vivo performance of this hydrogel for wound
healing was evaluated histologically using diabetic rat models.

2. Experimental
2.1. Materials

Calcium PGA (Ca-PGA, Mw 1MD) was provided by Vedan
Enterprise Corporation, Taiwan. Sodium alginate (Mw 22 kD) and
chitosan (Mw 20 kD) were purchased from Acros (USA). Reagents
for activated partial thrombin time (APTT), and prothrombin time
(PT) were purchased from Dade Behring Inc., USA. Seasorb™
soft dressing (alginate dressing) was purchased from Coloplast,
Denmark. Platelet poor plasma (PPP) was provided by the Blood
Center in Taipei. Zoletil was purchased from Virbac Laboratories,
France. Streptozotocin (STZ) was purchased from Sigma, USA.

2.2. Preparation of hydrogel

A 1.5wt% alginate (AL) solution was preparation by dissolv-
ing sodium alginate powder in deionized (DI) water at 25°C for
24 h under stirring to form a homogeneous solution. Chitosan (CS)
powder was dissolved in 5 wt% aqueous acetic acid at 25°C under
stirring for 24 h to form a homogeneous solution of 1 wt%. Calcium
PGA powder was dissolved in DI water at 25°C under stirring for
2 h to form a homogeneous solution of 3 wt%.

Afterwards, 20 ml of AL solution were cast onto a glass plate
and air-dried at 25°C for 1 day. Then 20 ml of the CS solution was
poured over the dry sodium alginate film and air-dried at 25 °C for
1 day. Finally, 20 ml of the Ca-PGA solution was poured over the
dry AL-CS film to form a hydrogel film. The resulting hydrogel was
labeled as AL-CS-PGA. For comparison, dry sodium alginate film
was soaked in either 10 wt% CaCl; or 3 wt% Ca-PGA aqueous solu-
tion. The resulting hydrogel was labeled as AL-CaCl, and AL-PGA,
respectively. Then these hydrogel films were dried at 60 °C for 1 day
in an oven. Fig. 1 depicts the gelation mechanisms of these three
types of hydrogel used in this work.

2.3. Determination of swelling ratio

The swelling ratio of hydrogel was defined as the weight ratio
of absorbed water to dry hydrogel. The dried sample (2 cm x 2 cm)
was immersed in a sealed tube containing excess amount of normal
saline (0.9 wt% NaCl, pH 7.4) at ambient temperature and weighed
at specific time points. The weight of wet sample was measured
after blotting the surface water. The swelling ratio (SR%) of each
sample was calculated as follows:

Wwet - Wdry

SR% = x 100

dry

where Wyt is the weight of the sample at equilibrium swelling and
Wy is the weight of the dry sample. Each swelling experiment was
repeated six times and the average value was recorded.

2.4. Water vapor transmission rate (WVTR)

The water vapor transmission tests were conducted according
to JIS 1099A standard. A circular piece of the specimen was fas-
tened over the top of a cup of 7cm in diameter containing 50¢g
of CaCl,. The cup was then placed in an incubator at 90 4+ 5% RH at
40+ 2 °C.The water vapor transmission rate (WVTR) was calculated
as follows:

W, - W-
WV Rzzi

S ! ><24(1<g/m2/day)

where W; and W, are the weights of the whole cup at the 1st and
2nd hour, respectively, and S is the transmitting area of the speci-
men. The diffusion coefficient of water vapor through the hydrogel
film is calculated as follows:

_JRT

D= 0.9P

x d(m?/s)

where d is the thickness of the hydrogel film, P is the saturated
water vapor pressure, which is 7370 Pa at 40°C, and J is the molar
flux of water vapor, defined as

WVTR
(18 g/mol)(864 00 s/day)

(mol/mzls)

] =

2.5. Determination of blood coagulation activity

The in vitro coagulation times, including, activated partial
thromboplastin time (APTT), and prothrombin time (PT) were
determined using an automated blood coagulation analyzer (CA-50,
Sysmex, Japan). APTT is a measure of the integrity of the intrinsic
pathway, and is performed by mixing blood with kaolin (which
provides an electronegative surface), a phospholipid, and calcium
(Minors, 2007). Briefly, a piece of dry sample (1 cm x 1 cm) was put
in an Eppendorf tube, and pre-swelled with 0.35 ml of platelet-poor
plasma (PPP). Then 50 pl of the plasma were pipetted into a reac-
tion tube and set it into the detector. Then, 50 pl of the APTT assay
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Fig. 1. The gelation mechanisms of three types of hydrogel studied in this work.

reagent was added after 1 min of incubation. Finally, 50 ! of CaCl,
solutions were added after 3 min of incubation.

PT is a measure of the integrity of the extrinsic pathway and is
performed by adding blood to tissue thromboplastin derived from
brain tissue and calcium. After contacting the sample for 30 min,
50 w1 of plasma were pipetted to the reaction tube and set it into
the detector. Then 100 .l of the PT assay reagent was added after
3 min of incubation.

2.6. Hematological parameters

A piece of sample (1cm x 1cm) was incubated with 2ml of
fresh rat blood at 37 °C for 30 min. Hematological parameters were
determined by Lezen Reference Laboratory Center in Taipei. These
parameters included white blood cell (WBC) count, red blood cell
(RBC) count, and platelet (PLt) count.

2.7. Electric cell-substrate impedance sensing (ECIS)

Electric cell-substrate impedance sensing (ECIS) is a technology
which is not only capable of producing quantitative data, but is also
able to monitor experiments in real-time (Giaever & Keese, 1984).
ECIS measures the interaction between cells and the substrate to
which they are attached via gold-film electrodes placed on the bot-
tom of culture dishes. Through these electrodes, the ability of the
cell monolayer to impede a non-invasive AC signal can be mea-
sured. As cultured cells attach and spread onto the electrodes, the
current is impeded proportional to the number of attached cells,
the number of tight junctions between cells and the shortness in
distance between the cells and the substratum (McCoy & Wang,
2005).

In this work, we used the ECIS Model 800 (Applied BioPhysics,
Troy, USA) with ECIS electrode array chip (8W1E, Applied Bio-
Physics, Troy, USA) to monitor cell behavior. Each array chip is
comprised of eight wells. The surface of each well contains an active
gold microelectrode (250 wm in diameter) for detecting the cur-
rent flow through the medium. The array holder was placed in a
standard cell culture incubator (37 °C, in 5% CO,). The array chips
were equilibrated with 200 .1 of DMEM in the incubator at cell cul-
ture conditions overnight. Then, 1 x 10° fibroblast L929 cells were

seeded to each well containing 200 .1 of either Dulbecco’s Modified
Eagle Medium (DMEM) or hydrogel extracts. During the incuba-
tion, cell attachment and spreading were followed by means of
impedance (Giaever & Keese, 1984). Data were collected contin-
uously for 70 h at 15 kHz and the sampling interval was 150s.

To understand the migration of the wounded cells, microscopic
observations of the cells on the active electrode were made before
and after wounding.

2.8. Invitro release of Ca®*

A piece of dry sample (10cm x 10cm) was weighted before
immersing in 50 ml of DMEM solution supplemented with 10% fetal
bovine serum at 25°C for 24 h in a shaker at 50 rpm. At appropri-
ate time intervals, an aliquot was withdrawn and treated with the
calcium detecting kit (HI93752A&B, Hanna Instruments, USA). The
concentration of calcium was determined from the reading using a
photometer (HI83200, Hanna Instruments, USA). All the measure-
ments were repeated three times.

2.9. Release of polymers from hydrogels in DMEM

To investigate the stability of each component in the hydrogels,
alginate was labeled with DAPI (AL-DAPI), chitosan was labeled
with RdB (CS-RdB), and PGA was labeled with FITC (PGA-FITC)
according to our previous work (Lee et al., 2011). Briefly, AL-DAPI
was prepared by mixing 1.76% AL with 0.1 mg/ml DAPI and
0.2mg/ml EDC at 4°C for 1 d. CS-RdB was prepared by mixing
1% CS with 0.5mg/ml RdB and 0.2 mg/ml EDC at 4°C for 1 day.
PGA-FITC was prepared by mixing 3% PGA with 0.4 mg/ml FITC,
0.2 mg/ml EDC and 0.2 mg/ml lysine at 4°C for 1 day. The resid-
ual free dyes were then dialyzed off in DI water for 4 weeks. These
labeled polymers were mixed with neat polymers to prepare hydro-
gels as described in previous section.

Afterwards, pieces of dry sample (10cmx 10cm) were
weighted before immersing in 50ml of DMEM solution supple-
mented with 10% fetal bovine serum at 25°C for 24 h in a shaker
at 50rpm. At specified time intervals, the samples were with-
drawn and the fluorescein count of fluorescence-labeled polymers
released was determined using an ELISA reader (Wallac 1420
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Victor? multilabel counter, EG&G Wallac, USA). The release of
fluorescence-labeled polymers was calculated as follows:

weight of fluorescence-labeled polymer in DMEM
weight of dry sample

Release (%) =

x 100

2.10. Induction of diabetes mellitus rats

All the animal experiments were conducted with the ethical
approval of National Taiwan University Hospital Animal Center.
Female Wistar rats, weighing 220 + 20 g were used for this experi-
ment. All rats were housed at a constant temperature and humidity
in a room with an artificial 12 h light/dark cycle and allowed free
access to food and water.

Diabetes was induced by a single 65 mg/kg intravenous injection
of STZ, a toxin specific for insulin-producing cells, in saline-sodium
citrate buffer. Blood glucose levels were measured using an acute
glucometer. 21 days after STZ injection, animals with blood glucose
levels above 300 mg/dl were defined as diabetic and used in the
study (Qiu, Kwon, & Kamiyama, 2007).

2.11. Permeation of hydrogel components through rat skin

The permeation of each component was performed using DM rat
skin. The rats were anesthetized with Zoletil and hair on the back
of the rat was shaved using an electric clipper. The fluorescence-
labeled hydrogel was immersing in 50 ml of PBS at 25°C for 0.5 h.
Afterwards, the wet hydrogel was applied onto the skin of the rat’s
back. After 24 h, the hydrogels were carefully removed and full
thickness biopsies from the center of the treated area were taken
with a new biopsy punch. The biopsies were rinsed thrice with
PBS, wiped dry, and frozen on dry ice. A piece of tissue was cut
out from biopsy sample, embedded in optimal cutting temperature
compound (OCT), and cut with a cryostat. Fluorescence-labeled
polymer in the skin sections was visualized using a confocal micro-
scope (LSM 510 META, Carl Zeiss Inc., USA) (Batheja, Sheihet, Kohn,
Singer, & Michniak-Kohn, 2011).

2.12. Full-thickness skin wound preparation and various
treatments

Diabetic animals with confirmed glucose levels above 300 mg/dl
were anesthetized with Zoletil. The dorsal skin of the animals was
shaved and cleaned with iodine solution, and a full-thickness skin
wound (approximately 1cm x x 1 cm) was created.

Wound closure was measured at 0, 3, 7, 10, 14, and 21 day
after wounding. Animals were euthanized at 7, 14 and 21 day
and the wound samples and adjacent normal skin were harvested
and fixed in 10% paraformaldehyde for histological examination
or snap-frozen in liquid nitrogen and stored at —80°C for further
analysis.

2.13. Wound healing rate

The percentage of wound closure was calculated as follows by
using the initial and final area drawn on glass slides during the
experiments.

The wound contraction was calculated as follows (Yates et al.,
2007):

Ao — A
Ao

%Wound contraction = x 100

where Ay is the original wound area and A; is the area of wound at
the time of biopsy on days 0, 3, 7, 10, 14 and 21 days accordingly.

2.14. Hydroxyproline analysis

Collagen is an important structural protein of the body being
of particular importance in connective tissues by providing their
durability. Proline, seldom appearing in other protein, is the major
and relatively constant amino acid in collagen. Through the deter-
mination of hydroxyproline, the content of collagen could be
detected so as to evaluate the wound-healing abilities (Baoyong,
Lian, Denglong, & Min, 2010; Edwards & O’'Brien, 1980).

Wound tissues stored at —80 °C were dried to a constant weight
and hydrolyzed in 6 M HCl for 16 h at 120 °C. After neutralized with
NaOH, 0.1 ml of the solution were added to 2 ml of acetate-citrate
buffer (1.2% sodium acetate trihydrate, 5% citric acid, 12% sodium
acetate and 3.4% sodium hydroxide, pH 4-9). Then 0.5 ml of 0.05M
chloramine-T were added to 1 ml of each sample, after which the
samples were incubated for 15 min at 25 °C, followed by the addi-
tion of 0.5 ml of 15% perchloric acid and 0.5 ml of 15% 4-dimethyl
aminobenzaldehyde in 2-propanol. After incubation at 60°C for
15 min, each sample was transferred to an ELISA reader and the
absorbance was read at 550 nm (Wallac 1420 Victor? multilabel
counter, EG&G Wallac, USA).

2.15. Histological analysis

Tissue was collected, treated with formaldehyde (10%), and
embedded in paraffin. Then the samples were cut into sections
of 4pm in thickness by cryomicrotome (Leica RM 2145, Nuss-
loch, Germany). After tissue sections were dewaxed and rehydrated
conventionally, sections were stained with Masson’s Trichrome
Staining kit (HT15, Sigma, USA). By this staining, the collagen would
be stained as blue, while keratin would be stained as red. The
stained samples were then examined using an optical microscope.

2.16. Immunohistochemistry examination

Loricrin is the main component of the epidermal cornified
envelope. Human loricrin is initially deposited in the granular
layer of the epidermis in keratohyalin granules and is intermixed
with profilaggrin. Newborn rodent epidermis contains morpholog-
ically distinct profilaggrin and loricrin granules (Candi, Schmidt,
& Melino, 2005). Differentiation of the neo-epidermis was studied
by immunohistology using loricrin as late differentiation marker
(Candi et al., 2005; Shih & Van, 2001).

After tissue sections were dewaxed and rehydrated convention-
ally, sections were incubated with 3% H,0, for 30 min. The slides
were washed with phosphate buffer solution (PBS, pH 7.4) twice.
The sections were blocked with 5% BSA in tris buffer solution (TBS)
for 20 min. After the redundant liquid was discarded, the sections
were incubated with loricrin antibody (Abcam, Cambridge, UK)
at 4°C overnight. After slides were washed with PBS, the slides
were incubated with rabbit secondary antibody for 1 h, followed by
incubating with streptavidin-HRP for 20 min. The antibody bind-
ing sites were visualized by incubation with DAB-H,0, solution.
The slides were stained for 1 min with hematoxylin and then dehy-
drated with sequential ethanol for microscope observation.

3. Results and discussion
3.1. Swelling behavior of hydrogels

Swelling behavior is one of the most important properties of
hydrogels for wound dressing application. The water sorption



Y.-H. Lee et al. / Carbohydrate Polymers 88 (2012) 809-819 813

4000
~— AL-CaCk
~O— AL-PGA
- AL-CS-PGA
3000 |
g . o—
o o T
5 <~
S 2000 e
£ ’a
H 2
b
1000 [/ B e i 7z
7 x A1 ey g
) it
W
07 : : . . .
0 50 100 150 200 250 300

Time (min)

Fig. 2. Swelling behavior of AL-CaCl,, AL-PGA, and AL-CS-PGA hydrogels (n=6).

ability of hydrogel should be adequate for the removal of wound
exudates.

Fig. 2 shows the swelling ratios of the AL-CaCl,, AL-PGA, and
AL-CS-PGA hydrogels in normal saline for 5h. The equilibrium
swelling ratios of AL-PGA, and AL-CS-PGA were about 3.1 and 1.3
times of that of AL-CaCl,, respectively. In this work, PGA is the
major component of the AL-PGA and AL-CS-PGA hydrogels. The
AL-PGA was composed of 87% of PGA and 13% of AL. On the other
hand, the AL-CS-PGA was constituted of 81% of PGA, 12% of AL, and
7% of CS. Because PGA is highly hygroscopic (Shih & Van, 2001), the
swelling ratio of AL-PGA and AL-CS-PGA were higher than that of
AL-CaCl,. Between these two layered hydrogels, the swelling ratio
of AL-CS-PGA was lower than that of AL-PGA, because CS can inter-
act with PGA, hence reducing the interaction between water and
PGA. Hsieh et al. reported the swelling ratio of PGA/CS composite
decreased with the increase of CS content (Hsieh et al., 2005). This
is similar to our observation.

3.2. Water vapor transmission rate

The water vapor transmission rate (WVTR) is one of the most
important parameter for wound dressing. In the literature, Lamke
et al. reported that the evaporative water loss rate (i.e. WVTR) from
the skin has been found to vary considerably depending on the
wound type and healing stage, ranging from 0.204 kg/m?2/day for
normal skin to 0.279 kg/m?/day and as much as 5.138 kg/m?2 /day for
first-degree burns and granulating wounds, respectively (Lamke,
Nilsson, & Reithner, 1977). The high WVTR may lead to the
total dehydration of the wound surface (Balakrishnan, Mohanty,
Umashankar, & Jayakrishnan, 2005), whereas a low WVTR may lead
to maceration of healthy surrounding tissue and buildup of a back
pressure and pain to the patient. Queen et al. suggested thata WVTR
of 2-2.5 kg/m?2/day will be sufficient to give moisture and prevent
wound dehydration (Queen, Gaylor, Evans, Courtney, & Reid, 1987).

Table 1
The water vapor transmission rate and the diffusion coefficient of vapor through the
hydrogel film (mean +SD) (n=3).

Sample WVTR (kg/m?/day) J(mol/m?/s) d(cm) D (m?/s)

AL-CaCl, 232+ 0.25 0.00149 0.03 + 0.01 1.75x 1077
AL-CS-PGA 297 +£0.11 0.0019 0.042 + 0.01 3.14x 1077
AL-PGA 3.11 £ 0.17 0.002 0.05+0 3.93x 1077

Table 1 lists the WVTR and diffusion coefficient (D) of the hydro-
gels. As shown in Table 1, the WVTR for AL-PGA, and AL-CS-PGA
were about 1.34 and 1.28 times of that of AL-CaCl,, respectively.
This can be explained by the mobility of molecular chains. Alginate
chains can be crosslinked by Ca%*, hence are less mobile than un-
crosslinked PGA chains. Therefore, the diffusion coefficient of water
in AL-CaCl, was about 44% of that of AL-PGA. The presence of CS can
restrict the mobility of PGA chains due to ionic interaction. There-
fore the diffusion coefficient of AL-CS-PGA was about 80% than that
of AL-PGA. In this work, the values of WVTR of the hydrogels were
close to the ideal range of the recommended evaporative water loss
rate of injured skin.

3.3. Blood coagulation

In humans, normal hemostasis depends on the complex interac-
tion of clotting of blood plasma and aggregation of platelets through
the release of clotting factors (Lansdown, 2002). On contacting
directly with foreign material, blood could activate the immune
complement system and trigger the blood plasma coagulation
cascade, resulting in harmful effects such as acute inflammatory
reaction and thrombus formation. The blood coagulation cascade
involves an intrinsic pathway, an extrinsic pathway, and a com-
mon pathway (Gorbet & Sefton, 2004; Minors, 2007). The blood
compatibility of these hydrogels is evaluated with APTT and PT for
the intrinsic and common pathways, respectively (Chang, Lin, Yang,
& Chien, 2009).

Table 2 shows that the values of APTT of AL-CaCl,, AL-PGA,
and AL-CS-PGAwere 25.7 +1.2,27.5+1.2,and 26.5 + 1.5 s, respec-
tively, which were about 76% of that of the plasma (35.1+0.3s). In
addition, the values of PT of AL-CaCl,, AL-PGA, and AL-CS-PGA
were 14.3+0.1, 12.8+0.4, and 11.6 £ 0.7 s, respectively. The PT of
AL-PGA, and AL-CS-PGA were about 87% of that of the plasma
(14.8 £0.1 s). The shortening of APTT and PT can be attributed to
the release of Ca2* from the hydrogels.

In the literature, calcium ions (coagulation factor IV), when
released from alginate dressings into the wound, play a physio-
logical role assisting the clotting mechanism during the first stage
of wound healing (Boateng et al., 2008). Calcium ions can promote
the synthesis and release of factors VII, IX, and X, and the conver-
sion of prothrombin to thrombin (Lansdown, 2002). In this work,
all these hydrogels contained calcium. Thus these hydrogels would
promote blood coagulation.

3.4. The complete blood cell count (CBC) assay

The complete blood cell (CBC) count assay is a common blood
test that evaluates the major types of cells in the blood includes
red blood cells (RBC), white blood cells (WBC), and platelets. If the
RBC count is low, the body may not be getting the oxygen it needs,
that led to anemia. The white blood cells (WBC) test measures the
relative numbers of the different kinds of WBCs in the blood. An
abnormal WBC count may indicate an infection, inflammation, or
other stress in the body. Additionally, hematocrit (Hct) test mea-
sures the volume percentage of RBCs in the whole blood and is
a measure of both the number and the size of RBCs. Hemoglobin
(Hgb) test measures the amount of hemoglobin in the blood and is
a good measure of the blood’s ability to carry oxygen throughout
the body.

Table 2 summarizes the results of hematological analysis of rat
for the samples. As shown in Table 2, the values of RBC and Hgb
were close to that of the control. The values of WBC for AL-CS-PGA,
AL-CaCl,, and AL-PGA were 81.1%, 84.6%, and 80.2%, respectively,
of that of the control. The adhesion of WBC onto biomaterials has
been reported in the literatures (Grooteman et al., 1997) although
the mechanism is still not fully clear (Gorbet & Sefton, 2004). In
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Table 2

Evaluation of hemocompatibility based on complete blood count (CBC) test, coagulation time and platelet adhesion on hydrogel film (mean+SD) (n=6).
Parameters Control (rat blood) AL-CaCl, AL-PGA AL-CS-PGA
RBC (10'211) 85+0 84+0 83+0 83+0
WBC (10°171) 57+0.2 49 + 05 4.6 +03 4.6 £ 0.1
Hgb (g/dl) 142 £ 0.2 14 £ 0.1 13.6 £ 0.1 13.9 £ 0.1
Hct (%) 41.7 £ 0.2 40.7 £ 0.1 40.2 + 0.1 415+ 1.7
Platelet count (106 ml-') 736 + 40 638 £ 6 611 + 14 633 + 54
Platelet adhesion (106 cm~2) - 488 + 1.2 623 + 29 513 + 8.7
APTT coagulation time (s) 35.1+£03 257 £ 1.2 275+ 1.2 26.5+ 1.5
PT coagulation time (s) 148+ 0 143 £ 0.1 128 £ 0.4 11.6 £ 0.7

Abbreviations: RBC: red blood cells, WBC: white blood cells, Hgb: hemoglobin, and Hct: hematocrit.

addition to the adhesion of WBC, the adhesion of platelets was also
observed.

The platelet is a specialized adhesive cell in the blood that
plays a key role in the normal hemostatic process through its
ability to firmly adhere to subendothelial matrix proteins and to
other activated platelets at sites of vascular injury (Jackson, 2007;
Nesbitt et al., 2003). Hence, platelet adhesion is an important test
for the evaluation of the blood compatibility of the biomateri-
als. Table 2 shows that the number of platelets adhering on the
samples. Among these three samples, AL-CaCl;, exhibited the min-
imum adhesion of PLts (48.8 x 106 cm~2), while those of AL-PGA
and AL-CS-PGA were 62.3 x 106 cm™2 and 51.3 x 108 cm2, respec-
tively. This trend agrees with the trend of Ca?* release discussed

in later section, because Ca2* is a central and common second
messenger downstream of most signaling pathways in platelets
(Varga-Szabo, Braun, & Nieswandt, 2009).

3.5. Electric cell-substrate impedance sensing (ECIS)

Fig. 3A shows the microscopic observations of the cells before
and after wounding on an ECIS chip. Immediate after wounding, the
cells on the circular electrode became flattened with less defined
cell boundaries, while the cells in the surrounding area remained
the same. This indicates the death of the cells on the electrode. After
the electrocution, cells migrated gradually from the surrounding
onto the electrode, as indicated by the arrows.
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Fig. 3. Wound healing measurement by ECIS. (A) Microscopic observations of the cells before and after wounding on an ECIS chip. The arrows indicated the cells migrated
into the electrode. (B) The variation of the impedance before and after wounding. 1 x 10° cells/well were seeded into ECIS SW1E arrays.
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Fig. 4. (A) The release of calcium ion from hydrogel in DMEM for 5 days (n=6). (B) The release of each hydrogel component in DMEM for 5 days (n=6). (C) Cross-sectional
micrographs obtained after topical application of hydrogel for 5 days (scale bar=50 pm).

Fig. 3B shows the ECIS for wound healing measurement. The
increase in the impedance was due to the migration of cells from the
perimeter to the cell-free electrode. The fluctuation in the curves
was due to the movement of the cells. When fibroblasts attached
and spread to the detecting electrode surface, a significant increase
in the impedance will be observed (Xiao, Lachance, Sunahara, &
Luong, 2002; Xiao & Luong, 2003).

Fig. 3B shows that all four curves increased after electrocuting.
Among them, those cells cultured with the extracts from AL-PGA
and AL-CS-PGA exhibited higher rate of increase in the impedance
than those cells cultured with extract from AL-CaCl, and the con-
trol. This suggests that the presence of PGA may be able to promote
the activity of L929 fibroblasts. In the literature, PGA has been
reported to be favorable for the proliferation of L929 fibroblast
(Tsao et al., 2010). Hiseh et al. reported that the rat osteosarcoma

cells proliferated well on the PGA/chitosan composite biomate-
rial surface (Hsieh et al., 2005). In our previous study, we found
AL-CaCl, and AL-PGA were nontoxicity for L929 (Huang & Yang,
2010; Lee et al., 2011). In addition, AL-PGA can also promote the
proliferation of L929. Our present results agreed with these litera-
tures.

3.6. Calcium ions release of hydrogels in DMEM

Because calcium can affect the behavior of fibroblast L929, the
release of calcium ions from these hydrogels to DMEM was deter-
mined. In fact, DMEM contains various monovalent and divalent
ions including Na*, K*, and Ca?*. Fig. 4A shows that CaZ* ions were
indeedreleased from hydrogelsinto DMEM. The order of the release
rate of Ca%* in DMEM was AL-PGA>AL-CS-PGA > AL-CaCl,. The
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Fig. 5. (A) Photographs of wound treated with commercial product, AL-CaCl,, AL-PGA, or AL-CS-PGA at 7, 14 and 21 days. In the cases of AL-CS-PGA and AL-PGA, the PGA
layer is contacting the wound. (B) Wound closure with commercial product, AL-CaCl,, AL-PGA, or AL-CS-PGA. Values are mean =+ SD for each group. *p <0.05.

release of Ca2* seemed to be in a two stage. Rapid release occurred
within the first 1 h. This phenomenon was similar to the previous
study (Bajpai & Sharma, 2004).

The release of Ca2* from the hydrogel is governed by the diffu-
sion of calcium ions inside the hydrogel. More swollen hydrogel
leads to faster diffusion since the diffusion of ions is faster in
water than in polymer matrix. Thus the release rate of Ca* was
in the same order of the swelling ratio. Although the composition
was similar, the release rate of Ca?* of AL-PGA was faster than
AL-CS-PGA by about 70%. This indicates that the introduction of
CS can reduce the release of calcium in DMEM from the sample,
since CS can interact with PGA to form a denser hydrogel. In the
case of AL-CaCl,, because a large portion of Ca?* was locked in the
egg-box structure, leading to a lower swelling ratio and less free
calcium ions to be released, thus the release rate was the lowest
among these three samples.

Even though calcium ions were released from the hydrogels, the
curves in Fig. 3B show that L929 can still migrate to the wound (the
electrode). This suggests that in this case, Ca%* would not prohibit
the healing of the wound, although the concentration was much
higher than the original value in the DMEM.

3.7. Stability test of hydrogel

Fig. 4B shows that the time-course of the release of hydro-
gel components in DMEM for 5 day. The release of AL from
AL-DAPI-CaCl, was much faster than that from AL-DAPI-CS-PGA.
After 5 day, AL-CaCl, lost about 1% of AL, while AL-CS-PGA lost
only 0.5% of AL. This can be attributed to the exchange of Ca2* with
Na* from DMEM, leading to the disintegration of AL-CaCl, (McCoy
& Wang, 2005). In addition, the AL-CS-PGA was composed of 81%
of PGA, 12% of AL, and 7% of CS (Lee et al.,, 2011). Therefore, in the
case of AL-CS-PGA, the order of the release rate is PGA>AL>CS.

3.8. Penetration of hydrogel components through rat skin

Fig. 4C shows representative fluorescent microscope images of
vertically cross-sectioned skin after topical application of various
hydrogels. After 24 h, the penetration of all hydrogel components
(AL, CS, and PGA) was not observable. This is because all these com-
ponents are polymers, and skin is a barrier of these polymers. Thus

the penetration of hydrogel components would occur only through
the wound on the skin.

3.9. Wound closure in rats treated with hydrogel

In open wound-healing tests, full-thickness rectangular wounds
were made on the back of each rat. Fig. 5A shows representative
animals from each group (commercial product, AL-CaCl,, AL-PGA,
and AL-CS-PGA) at 0, 7, 14 and 21 d after grafting. Among these
dressings, the wound area treated by AL-CS-PGA seemed to be
smaller than other samples at 7th and 14th days after wounding.
Fig. 5B depicts the wound closure rates of wounds treated with
those hydrogels. After 3, 7, 9, 14, and 21 day, a significant increase
(p<0.05)inthe rate of wound closure in the AL-CS-PGA when com-
paring to the commercial product. Comparing with other groups,
the wound treated with AL-CS-PGA exhibited the fastest wound
closure.

Previous study by Park et al. indicated that accelerated wound
healing of acute wounds has been observed with chitosan treat-
ment (Park, Clark, Lichtensteiger, Jamison, & Johnson, 2009). They
further showed that chitosan attracted neutrophils without induc-
ing the excessive inflammation that would otherwise be expected
due to elevated levels of neutrophils. Moreover, Tsao et al. showed
that animal studies revealed that wounds treated with the CS/PGA
PECs healed significantly faster than wounds without treatment
(Tsao et al., 2011). Furthermore, inflammatory phenomena were
suppressed and reduced, and re-epithelialization was activated in
wounds treated with the CS/PGA PECs. Therefore, the fast wound
closure of AL-CS-PGA may be attributed to the chitosan in the
hydrogel.

3.10. Histological analysis and hydroxyproline analysis

Since collagen formation is a critical step for the wound healing,
the skin tissue was stained with Masson’s trichrome kit that can
highlight the collagen remodeling and maturation. Fig. 6A shows
the histological analysis of granulated tissue from treated group
at different days. The results indicate that AL-CS-PGA-treated
wounds exhibited abundant mature and compact collagen com-
paring with other treatments. This agrees with the results from the
hydroxyproline measurement shown in Fig. 6B.
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Fig. 6. (A) Masson'’s trichrome staining for collagen. Tissue sections from wound skin of various groups were stained with Masson’s trichrome staining for collagen for-
mation (the magnification was 200x). (B) Hydroxyproline levels in wound tissue during wound healing. Values are mean + SD, n=6 for each group. *p<0.05, #p<0.01. (C)
Immunohistochemical staining of loricrin (scale bar=100 wm) on day 14. The representative images from groups of (a) commercial product, (b) AL-CaCl,, (c) AL-PGA and
(d) AL-CS-PGA. Loricrin was stained brown with DAB and other tissues were stained blue with hematoxyline.

As shown in Fig. 6B, on the 7, 14 and 21 day, the content of
hydroxyproline for the AL-CS-PGA group was the highest among
these four groups, suggesting that AL-CS-PGA could promote colla-
gen synthesis in the injury wound. This indicates good regeneration
of wounded skin in the AL-CS-PGA groups. This may be attributed
to the presence of chitosan.

Chitosan has the ability to foster adequate granulation tissue for-
mation accompanied by angiogenesis and regular deposition of thin
collagen fibers, a property that further enhances correct repair of
dermal-epidermal lesions (Muzzarelli,2009b; Muzzarelli, Mattioli-
Belmonte, Pugnaloni, & Biagini, 1999; Muzzarelli et al., 2007; Shi
et al., 2006). Ueno et al. reported that chitosan accelerates the
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secretion of type III collagen and results in the increase of gran-
ulation in wound healing in dogs (Ueno et al., 1999). Ringler et al.
also reported the supply of oxygen and vitamin C was increased
by chitosan administration. Oxygen is required for hydroxylation
of proline and lysine residues in the polypeptide chains assembled
in the cytoplasm of the fibroblast. Without enough oxygen in the
extracellular space, hydroxyproline is not formed in the helical pro-
collagen molecule (Ringler, 1997). The results here suggest that the
treatment with AL-CS-PGA may be good for collagen proliferation
and hence accelerate the wound healing.

3.11. Immunohistochemistry examination

Epidermal differentiation begins with the migration of ker-
atinocytes from the basal layer, and ends with the formation of the
cornified layer (the stratum corneum), which is providing physical
resistance and acting as a water barrier (Michel, Schmidt, Shroot,
& Reichert, 1988; Strelkov, Herrmann, & Aebi, 2003). Loricrin is the
main component of the epidermal cornified envelope, and com-
prises 70-85% of the total protein mass of the cornified layer (Candi
et al.,, 1995; Kalinin, Marekov, & Steinert, 2001; Steinert, Kartasova,
& Marekov, 1998; Steinert & Marekov, 1995).

Fig. 6C shows the results of immunohistochemical staining of
tissue at the 14th day. Normally, loricrin is expressed as a thin
band in stratum corneum. The expressed region of loricrin would
extend to the whole layer of stratum granulosum in line with epi-
dermal thickening. Comparing these four images, we observed that
loricrin was highly expressed in AL-PGA and AL-CS-PGA groups,
suggesting that PGA may facilitate the expression of loricrin, an
indication of later differentiation of epidermis (Candi et al., 2005).
Furthermore, the loricrin band for AL-CS-PGA group was slightly
thicker than that for AL-PGA group. This may be attributed to
the presence of CS, which is known to favor the re-epilization in
wounds (Howling et al.,2001; Naseema, Padayatti, & Paulose, 1995;
Okamoto et al., 1992, 1995). Therefore AL-CS-PGA can accelerate
wound healing comparing to other wound dressings in this study.

4. Conclusion

In the present study, an AL-CS-PGA hydrogel with layer struc-
ture was prepared for the application of wound dressing. As a
wound dressing, this hydrogel can absorb 1000% of water and pro-
vide a WVTR of about 3 kg/m?-day. The results from animal test
using diabetic rat models indicated that AL-CS-PGA hydrogel can
be used as wound dressing that can accelerate wound healing.
This multifunctional hydrogel exhibited hemostatic, and promoted
cell migration and collagen synthesis. The immunochemical stain-
ing of loricrin showed that AL-CS-PGA hydrogel can facilitate
re-epilization. Therefore, such a layered hydrogel of AL-CS-PGA
would be applicable for wound dressing.
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