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To investigate the potential medical application of konjac glucomannan (KGM), we treated KGM film with
potassium hydroxide (KOH) or calcium hydroxide (Ca(OH);), and evaluated its use as a wound dress-
ing. The Ca(OH),-treated KGM (Ca(OH),-KGM) film exhibited more favorable properties of swelling,
tensile strength, and elongation compared with the KOH-treated KGM (KOH-KGM) film, and also
had a suitable water vapor transmission rate. Results from in vitro 3-(4,5-dimethylthiazol-2-yl)-2,5-
Keywords: diphenyltetrazolium bromide assay further indicated the biocompatibility of the Ca(OH),-KGM film with
. ) 1929 fibroblast cells and HaCaT keratinocyte cells. The Ca(OH),-KGM film inhibited the absorption and
Konjac glucomannan . . e s . .
Alkali activation of platelets, and effectively promoted wound contractility in vivo, particularly at an early
healing stage. Histological examination revealed considerably collagen secretion and advanced devel-
opment of granulation tissue and epithelial coverage by Days 7 and 14 postsurgery in wounds treated
with Ca(OH),-KGM film. Our study results indicate the potential use of alkali-treated KGM film as a novel

Wound dressing

wound dressing.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Konjac glucomannan (KGM) is a natural polysaccharide derived
from the tubers of Amorphophallus konjac K. Koch (Chuaetal.,2012).
KGM forms thermostable gels in certain conditions and is consid-
ered safe (Nishinari, Williams, & Phillips, 1992). It is composed of
mannose and glucose in a molar ratio of 1.6:1, with 3-1,4 link-
ages and acetyl groups randomly attached to the saccharide units
along the molecule (Li, Xie, & Kennedy, 2011). Previous studies
have modified the properties of KGM through alkaline deacetyla-
tion (Cheng, Abd Karim, Norziah, & Seow, 2002; Herranz, Tovar,
Solo-de-Zaldivar, & Borderias, 2012; Pan, Meng, & Wang, 2011),
which triggers gelation (Williams et al., 2000). Deacetylation of
KGM causes acetyl-free regions of the backbone to associate, lead-
ing to the formation of junction zones and a three-dimensional
network (Pan, He, & Wang, 2008).

In the food industry, KGM is an extensively used additive
approved by the Food and Drug Administration (Herranz et al.,
2012; Iglesias-Otero, Borderias, & Tovar, 2010). The biomed-
ical application of KGM, such as in drug delivery systems
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(Alvarez-Mancenido, Landin, Lacik, & Martinez-Pacheco, 2008;
Liu, Fan, Wang, & He, 2007; Yu, Lu, & Xiao, 2007) and cel-
lular therapy (Slepian & Massia, 2001), has recently attracted
attention. Ye et al. (2006) first used a chitosan-KGM film for
fibroblast culturing (Ye, Kennedy, Li, & Xie, 2006). When KGM
is added to chitosan materials, biocompatibility improves (Nie
et al, 2011), indicating that KGM could be applied in tissue
engineering. KGM has properties of heat stability, adjustable elas-
ticity, and high transmittance, and represents a promising material
for stimulating cellular metabolic activity through specific sugar
receptors on fibroblasts. KGM hydrogels developed using free radi-
cal polymerization are candidates for application in wound healing
(Shahbuddin, MacNeil, & Rimmer, 2012). However, few studies
have evaluated the use of KGM-based materials in wound dress-
ings.

In this study, we investigated the effects of alkalis on KGM
film properties, such as degree of swelling, tensile strength (TS),
and water vapor transmission rate (WVTR), and evaluated the
potential use of the alkali-treated KGM films as wound dressings.
We treated KGM films with potassium hydroxide (KOH) or cal-
cium hydroxide (Ca(OH); ) in various concentrations. Subsequently,
we used texture analysis and scanning electron microscopy
(SEM) to examine the structural and physicochemical properties
of the alkali-treated KGM films. We evaluated biocompatibil-
ity by using 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium
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bromide (MTT) and LIVE/DEAD assays, and by observing cell
morphology. Our study results indicate the potential use of alkali-
treated KGM films as wound dressings.

2. Materials and methods

Konjac glucomannan (KGM, Mw: 1000-1200kDa) with 90%
purity was supplied by Shimizu Chemical Co. (Japan). Calcium
hydroxide (Ca(OH);) and potassium hydroxide (KOH) were pur-
chased from Avantor Performance Materials (USA). All other
chemicals were of reagent grade and were purchased from Sigma
(St. Louis, MO, USA) unless stated otherwise.

2.1. KGM film preparation

KGM was dissolved in distilled water to a concentration of 1.6%
(w/v). After swelling at room temperature for 20 min, Ca(OH);
or KOH was added to KGM solution with different weight ratios
including 1.5% (w/w), 2.5% (w/w), and 3.5% (w/w). Next, the
Ca(OH),/KGM or KOH/KGM solution were cast onto polystyrene
plates and dried at 60 °C for 12 h. A series of Ca(OH), treated KGM
(Ca(OH),-KGM) films and KOH treated KGM (KOH-KGM) films
were obtained and then stored in a dry environment until use.

2.2. Characterization of KGM film

The physical chemical properties of KGM film were examined
as follows. The appearance of KGM film was observed with dig-
ital camera. For swelling behavior test, the films were cut into
1cm x 1 cm with a thickness of 100 wm for drying in oven to con-
stant weight (W,). Then, the films were incubated in phosphate
buffered saline (PBS) at room temperature for absorbing water to
constant weight (W;). The swelling degree in PBS was calculated
using the following equation:

w % 100%

Swelling degree (%) =

The tensile strength (TS) and elongation (E) at break of the films
were measured on an Instron apparatus (Model TA-XT2, Stable
micro Ltd., USA). The samples, 1cm x 6 cm, were cut from each
film. Initial grip separation and crosshead speed were set at 30 mm
and 3 mmy/s, respectively. TS and E were calculated following the
formula below:

Tensile strength (TS) = g

Li—L

Elongation (E, %) = ° x 100%

0

Finy: maximum stress of stretching; S, ,2): initial sectional area
of sample; L,: initial sample length; L;: sample length at breakage
(n=4).

The water vapor transmission rate (WVTR) of the films was
determined using the standard method stipulated by the American
Society for Testing and Materials standard method. The KGM films
(30mm x 30 mm in size) were 100-pwm thick and were mounted
on the mouths of cylindrical plastic cups (25 mm in diameter) con-
taining 10 mL of distilled water in an incubator at 37 °C for 24 h. The
WVTRs were calculated using the following equation:

w2 -wi

7 x 10% gm~2day !

WVIR =
where the WVTR is expressed in gm~2day~!, A (mm?) is the bottle
mouth area, and W-(g) and W;(g) are the weights of the films before
and after being placed in the incubator, respectively.

2.3. Biocompatibility evaluation

To evaluate the biocompatibility of KGM films, cell viabil-
ity was measured using an MTT assay (Sigma-Aldrich, St. Louis,
MO, USA) according to manufacturer instructions. The L1929
fibroblast cells (1.0 x 10° cells/well) or HaCaT keratinocyte cells
(1.0 x 105 cells/well) were planted in 24-well plates on which KGM
film have been coated. After culturing for 24 h,48 hand 72 h, respec-
tively, the MTT (100 mg/mL, 1000 L) was then added to each well
and incubated at 37 °C for 4 h. After cautiously aspirating the cul-
ture medium, 500 pL of dimethyl sulfoxide (DMSO) was added
and thoroughly mixed for 10 min. Absorbance was determined at
570 and 630 nm usnig a microplate spectrophotometer (Spectra-
Max 340PC384, Molecular Devices, Sunnyvale, CA, USA). Moreover,
LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, USA) was used for
examining live and dead cells. The morphology of cells on KGM
films was observed by scanning electron microscopy (SEM, JEOL
Ltd.). Cells grown on tissue culture polystyrene (TCP) were used as
the control.

2.4. Platelet absorption test

The platelet concentrate was prepared from blood drawn from
a human body. The KGM films sterilized with 75% ethanol for 24 h
were placed on a 24-well bottom. Each well was added with platelet
concentrate (density: 1.9 x 10° wL~1), and incubated at 37°C for
120 min. The SEM was used to observe the morphology of the
platelets absorbed on the KGM films. Glass was used as positive
control (Lee, Chen, & Tsao, 2010)

2.5. In vivo wound healing experiments

This study was conducted in accordance with Guide for the Care
and Use of Laboratory Animals. The Animal Care and Use Commit-
tee of National Taiwan Ocean University approved all procedures
that involved animals. The animal ethical permission registration
number is 102056. Male Sprague-Dawley rats (SD rats, 250-400 g)
were used for the study. After they were anesthetized with Zoletil
with dose of 50 mg/kg of body weight, the back was shaved with
standard animal clippers, and skin was swabbed with 70% ethanol,
a mid-line excision was performed in the back and the animal was
exposed with a stainless steel retractor. Full thickness skin defect
with round shape of 2 cm diameter was made on the animals’ back
parallel to the vertebral column. The wound sites were marked and
measured using digital calipers and averaged to determine the orig-
inal wound diameter and area. The wound was then dressed with
(1) Tegaderm™ (3 M Health Care, St. Paul, MN) (control group) or
(2) Ca(OH),-KGM film and Tegaderm™ (named as Ca(OH),-KGM
group).

Wound closure observation of each animal was assessed by
tracing the wound with digital camera on days 3, 7, 10 and 14 post-
wounding surgery. The wound closure rate was expresses as the
following equation:

Ao — A
Ao

where A, is the orignial wound area; A; is the wound area at
specified time point. The wounds and the surrounding skin post-
operation for day 7 and 14 were fixed with 10% formaldehyde
solution, paraffin embedded and stained with hematoxylin and
eosin (H&E) reagent for histological examinations. Furthermore,
the Masson’s trichrome stain was used to observe the formation and
distribution of collagen (stained blue) on the wounds. For quantita-
tive analysis, the regenerated tissues was recorded by an inverted
light microscope (Best Scope, BS-7000B, China) and then analyzed
by Image ] software.

Wound closure (%) = x 100%
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KOH-KGM film

Ca(OH),-KGM film

Fig. 1. Photographic appearance of (A) KOH-KGM film and (B) Ca(OH),-KGM film.

2.6. Statistical analysis

All quantitative data are expressed as mean =+ standard devi-
ation (SD). Statistical analysis was by one-way ANOVA and the
post-test was performed using GraphPad Prism 5; P<0.05 was con-
sidered statistically significant.

3. Results and discussion
3.1. Characterization of KGM film

The Ca(OH),-KGM and KOH-KGM films were both transparent
(Fig. 1). The thickness of the film was 100 wm. Fig. 2A displays the
changes in pH values observed after soaking the alkali-treated KGM
films in double-distilled water (ddH,0). Ten minutes postimmer-
sion, the KOH-KGM film had considerably increased the pH of the
ddH,0 to 9.33, which is unfavorable for cell growth. By contrast,
when we immersed the Ca(OH),-KGM film in ddH;0 for 30 min,
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the pH remained at approximately 7.5. This experimental result
could be related to salt solubility. The degree of solubility of a salt
is governed by equilibrium and is indicated by the solubility prod-
uct constant, Ksp. KOH is a strong electrolyte with a higher Ksp
value than that of Ca(OH), at room temperature. Excess hydroxide
ions (OH~) might have reprecipitated with calcium cations (CaZ*)
to reduce the pH of the Ca(OH),-KGM solution. For the KOH-KGM
solution, the release of OH~ might have caused the high pH value.

Fig. 2B shows the degree of swelling in the alkali-treated KGM
film according to various alkali/KGM ratios. The KOH-KGM and
Ca(OH),-KGM films both exhibited strong water uptake capabilities
(>300%), which is essential in wound dressings for rapid absorp-
tion of exudates. High water absorptive ability results from strong
interactions between water molecules and OH groups (in the KGM
film) (Fan et al., 2013). The swelling behaviors of the KOH-KGM
and Ca(OH),-KGM films were similar, with decreasing degree of
swelling associated with increasing amount of alkali. These effects
could be attributed to alkaline deacetylation of KGM molecules,
causing more extensive intermolecular interaction (Cheng et al.,
2002). Alkaline deacetylation of the KGM polymer reduces steric
hindrance and increases polymer chain association. Increased
intermolecular interaction might reduce the number of sites for
water sorption. We observed a marginally higher degree of swelling
in the KOH-KGM film than in the Ca(OH),-KGM film, which could
have been caused by a higher hydration number for potassium
cations (K*) than Ca2* (Jalilehvand et al., 2001; Mahler & Persson,
2012).

When we evaluated the mechanical properties of the alkali-
treated films, we observed that the highest TS of the Ca(OH),-KGM
and KOH-KGM films was 3.5 + 0.3 MPa and 2.9 + 0.4 MPa, respec-
tively (Fig. 2C). Alkali-treated KGM film is suitable for application
as a wound dressing because of TS in the range of 2.5-16 MPa
(Ezequiel, Edel, Alexandra, Wander, & Herman, 2009). TS increased
considerably with increasing amount of alkali (per KGM film) from
1.5% (w/w) to 2.5% (w/w), and remained almost constant until the
amount of alkali reached 3.5% (w/w). The Ca(OH),-KGM film exhib-
ited a higher TS than the KOH-KGM film did. Increased TS following
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Fig. 2. The physical-chemical properties of KOH-KGM and Ca(OH),-KGM films. (A) The pH value after immersing films in ddH, O (B) swelling degree (C) tensile strength (D)

elongation. Data are presented by the mean £ SD, n=4.
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Fig. 3. In vitro biocompatibility test of Ca(OH),-KGM film to L929 fibroblast cells. (A) Cell growth measured by MTT assay. (B) Attachment and (C) fluorescence images of
1929 fibroblast cells on TCP (left) and Ca(OH),-KGM film (right). Green and red fluorescent stains are representatives of live and dead cells, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig.4. In vitro biocompatibility test of Ca(OH),-KGM film to HaCaT keratinocyte cells. (A) Cell growth measured by MTT assay. (B) Attachment and (C) fluorescence images of
HacCaT keratinocyte cells on TCP (left) and Ca(OH),-KGM film (right). Green and red fluorescent stains are representatives of live and dead cells, respectively. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. The morphology of platelets absorbed on the surface of (A, B) Glass and (C, D) Ca(OH),-KGM film. Magnifications: (A, C) x3000; (B, D) x7500.

the addition of alkali is caused by alkaline deacetylation of KGM
to promote intermolecular interaction through hydrogen bonding,
leading to the formation of a more highly structured matrix (Cheng
etal,,2002; Jinetal, 2014; Panetal., 2011). lon-dipole interactions
might have caused marginally higher TS in the Ca(OH),-KGM film
than in the KOH-KGM film. Ca2* has a denser electrostatic charge
(more positive charges within the same radius) than K* do because
of divalency. CaZ* is thus associated with stronger ion-dipole inter-
actions with water molecules and with OH groups of KGM chains,
producing a higher level of dipolar order in the network compared
with K* (Herranz et al., 2012).

The Ca(OH),- and KOH-treated KGM films exhibited the same
trends in breaking elongation. Elongation decreased considerably
when the amount of alkali increased from 2.5% (w/w) to 3.5%
(w/w) (Fig. 2D). We observed more extensive elongation in the
Ca(OH),-KGM film than in the KOH-KGM film. According to these
physical-chemical properties, we selected the Ca(OH),-KGM film
for subsequent analyses.

As shown in Table 1, the water vapor transmission rate
(WVTR) of the Ca(OH),-KGM film ranged from 2027.4+67.6 to
2069.4 + 60.8 gm~2 day~!. Typically, wound dressings witha WVTR
between 2000 and 5000 gm~2 day~! prevent excess dehydration of
wound surfaces, avoid excess accumulation of exudate, and main-
tain a wet wound environment (Kim et al., 2007). Our experimental

Table 1
Water vapor transmission rate of Ca(OH),-KGM film.

Ca(OH),/KGM (%, w/w) WVTR (gm~2day1)

1.5 2047.7 + 68.4
2.5 2069.4 + 60.8
35 2027.4 £ 67.6

Data are presented by the mean+SD, n=4.

results indicated that our Ca(OH),-KGM film can provide a moist
wound environment and effectively prevent water evaporation.

3.2. Attachment and growth of cells on KGM film

Fig. 3A shows our results from MTT assay, indicating KGM film
biocompatibility with L929 fibroblast cells. The L929 fibroblast
cells proliferated at approximately equal rates irrespective of the
Ca(OH);/KGM ratio, as indicated by similarities in the slope of
increasing absorbance. We observed extended filopodias on L929
fibroblast cells attached on the Ca(OH),-KGM film (Fig. 3B). L929
fibroblast cell morphology was the same on the Ca(OH),-KGM
film and in a TCP (control group). Fig. 3C shows our results from
LIVE/DEAD assay. Green and red fluorescenct stains are represen-
tatives of live and dead cells, respectively. In the 72 h after cell
seeding, we observed green-fluorescent spindles in the L929 fibro-
blast cells, indicating cell growth.

The growth of HaCaT keratinocyte cells on the Ca(OH),-KGM
film positively correlated with culturing time (Fig. 4A). Fig. 4B
shows our SEM results on HaCaT keratinocyte cell morphology after
attachment to the Ca(OH),-KGM film. Fig. 4C shows our LIVE/DEAD
assay results. Our results indicated that the Ca(OH),-KGM film
exerted nontoxic effects on the attached HaCaT keratinocyte cells.

3.3. Platelet adhesion

When we used SEM to observe the surface of the Ca(OH),-KGM
film and evaluate platelet adhesion, we observed that the aver-
age number of absorbed platelets on the Ca(OH),-KGM film under
each view (7500x ) was <1 (Fig. 5D), which was fewer than in the
control group (glass) (Fig. 5B). SEM revealed that control group
platelets had obvious pseudopods (Fig. 5A and B) (Mao et al., 2004),
whereas the platelets on the Ca(OH),-KGM surface were absent
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Fig. 6. (A)Photographs and (B) wound closure percentage of applying Ca(OH),-KGM film to full skin defects on SD rat. The quantitative data are represented by the mean + SD,

n=7." P<0.01 versus control; " P<0.001 versus control.

of pseudopods (Fig. 5C and D). These results indicated that the
Ca(OH),-KGM film is inert to platelets and resists their absorption.

3.4. Invivo animal tests

To observe wound healing in vivo, we placed Ca(OH),-KGM
film on SD rat wound sites 3, 7, 10, and 14 days postsurgery.

Fig. 6A shows photographs of wound closure postoperatively and
Fig. 6B presents the quantitative data. Three days postsurgery,
we observed considerable exudate resulting in a wet wound in
the control group. In the Ca(OH),-KGM group, we observed a
healthy clean pink-red wound with moderate wettability without
wound-soaking. The wound closure percentage in the control and
Ca(OH),-KGM film groups exhibited significant differences. Seven
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Fig. 7. (A) Mircographs and (B) granulation tissue formation of full skin wounds 7 d and 14 d post-surgery. The quantitative data are represented by the mean+SD, n=5.

P<0.001 versus control. GT: Granulation tissue; (E): Epidermis; (F): Hair follicles.

days postsurgery, the wound of the control group excreted exudate
continuously, which prolonged the healing process. The Ca(OH),-
KGM dressing maintained wound moistness, with no accumulation
of exudate and no signs of inflammation or infection. A higher
wound closure percentage in the Ca(OH),-KGM group compared
with in the control group indicated the ability of the Ca(OH),-
KGM film to promote wound contractility. Epithelialization can be
accelerated by maintaining a wet wound environment and avoid-
ing exudate accumulation (Junker, Kamel, Caterson, & Eriksson,
2013; Winter & Scales, 1963). The WVTR of the Ca(OH),-KGM film
was approximately 2000 gm~2 day~! (Table 1), which is reportedly

Ca(OH),-KGM

desfeosk

Ak

14

Time (day)

suitable for maintaining a moist wound surface and facilitates epi-
dermal cell migration (Kim et al., 2007). Fourteen days postsurgery,
the majority of the wound tissue had repaired in both groups, with
no obvious residual scar tissue.

Histological analysis by H&E staining indicated the promoting
effects of the Ca(OH),-KGM film on wound healing (Fig. 7). By
Day 7 postsurgery, we observed substantially greater epithelial
coverage in the Ca(OH),-KGM group compared with in the control
group. Fourteen days postsurgery, we observed the complete
reepithelialization of wounds in the Ca(OH),-KGM group. The
granulation tissue of the wound gradually thickened with time.
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Fig. 8. (A) Mircographs and (B) collagen formation of full skin wounds 7d and 14 d post-surgery (Masson’s trichrome stain). The quantitative data are represented by the

mean =+SD, n=5." P<0.05 versus control; ™" P<0.001 versus control.

The Ca(OH),-KGM group exhibited thicker granulation tissue and
more extensive development of hair follicles compared with the
control group. Acceleration of wound contraction and reepithe-
lialization in the Ca(OH),-KGM wounds indicated improvement in
the overall healing process.

The extracellular ground substances of skin tissues predomi-
nantly contain type 1 collagen. We used Masson’s trichrome (MT)
staining to identify collagen (Li et al.,, 2008) and determine the
distribution of extracellular ground substances in the regenerated

tissues. The color intensity (blue) in the tissue sections indicated
the relative quantity of collagen. As shown in Fig. 8, the inten-
sity of MT staining indicated that the amount of collagen secreted
increased with time in the control and Ca(OH),-KGM groups. How-
ever, we observed higher wound collagen content overall in the
Ca(OH),-KGM group compared with in the control group. The color
intensity values of the two groups exhibited significant differences,
suggesting that the Ca(OH),-KGM group secreted larger amounts
of collagen than the control group did (Fig. 8B).
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4. Conclusion

This study evaluated the feasibility of using KOH- and Ca(OH),-
treated KGM films as biomaterials for wound healing. The
alkali-treated KGM films exhibit suitable chemical-physical prop-
erties for use as wound dressings, good biocompatibility, and
effectively accelerate wound repair. Our experimental results indi-
cate that the Ca(OH),-KGM film has more favorable properties of TS,
elongation, and degree of swelling than the KOH-KGM film does.
The Ca(OH),-KGM film also exhibits a suitable WVTR for use as
a wound dressing. The Ca(OH),-KGM film is compatible with L929
fibroblast cells, HaCaT keratinocyte cells, and blood, and accelerates
wound contraction and reepithelialization processes. In conclusion,
Ca(OH),-KGM films can potentially be used as dressings to promote
wound healing.
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