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Abstract

Tissue engineering of skin is a rapidly developing field in biomedical engineering
research. One of the challenges in skin tissue engineering (STE) is molding engineered skin
tissue to create a dermal scaffold that could be used in wound care or skin grafting. We
developed a novel method for cross-linking a silk fibroin solution by gamma irradiation to
form a hydrogel that might serve as a dermal scaffold. The silk fibroin hydrogel was not
cytotoxic to human fibroblasts or human keratinocytes, which are analyzed by cytotoxicity
and direct contact tests. The mechanical properties of the silk fibroin hydrogel formed by
gamma irradiation method were improved mechanical properties to those of a silk fibroin
hydrogen created using a freeze-drying method. The silk fibroin hydrogel created using this

novel method has potential use as a dermal scaffold in STE.

Introduction

Biomedical engineering is multidisciplinary field that combines medicine,
engineering, and biology in the application of natural or synthetic materials to enhance
cellular, tissue or organ functions. The field is dynamic and growing, and reports frequently
describe new clinical applications arising from tissue-engineering technology, such as
gingival autografts in treatment of gingival recession [1-5] and semitendinosus-gracilis grafts
in anterior cruciate ligament (ACL) reconstruction [6-7]. One of the earliest and most
successful applications of tissue-engineering technology has been the development of skin
substitutes for treatment of severe burn patients (8-11); however, many challenges remain.

Native skin tissue is composed of an epidermal layer that lies atop the dermis, with

keratinocytes comprising most of the cells in the epidermal layer. Commercially available



skin substitutes reconstruct the two-layer skin model, using allogenic human keratinocytes
and fibroblasts embedded in a dermal scaffold, which in many cases is made of animal-
source collagen fiber [12]. Table 1 summarizes the components, clinical uses, advantages,
and disadvantages of the various commercial skin substitutes that are currently available. In
most commercial skin substitutes, allogenic human cells or animal-source materials are used,
leading to a risk of delayed-phase graft rejection. To circumvent this problem, keratinocytes
and fibroblasts can be cultivated from the patient’s own skin; autologous cells in skin
substitutes have been shown to be more effective in wound healing than allogenic cells.

The ideal material for a dermal scaffold would be biocompatible in both physical and
biological properties; for example, the ideal material should not provoke an immunological
reaction. Both natural proteins, such as animal collagen fiber, and synthetic polymers, such as
Poly(lactide-co-glycolide) (PLGA), have been tested as components of engineered dermal
scaffolds. Silk fibroin is a structural protein in cocoons produced by silkworms (Bombyx
mori) that has been tested as a biomaterial in various tissue-engineering applications,
including construction of a silk fibroin scaffold to use as a graft in myringoplasty surgery
(13). Although silk fibroin has biocompatible properties, molding silk fibroin to form an
acceptable dermal scaffold is challenging because it is a natural product that can be degraded.

Here we report a novel method to create a dermal scaffold by cross-linking silk

fibroin with Gamma irradiation to produce a hydrogel.

Materials and Methods
1. Culture of human dermal fibroblasts and keratinocytes
Primary human dermal fibroblasts and primary human keratinocytes were isolated

from fresh adult human skin specimens in elective caesarean sections at the Thammsat



Chalermprakiat University Hospital. Fibroblasts and keratinocytes were extracted and
cultured as previously described [14-15]. Briefly, skin specimens measuring approximately 5
x 1 cm2 were washed with phosphate buffered saline (PBS) containing 1% (v/v) penicillin
and streptomycin, minced into small pieces, and incubated at 4 °C overnight in wash solution
containing 15 U/ml dispase (Sigma Chemical Co., St. Louis, MO, USA). The following
morning, forceps were used to separate the dermal and epidermal layers. The dermal tissue
was treated with 80 U/ml collagenase (Sigma Chemical Co., St. Louis, MO, USA) at 37 °C
for 1 h to harvest the fibroblasts. Epidermal tissue was subjected to further trypsinization with
0.025% trypsin with 0.38 gm/L with EDTA (Gibco Invitrogen Co., Carlsbad, CA, USA) at 37
°C for 1 h to harvest the keratinocytes.

The harvested dermal fibroblasts were maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS) (Sigma Chemical
Co., St. Louis, MO, USA), 100 U/ml penicillin, and 100 mg/ml streptomycin in a humidified
incubator containing 5% COz in air at 37 °C. The harvested epidermal keratinocytes were
maintained in Serum Free Medium (SFM) (Sigma Chemical Co., St. Louis, MO, USA)
supplemented with 100 U/ml penicillin, and 100 mg/ml streptomycin in a humidified
incubator containing 5% COx in air at 37°C. Second to third passages of fibroblasts and

keratinocytes were used in our experiments.

2. Cytotoxicity of incubated silk media solution

Primary fibroblast or keratinocyte cells were plated in 96-well culture plates at an
initial density of 1 x 10° cells/ml in DMEM containing 10% FCS (fibroblast culture medium)
or in SFM (keratinocyte culture medium), respectively, and incubated in a humidified

atmosphere of 95% air and 5% CO; at 37°C. Testing solution was prepared by incubation of



sterile 60 gm silk fibroin sponge in 5 ml culture medium for 72 hours. Fibroblasts and
keratinocytes were each cultured in testing solution for 48 hours before cell viability assays.
As controls, fibroblasts and keratinocytes were incubated in the appropriate culture medium
without addition of the testing solution.

For the cell viability assay, culture medium was removed from each well and replaced
with 100 pl of the appropriate culture medium containing 10 ul MTT (tetrazolium salt 3-[4,5-
dimethyl- thiazol-2-yl]-2,5-diphnyltetrazolium bromide). Culture plates were covered with
aluminum foil, and cells were incubated in the dark for 2 hours. The MTT solution was then
removed and 100 pl isopropyl alcohol was added to each well. The absorbance at 570 nm
was measured using a spectrophotometer (BioTek Instruments, Inc, Winooski, VT, USA).

Experiments were performed in triplicate.

3. Direct contact test

The morphology of fibroblast attachment on silk fibroin fiber was observed by
scanning electron microscopy (SEM) using a XL.30 & EDAX (Philips). To test the efficacy of
the fibers as a dermal matrix, fibroblasts were incubated with the silk fibers for 48 hours or
for 14 days. After incubation the fibers were deposited onto a coverslip and dried for 2 hours
at room temperature. The fibers were gilded and then observed in the thermal field of the
electron microscope.

For SEM studies, the attached cells on the silk fiber were rinsed twice in PBS, fixed
in a 250-mL solution of 2.5% glutaraldehyde in PBS for 30-60 minutes, and rinsed twice in
PBS. Dehydration was performed by slow water replacement by 15-minute incubations in a
series of ethanol solutions (30%, 50%, 70%, and 95%). The final dehydration step was

performed by incubation in absolute ethanol for 30 minutes. Samples were dried under



vacuum at room temperature. The silk fiber were mounted on stubs and coated in vacuum

with gold. Cells were examined with a SEM. [16-17]

4. Scaffold material and molding method

Cocoons from the native Thai silkworm Bombyx mori var. Nangnoi Sisaket-1 (kindly
provided by The Queen Sirikit Department of Sericulture, Thailand) were degummed to
remove the glue-like coating of sericin on the fibroin fibers, using the method described by
Meesilpa et al. [18]

Silk fibroin solution was prepared as previously described by Kojthung et al. (2008)
[19]. Briefly, the extracted silk fibroins (degummed cocoons) were dissolved in CaCl>.2H>0O:
C2H50H: H20 in a molar ratio of 1: 2: 8 at 80°C. This solution was dialyzed against distilled
water using cellulose tubular membranes with a MWCO range of 12,000-14,000 (CelluSep
T4; Uptima Interchim, Montlugon, France) for 2 days to remove salts. The final concentration
of silk fibroin aqueous solution was 2.5% (w/v).

Silk gelation was accomplished by crosslinking between silk fibroin and PVA
contents by irradiation with 40 and 60 kGy using a Gammacell 220 Excel irradiator (MDS
Nordian, Toronto, Canada) kindly provided by the Thailand Institute of Nuclear Technology.
The ratio of silk fibroin to PVA was 1:0.1 (i.e., 10% PVA). Sodium chloride (75-150 pm) as
porogens were added into the silk fibroin-PVA solution by varying in the ratios of 1:0.03 (3%
NaCl), 1:0.05 (5% NaCl), 1:0.07 (7% NaCl), and no porogens. Mechanical properties were

tested by pulling the fibers with bare hands.

Results

Cytotoxicity tests




The MTT assay showed that 48-hour incubation in silk media solutions had no toxic
effects on human fibroblasts or human keratinocytes. Assay results are presented in Figure 1

(Figure 1: Cytotoxicity test by MTT assay of silk fibroin fiber on fibroblasts survival).

Direct contact test

The direct contact test showed formation of fibroblast colonies on silk fibroin at 48
hours. After a 14-day incubation in the presence of silk fibroin fibers, the fibroblasts had
migrated and covered the entire silk fiber area. (Figure2: Direct contact test of fibroblasts on

silk fiber observing by SEM at 48 hours and 14 days after incubation).

Cross-linking by gamma ray irradiation

To improve the chemical and physical properties of the silk dermal scaffold, we added
PVA and cross-linked the fibers by gamma irradiation. Tensile strength of the resulting silk
hydrogel was assessed by stretching the fibers with bare hands. The hydrogel showed
significant improvement in mechanical properties, compared to silk dermal scaffolds created
without gamma irradiation and cross-linking. [Figure4: Mechanical stretching of gamma ray

cross-link silk hydrogel].

Discussion

The traditional method of drying silk fibroin without cross-linking produces a sponge
that is brittle and fragile. In earlier studies we attempted to create a sponge by freeze-drying
silk fibroin fiber, but freeze-drying resulted in a scaffold that did not interact with fibroblasts

as effectively as native dermal tissue nor produce a smooth surface for attachment of



keratinocytes (Figure 3: Histology of silk fiber culture with fibroblasts and seeding on top
with keratinocyte).

We tried to improve mechanical properties by adding PVA and creating as a hydrogel
form instead of sponge form. Hydrogels are hydrophilic polymeric networks that are capable
of absorbing and retaining large amounts of water; consequently, they are used as surgical
sealants in wound dressings and as STE dermal scaffolds [20]. As wound dressings hydrogels
have a improved rate of epithelization and dermal regeneration compared to other
components [19, 21].

Several methods can be used for cross-linking proteins in the creation of hydrogels
[22]. We describe a novel method for cross-linking a silk fibroin solution that improves both
the mechanical and chemical properties of the resulting product [23-24]. Addition of PVA to
the silk fibroin solution and subsequent gamma irradiation of the solution caused the silk
fibroin solution to be cast as a hydrogel with improved mechanical properties. In future
studies we hope to use both in vitro and in vivo models to characterize histological,
immunological, and ultrastructural features of our silk fibroin hydrogel as a dermal scaffold

for dermal wound care or skin grafting.
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Figure 1: Cytotoxicity test by MTT assay of silk fibroin fiber on fibroblasts survival
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Specimen number 1-8 are silk fibroin fiber varying degumming time. 1: degum for 0 minute,
2: degum for 20 minutes, 3: degum for 40 minutes, 4: degum for 60 minutes, 5: degum for 80
minutes, 6: degum for 100 minutes, 7: positive control, 8: negative control

Figure2: Direct contact test of fibroblasts on silk fiber observing by SEM at 48 hours and 14
days after incubation
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Figure3: Histology of silk fiber culture with fibroblasts and seeding on top with
keratinocyte

Figure4: Mechanical stretching of Gamma ray cross-link silk hydrogel
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