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2. NNSNMAINWIFILATITZHIRIN animal collagen gel (standard method)
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Method 1

1.

7.
8.

Dissolve each vial of the lyophilized Collagen in 3.3 ml sterile 0.2% acetic acid (v/v).
pH 3.0 or 1 mM hydrochloric acid, pH 3.0 .This gives a final concentration of 3
mg/ml.

Note : If 2 ul/ml phenolred is added. The change of the pH is easier to control.

Let it stand overnight for swelling up.

Pipette 100 ul of this collagen solution per 1 cm2 surface area to be covered into the
culture vessel.

Note: this gives an approximately 1 mm thick collagen gel layer.

The collagen solution is then exposed to ammonia vapors at 15 — 25 oC or 37 oC.

An example for preparing a collagen gel in a 35 mm dish :
® Pipette 100 ul 25% ammonia solution (v/v) into a 60-mm petri dish

® A 35-mm dish containing 1 ml collagen solution is placed in the 60-mm dish
which is then closed.
Note : If phenolred is present in the collagen solution. The change of the pH can be

easily observed (color change to neutral).

® |f there is no pH indicator in the collagen solution the 35-mm dish should be
removed after max. 2 min

Note : If the gel layer ix thicker the gel needs longer to solidity

After about 2 min the gel should be solidified. Equilibrate the gel with an appropriate

amount of medium for 30 min

Note : This is necessart to remove excess ammonia which is toxic to the cells. A

longer period for equilibration is needed for a thicker collagen layer.

Aspirate the medium

Then the cell can be seeded onto the gel.

Additional reagents required

® Sterile 0.2% acetic acid (v/v). pH 3.0 or 1 mM hydrochloric acid . pH 3.0.
® Sterile 10 x (5 x) concentrated medium with sodium bicarbonate. pH 7.4.

® Sterile (10x) 0.2 M Hepes. pH 7.3 (dilute 1 M Hepes tissue culture tested. 125

with sterile double dist. Water)



Method 2

1.

Dissolve each vial of the lyophilized Collagen in 3.3 ml sterile 0.2% acetic acid (v/v).
pH 3.0 or 1 mM hydrochloric acid, pH 3.0 .This gives a final concentration of 3
mg/mi.
Mix the following solution at 2 — 8 OC. avoid the formation of air bubbles:
® 1 (or 2)parts of sterile 10 x (5X) concentrated medium. With sodium
bicarbonate. pH 7.4.
® 1 part of sterile (10 x) 0.2 M Hepes, pH 7.3 ( dilute 1 M Hepes, tissue culture
tested. 1: 5 with sterile double dist. Water)
® 38 (or7) parts of the sterile collagen solution.
Note: The mixture remains liquid at 2 — 8 OC.
Pipette 100 ul of this neutralized collagen solution per 1 cm2 surface area to be
covered into the culture vessel.
Note: this gives an approximately 1 mm thick collagen gel layer.
Incubate for approx. 2 — 3 h at 15 — 25 0C or 37 oC in a humidified atmosphere to
allow gel formation
Note: The culture dishes can be stored at 2 - 8 °C under sterile condition.
Before inoculating the cell suspension it is recommended to cover the gel with
medium for about 15 min for equilibration.
The cells are plated as usual.
Note: To allow the formation of a homogeneous gel and to avoid clump formation do not or

very carefully move culture vessels during gel formation

Procedure Coating of cell culture dishes with collagen (=collagen film). Please refer to

the following table.

1.

Dissolve each vial of the lyophilized Collagen with 5 mi sterile 0.2% acetic acid (v/v).
to gives a final concentration of 2 mg/mi.

Pipette 2.5 ul of this solution (2 mg/ml) per 1 cm2 surface area to be covered (5
uI/cmz)

Note: this can be increased or decreased to fit the application.

Carefully spread the collagen solution with a sterile rubber policeman on the bottom

of the culture dish.

. Air dry for about 60 min at 15 — 25 OC in the laminar flow hood

It is possible but not essential. To wash the coated surface with medium or buffer.

The dishes can be use immediately or stored under sterile conditions.
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Table 1 Systematic classification of currently available biologic and synthetic skin substitutes

Biologicals (Naturally occurring tissues)

Cutaneous allografts (-irradiated, deep frozen, glycerolized)
- Cutaneous xenografts

- Amniotic membranes

Skin substitutes

- Synthetic bilaminates

- Collagen based composites

Collagen based dermal analogs

- De-epithelized allograft

Culture-derived tissue

- Cultred autologous keratinocytes (sheet grafts. Cell suspensions)
- Bilayer human tissue

- Polyglycolic or acid mesh

- Fibroblast seeded dermal analogs

- Collagen-glycosaminoglycan matrix

- Epithelial seeded dermal analogs

W@1§18997n collagen solution set (Roche.USA) Vlajmmm%ugﬂﬁuﬂu hydrogel l& uaz
Sumanss 2 a5 uazlimansosannunsandaaule mapﬁﬁ’ﬁ%aﬁa'ﬁmﬁmﬁzmmsﬁa:l%ﬁ'@umlﬂu
dermal scaffold aasau eyl silk fibroin  tiasanniiuasiimidludszinelng uaznuniu
assmnswwudwqmamﬁﬁaaﬁuﬁuuﬂﬁuﬁﬁlumo%amw [24]
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Table 2 Currently commercially available or marketed matrices and products for tissue engineered

skin substitutes

Material Brand Name Manufacturer
Collagen gel + cult.Allog ApligrafTM Organogenesis,
HuKm + allog. HuFi (earlier name : GraftskinTM) Canton. MA
Cult.Autol Huk EpicellTM Genzyme Biosurgery
Cambridge. MA
PGA/PLA + ECMP DAHF Transcyte Advanced Tissue
Lajolla, CA
Collagen GAG- IntegraTM Integra LifeScience,
Silicone foil Planinsborough.NJ
Acellular dermis AIIoDermTM Lifecell Corporation,
Branchberg,NJ
HAM + cult.HuK LaserskinTM Fidia Advanced
Biopolymers, Padua.ltaly
PGA/PLA + allog.HuFi DermagraftTM Advanced Tissue Sciences,
LaJolla.CA
Collagen + allog.HuFi + Orcel" Ortec International.Inc.,New
Allog Huk York.NY
Fibrin sealant + cult.autol BioseedTM BioTissue Technologies
HuK Freiburg.Germany
PEO/PBT + autol.HuFi+ PolyactiveTM HC Implants
cult autol HuK
HAM + HuFi Hyalograft 3D Fidia Advanced
Biopolymers, Padua.ltaly
Silicone + nylon mesh + BiobraneTM Dow Hickham/Berrek
Collagen Pharmac.,Sugar Land, TX

m o ™
ECMP = extracellular matrixprotein,DAHF = derved from allog. Hufi. GAG = glycosanminoglycan. PGA = polycolic acid (Dexon ).
PLA = polylactic acid (VicryITM).PEO =polyethylene oxide.PBT = polybutyliterephthalate, cult. = cultured;autol. = autologous, allog. =
allogeneic. HuFi = human fibroblasts. HUK =human keratinocytes. HAM = microperforated Hyaluronic Acid Membrane (benzilic esters

of hyaluronic acid =HYAFF-11®)
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@28819 silk fibroin

No 3% Sik siwiin Silk (mg)
11 DG-45-00-DS60 80.5
12 DG-45-15-DS60 80.7
13 DG-45-30-DS60 79.6
1.4 DG-45-45-DS60 82.0
15 DG-45-60-DS60 75.4
1.6 DG-45-70-DS60 81.6
21 DG-45-00-DS60 4556
2.2 DG-45-15-DS60 48.8
2.3 DG-45-30-DS60 485
2.4 DG-45-45-DS60 46.9

25 famsUnideu «

2.6 DG-45-70-DS60 50.9
3.1 DG-45-00-DS60 48.0
3.2 DG-45-15-DS60 47.2
3.3 DG-45-30-DS60 46.4
3.4 DG-45-45-DS60 47.7
3.5 DG-45-60-DS60 48.7
3.6 DG-45-70-DS60 50.2
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a1nnin Media 1l incubate U silk muunwomawm’]mmw +31U5@uann silk v19aan
azanuwiaaaueanulu media LLmawalmsnaawsmLmuImvl@ﬂ'nu 13739188n3% Run SDS  gel
electrophoresis Lwam molecular weight maaa’wiﬂuﬂaﬂﬂu
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Wan13 Run SDS gel electrophoresis

NSNAADUNRT % Acrylamide wae dilution 289 sample NnNzaEs

ﬂ@ﬁﬂﬁﬂ?@ﬁ1 11 sample ¥1 dilution ﬁ1 1:2 1:5 1:10 uas 1:20

7.5 % Acrylamide

Marker 1 1:2 15 1:10 1:20

12.5 % Acrylamide

Marker 1 1:2 1:5 1:10 1:20
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[
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NaFaUAIIN 2 1 sample 11 dilution 1 1:5  uaz 1:10

7.5 % Acrylamide

Marker Media 3.1 3.2 3.3 34 35 36 3.5 3.6

&
«

Marker Media 3.1 3.2 3.3 34 35 36 3.5 3.6

1. 10 pe— 1.5 —

A
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§3UWaNINARLY 1% 7.5 % Acrylamide W31z band &I8N31

A :
NAgaUAIIN 3 sample fi dilution 1:10

7.5 % Acrylamide

10%FCS/ FCS 31 3.2 3.3 3.4 3.5 3.6
DMEM

P99 1 Marker
gad 2  Marker + loading buffer
$89 3.1 -3.6 media + incubation with silk protein fibroblast for 72 hours
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2. FTIR (Fourier Transform Infrared Spectroscopy) LWaNagaul silkk WHIINNIT
o & < a a a & v a
incubate T fibroblasts 1wan 72 Talue DlusAuiRatuanlaas

s fousTasy 1dansazane media — silk 200 ul lutih 1000 ul tWa¥nMInasay

DG100 min

DG8OmiIn

i758.2 00 o U e e 36 un R 0w 125 00 1" B wn bictd

3. M IR silk fibroin i Hydrogel
1. Ultrasound sonication
2. Grammaray irradiation

1.msvn silk scaffold  lagld  Silk fibroin  WauRL  PVA uas cross-link 1ag Ultrasound

sonication

= 8ilk fibroin (2.5 %), 6 ml

‘ Sopicate at 70% amplitede, 30 se¢
{This cendition can be adjusted)
PVA(00.5,1,25,5, 10%), 2 ml

Media (2 ml) l
Cell seeding in cach tube
l Transfer to Petri dish

(5 x 107 cells/m} in 50 pl)
CO; incubator
(gelation within 1- -

2 hours )

Cut the gel and culture in media
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WNYIRY | % PVA VTV TP FY \5aa Fibroblasts
1.1 0.5% 2 Diwas
21 0.5% 2 Taifenas
31 0.5% 1 s
1.2 1.0 % 2 Hiwad
2.2 1.0 % 2 Taifias
32 10 % 1 Ninan
13 25 9% 2 wan
2.3 259 2 Tifiwas
33 259, 1 N
1.4 5 % 2 Ninad
24 5 0 2 Tifnas
34 5 % 1 ULTRN
15 10 % 2 fiwaa

25 10 % 2 Tifas
3.5 10 % 1 Naas
1.6 0% 2 fwan
26 0% 2 Laithrag
3.6 0 % 1 Nias
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Day 0O
Plate 1 U188 Fibroblasts U3u1as 2 ml

Day O
Plate 2 lifias Fibroblasts USanm 2

Day 0O
Plate 3 Jlaa Fibroblasts U3 1 ml
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Day 14

Plate 1 Ni¥a8 Fibroblasts USunaw 2 ml

Day 14
Plate 2 'lafliaa8 Fibroblasts USaneu 2

Day 14

Plate 3 Jiwas Fibroblasts USunos 1 ml




an¥mzN1NINGaa (Histology) Tas Hematoxylin and Eosin 289 Skin equivalent ‘mmgﬂ

210 silk scaffold

silk-H&E wnanmaz 1.1 (0.5%PVA) - 10x

silk-H&E wanuay 1.1 (0.5%PVA) - 40x

A Ao . . [ )y o & '
Hosnaladfifonlay Hematoxylin and Eosin Wmwlidaau iwnzazdualadeelie:

' a o " .
dnoanizngaulas Vimentin
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AaNBUZNWAINAR (Histology) fivaalay Vimentin 289 Skin equivalent ﬁ'?.mgll

?1n silk scaffold

silk- Vimentin wunoias 1.1 (0.5%PVA) fiiwss

Fibroblasts

fasusne 10x fnaduens 40x

silk- Vimentin wanoiaa 1.2 (1.0%PVA) fwas

Fibroblasts

faseny 10x fNaIVeNE 40x
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silk- Vimentin waunowwe 1.5 (10%PVA) Himad

Fibroblasts

L ORI

. {?g*m

SErSALY
R, ;

fadsueny 10x fadveny 40x

silk- Vimentin nunaay 1.6 (0%PVA) fiwas Fibroblasts

fagvene  40x
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silk- Vimentin wangaa 2.1 (0.5%PVA) lufiiaas

Fibroblasts

faspeny  10x fadsuene 40x

silk- Vimentin wanaias 2.2 (1.0%PVA) lifiiass
Fibroblasts

fadueny 10x fadsLne  40x
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silk- Vimentin wuneay 2.3 (2.5%PVA) hifiisas

Fibroblasts

fasuene  10x fNasveny 40x

silk- Vimentin waneian 2.4 (5.0%PVA) ‘Lifiisas

Fibroblasts

fasueny  10x MN8Ny 40x
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silk- Vimentin wangas 2.5 (10%PVA) lifiirsd

Fibroblasts

fasueny  10x faIvene 40x

silk- Vimentin wanoiaa 2.6 (0%PVA) lifivwss Fibroblasts

8wy 10x 18IV 40x
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Keratinocyte U silk scaffold 1w Aluminium ring uasilfpu Media 390 DMEM 10w SFM

WReeaalldn 1 afiad

¢
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& . & - " = VA ’ ¢ .
INBuLUFYW media 10w SFM Hi calcium uaz Uu silk scaffold 22133 media ag RHMN3D]

an 1 01fiay &9 Hematoxylin and Eosin U84 Skin equivalent
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Day 7

Plate 1 ﬁwaﬁ Fibroblasts 51194 2 ml

Day 7

Plate 1 "lu"ﬁwaf’\' Fibroblasts 1S 2 ml

Day 7

Plate 3 ﬁmma' Fibroblasts 151194 1 ml




gﬂm NIINNIINAaaY Cast silk fibroin Taais Gamma-ray irradiation

P [ " ! i a . { o &
il p99naneme semi-solid 7 LAAINNNNINARDY cast sik LWalfiilu dermal scaffold lunss

@

wsnlaeBTau anunsarinlet fibroblast cells Batnz'le waz Toxicity test lag MTT assay 3ua show 11
. V& oA s v A ' o vad a v da v 4 '
silk L uRe cells waRansmanae 1w uan uarliaunamlrtinuiaminGeule sl
° od wa e @ A . <a o ' 5 et
au130a 391 iTnmanliananuas dermal part 633U7i show w9l MInaasInInaninlwi

[V 1 an A a ° v & : - o
AMUNIIN silk Uﬂmauu@n’n\ﬂnn’]WYIa’]U']ﬁﬂu']u’ﬂ‘ﬂlﬂu Biomaterial 1@

]
=

faN mmm:@‘%%ﬂﬁwmmwﬁﬁmmmaa‘[@umnﬂaau’i% cast sik fibroin 1Iu3%
A v A s [ [
Ultrasoound induced protein linkage Wwalwle silk scaffold Nianwmzidn gel uae cast 1w semi-
. o A v . o [y ad a v da P ' A v o
solid 'l 1ial¥t silk scaffold @130 integrate fiu cells 'l waziiNuRaniAdauiilou naufiazlavi
manasaslutu epidermis 1 step dialy wuinanwue sik fildidu semi-solid gel agnaneandsly

sy
U
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Wi gel file uaﬂumzquja‘lﬁ%’uusﬁu FerliIdumaaainan PVA (PolyVinylAcetate)
Zaduaisnareindsnsuzniion Hangu Lﬁatﬁwﬂqmamﬁ elasticity WazaAANNELVDI silk gel
a9 laonanadngy PVA anuidududnanu Suazlad fibroblast cells aua1319 Inanafe flsnau
ntuwes PVA ann anawnilentiangunazlann @ fibroblast cells 81U30YN 1A dermal scaffold

WasIMaauasINla ez

NANNINORDINLIN Ultrasound silk fibroin+PVA dermal scaffold YNENNIONN I fibroblast

cells Barmele ua:vlﬂﬁmmﬁws,juua:mﬁmwaﬁﬁ)zﬁﬂﬂlﬁﬂu dermal scaffold 16
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Yl”\dﬂmww’a’«waﬂmﬂaﬂu’mﬂ'ﬁ Cross linked protein linkage 183 silk fibroin Wunmesas
1% Gamma-ray irradiation Namsﬂﬂaaumamu YinN1INaasd Gamma-ray irradiation Yla’mm’m
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- ¥ o a A ooy & v & A o . . 9
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fl 1
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waagasuwdulelnulastrsnwmsbainzveisad launaas scanning electron microscope NARAL

cytotoxicity test lag MTT assay UWarnagay MIFA1LaIT04 silk fibroin las3s FTIR (Fourier

Transform Infrared Spectroscopy) nanualwnatduuandansin sik fibroin - u115iiu biological
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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% CO. 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% COz 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% CO2 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 pl MTT (tetrazolium salt 3-[4,5-
dimethyl- thiazol-2-y1]-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 XL30 & 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.2H20:
C,HsOH: 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).

ross-linking b ma ray irradiati
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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Table, picture
(Attached file: Table 1)

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

100

80
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survivalpercsntags

20 -

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




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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