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The objectives of this study were to evaluate the safety and efficacy of wound dressing containing silk fibroin
with bioactive coating layer in healthy volunteers using a skin patch test and in the treatment of Split-Thickness Skin
Graft (STSG) donor sites compared with commercially available medicated paraffin gauze dressing, Bactigras@), a

standard treatment.

Each back of 110 healthy volunteers was divided into the left and right sides and was randomized to receive
the wound dressing containing silk fibroin with bioactive coating layer or Baotigras®. Both dressings were left for 3 days.
After that, both dressings were changed and left for an additional 3 days. Seven to ten days later, both dressings were
applied on the identical areas and left in place for 3 days. There was no evidence of skin irritation measured by
Mexameter MX18°. Although, the results obtained from the Repeated Insult Patch Test (RIPT) scale revealed there was
evidence of mild and moderate erythema in the wound dressing containing silk fibroin with bioactive coating layer group

(3.64%), this evidence was comparable to the commercial wound dressing.

Each donor site of 30 split-thickness skin graft donor sites from 23 patients was divided into the upper and
lower sides and was randomized to receive wound dressing containing silk fibroin with bioactive coating layer or
Bactigras®. The results showed that the healing time of STSG donor sites treated with the wound dressing containing
silk fibroin with bioactive coating layer (11.0 + 6.0 days) was significantly faster than that treated with Bactigras@’ (14.0 £
6.0 days) (p:10'6). The sides treated with the wound dressing containing silk fibroin with bioactive coating layer showed
significantly less pain (p < 10'4) and more rapid recovery in the water barrier function (p = 10’5) than those treated with
Bactigras® on all evaluation days. There were no signs of STSG donor site infection in either wound dressing group.
AST, ALT, ALP, albumin, BUN and Scr were decreased after operation; however, the median of all parameters was in
the normal range. The morphology of epithelial cells attached on the wound dressing containing silk fibroin with bioactive
coating layer after falling off spontaneously under the microscope showed a definite border of cells, indicating a better

shape of epithelial cells.

In conclusion, wound dressing containing silk fibroin with bioactive coating layer can be used as optional
treatment for STSG donor sites due to an acceptable safety profile in healthy volunteers and its promotion of wound

healing and minimizing pain without adverse effects in the treatment of STSG donor sites.
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CHAPTER |

INTRODUCTION

1.1 Background and rationale

A wound can be classified according to the method of wound closure (primary,
secondary, and tertiary wound closure). Suture is the method of primary wound closure.
It is the appropriate method for clean wounds without serious wound exudate. In case of
clean wounds with tissue loss or infected wounds, the wounds should be closed by
secondary wound closure. With this method, the wound is left open and treated with
wound dressing changes to reduce the risk of infections and prevent further trauma.
Finally, infected wounds with extensive tissue loss should be closed by tertiary wound
closure. In this case, the wound is debrided and left open for a few days. Then, the wound
is closed by primary (suture) or secondary (covered with appropriate wound dressing)
wound closure according to the evidence of infection and the presence of red granulation
tissue (7, 8).

From the method of wound closure, choosing an appropriate wound dressing has
an important role for wound care. Maintaining a moist wound environment to promote
epithelialization, the ability to absorb wound exudate and minimizing pain are the most
important properties of the ideal wound dressing. Wound dressings can be categorized into
three types (passive, interactive, and active dressings) (9). Passive dressings or tulle gras
(such as Jelonet” and Bactigras®) are inexpensive and easy to use, but they adhere to the
wound surface and they cannot absorb wound exudate. Whereas, interactive dressings or
semi-occlusive/occlusive dressings with absorption capacity (such as DuoDERM® and
AIIevyn®) do not insert any biological substances to promote wound healing. Moreover,
active dressings or wound dressings with biological substances (such as human skin

equivalent or growth factors) to promote wound healing are still very expensive because



they are only imported (10-15). Therefore, we have developed a new biomaterial based on
Thai silk for wound dressing application. This new agricultural innovation will enhance
economic growth (decreasing imports or increasing exports) and patients can have access
to wound dressing with a wound healing promoting substance at a low cost.

Silk is composed of two types of proteins: silk fibroin (SF) and silk sericin (SS). SF
and SS were used to provide a wound healing promoting property in our wound dressing
because of their biological properties. Based on previous in vitro studies, SF and SS can
support attachment, proliferation and migration of keratinocytes and fibroblasts. In addition,
SS can enhance collagen production (16-20). These properties help to accelerate re-
epithelialization or promote wound healing. Moreover, SF and SS can be used as
biomedical materials because of their physico-chemical properties, including
biodegradability and biocompatibility (18, 21-23). Minoura (1990) (21) developed 1% SF
membrane. The result of enzymatic degradation using protease showed that the SF
membranes degraded sharply in the first few days. For 7.5:5% SS/gelatin films, the films
degraded completely within 2 weeks in phosphate buffered saline (pH 7.4). It was also
found that the films with less content of SS degraded at a slower rate (23). Development of
2:1% SF/elastin scaffolds showed no toxicity to BJ5ta cell line, normal human skin
fibroblasts (18). Also, development of 0.4:0.4% sericin/collagen membranes showed no
toxicity to HaCat human keratinocyte cells and 3T3 fibroblast cells (24).

For in vivo studies of SF, Inpanya (2012) (17) developed 2% SF film. Results from
the full thickness skin wound model in diabetic rats indicated that the wounds dressed with
SF film were smaller than untreated wounds after 7 days. Moreover, the wounds dressed
with SF film showed almost complete healing after 14 days. For in vivo studies of SS,
Siritienthong (2012) (25) developed 3:2% SS/polyvinyl alcohol scaffold, the results also
showed that the time needed for complete healing of a full thickness skin wound in rats was
significantly faster for SS/polyvinyl alcohol scaffold than polyvinyl alcohol scaffold (14 and
21 days, respectively).

In patients who underwent abdominal wall fascial repair, SF biologic scaffold

supported the repair of the abdominal wall by subcutaneous placement. SF biologic



scaffolds were completely removed at 10.7 days + 2.9 days with low complication rates
(6.5%) (26). In patients who underwent the split-thickness skin graft (STSG) procedure, the
time for complete healing of the donor sites treated with SS scaffold (12 + 5.0 days) was
significantly shorter than those treated with Bactigras® (14 £ 5.2 days). In addition, on the
first 4 post-operative days, the patient’'s pain level was significantly lower in the donor sites
treated with the SS scaffold (27).

Due to their advantages in wound healing, SF and SS were selected to develop the
innovative bi-layered wound dressing which is composed of an SF-SS/gelatin spongy
bioactive layer over the wax-coated SF woven fabrics contact layer (or called “wound
dressing containing silk fibroin with bioactive coating layer”). Both SF and SS were mixed
with a gelatin solution (natural polymer) in order to form a spongy structure to increase the
ability of the wound dressing to absorb wound exudate. Although the wound dressing
containing the silk fibroin with a bioactive coating layer could absorb less wound exudate
than the Allevyn® dressing (highly absorbent wound dressing) in a wound bed model, they
had different patterns of absorption ability. The Allevyn® dressing showed high absorption
ability at the first 3 h and then it became steady, while the wound dressing containing the
silk fibroin with bioactive coating layer could continuously absorb wound exudate during
the first 24 h (28). In addition, SF woven fabrics were immersed in a carnauba wax solution
to reduce the adherence to the wound surface. In the peel test with porcine skin, SF woven
fabrics showed less adhesion than commercial wound dressing mesh (Sofra-tulle®) (29).
For wound healing promoting properties, the wound dressing containing silk fibroin with
bioactive coating layer can support cell attachment, proliferation, migration and collagen
production in an in vitro study (28, 29). In vivo tests of full-thickness wounds of rat skin
showed that wounds treated with the wound dressing containing the silk fibroin with
bioactive coating layer had a greater extent of wound size reduction, epithelialization and
collagen formation than those treated with 3M" Tegaderm® high performance foam
adhesive dressing (29).

According to its advantages of the wound dressing containing the silk fibroin with a

bioactive coating layer in vitro and in vivo study, the objective of the present study is to



investigate the clinical safety of this innovative bi-layered wound dressing in healthy
volunteers by using a skin patch test.

The wound area following the STSG procedure can be used as a wound model
for a comparative study because of its smooth surface and uniform thickness. In addition,
it is a clean wound because the surgeon makes it in a sterilized environment (operating
room). STSG is one skin graft technique that takes healthy skin (epidermis and part of
dermis) and uses it to cover a wound. The new wound area after harvesting the healthy
skin is called the “STSG donor site” (1, 30). At STSG donor site management at King
Chulalongkorn Memorial Hospital, Bactigras® (medicated paraffin gauze dressing) has
been used on donor sites. Apart from investigating healthy volunteers’ safety profiles, the
objective of the present study is to compare the clinical efficacy and safety of this
innovative bi-layered wound dressing with standard dressing (Bactigras®) in the treatment
of STSG donor sites, with regard to the healing time, patients’ pain intensity, the skin’s
transepidermal water loss (TEWL) after healing, evidence of infection, systemic effects on
hepatic and renal functions and the morphology of cells attached to the wound dressing

at King Chulalongkorn Memorial Hospital.

1.2 Objectives

1.2.1  To investigate the clinical safety of the wound dressing containing the silk fibroin
with bioactive coating layer in healthy volunteers by using a skin patch test.

1.2.2 To investigate the clinical efficacy and safety of the wound dressing containing
the silk fibroin with bioactive coating layer compared with standard dressing
(medicated paraffin gauze dressing; Bactigras®) in the treatment of split-thickness

skin graft donor sites.



1.3 Hypotheses

1.3.1

1.3.2

Wound dressing containing silk fibroin with a bioactive coating layer shows minimal
skin irritation or sensitization after patch testing in healthy volunteers.

STSG donor sites treated with wound dressing containing silk fibroin with a bioactive
coating layer shows shorter healing time, less pain and more rapid TEWL recovery
than those treated with standard dressing (medicated paraffin gauze dressing;
Bactigras®). Moreover, there should be no difference in the rate of infection and
adverse events between STSG donor sites treated with wound dressing containing
silk fibroin with a bioactive coating layer and those treated with medicated paraffin

gauze dressing.

1.4 Scopes

1.4.1

14.2

A skin patch test was conducted to investigate the clinical safety of wound dressing
containing silk fibroin with a bioactive coating layer in terms of the severity of skin
irritation or sensitization in healthy volunteers between November 2012 and
February 2013 at the Department of Pharmacy Practice, Pharmaceutical Sciences,
Chulalongkorn University, Bangkok, Thailand.

The prospective, randomized, controlled, match pair clinical trial was conducted to
investigate the clinical efficacy and safety of wound dressing containing silk fibroin
with a bioactive coating layer in terms of the healing time, patients’ pain intensity,
the skin’s TEWL after healing, evidence of infection, and the systemic effects on
hepatic and renal functions in the treatment of STSG donor sites between October
2013 and December 2014 at the Division of Plastic and Reconstructive Surgery,

Department of Surgery, King Chulalongkorn Memorial Hospital, Bangkok, Thailand.



CHAPTER Il

LITERATURE REVIEWS

2.1 Wound

A wound can be classified according to the method of wound closure as follows:
2.1.1  Primary wound closure

Suture is the method of primary wound closure (skin edges are brought together,).
This is the most common method to close a wound and appropriate for clean wounds
without serious wound exudate. If the wound cannot be closed by suture because of tissue
loss, excessive swelling or being infected, a secondary wound closure should be taken
done (7, 8).

2.1.2 Secondary wound closure

The wound is left “open” and allowed to heal by itself with wound dressing changes.
The wound is covered with dressing to reduce the risk of infection and prevent further
trauma. There is no one wound dressing type suitable for all wounds. Therefore, choosing
an appropriate wound dressing is an important role for wound healing in this method (7, 8).
2.1.3 Tertiary wound closure

In case of infected wounds with extensive tissue loss, the wounds should be
debrided to remove dead, damaged or infected tissue and then left open for a few days.
After that, the wound is closed by primary (suture) or secondary (covered with appropriate
wound dressing) wound closure according to the evidence of infection and the presence
of red granulation tissue. It is also called “delayed primary wound closure” (7, 8).

There are many factors that affect wound healing. They can be categorized into
local and systemic factors as shown in Table 1. Factors that directly come from the
characteristics of the wound itself are called “Local Factors”. Size, depth, location and
duration of the wound are important factors to determine wound assessment. Wounds with

less tissue loss can be closed by primary wound closure. Whereas, wounds with more



tissue loss or ones that are larger in size and depth should be closed by secondary wound
closure. Wounds that are large in size (> 2 cm?) or depth (tendon, ligament or bone are
exposed), or the location is in poorly vascularized tissue or have long duration (> 2 months)
can lead to delayed wound healing (31, 32).

A temporary low level of oxygen or hypoxia after an injury enhances wound healing
by induction cytokine and growth factor production from keratinocytes, fibroblasts and
macrophages such as TNF-QL, TGF—B, PDGF, VEGF, and endothelin-1. On the other hand,
chronic hypoxia interferes with re-epithelialization and collagen production. Bacterial
infection also plays an important factor for wound healing, particularly P. aeruginosa and

Staphylococcus infection. If there is a bacterial infection, prolonged inflammation (or

prolonged elevation of pro-inflammatory cytokines such as IL-1 and TNF-QL) will occur (31).

Table 1: Factors affecting wound healing

Local factors Systemic Factors

Size, depth, location and duration of wound Age

Oxygenation Diseases

Infection Medications

Alcoholism and smoking

Nutrition

Systemic factors refer to the patient’s characteristics, disease status or overall
health condition which influences wound healing. In patients older than 65 years of age,
chemokine production and macrophage phagocytic capacity (inflammatory response), re-
epithelialization, angiogenesis and collagen production can be altered as a result of
decreased rates of wound healing (31, 33). In addition, diabetes is an important comorbid
condition that can affect wound healing involving a high metalloproteases level, hypoxia,
impaired angiogenesis, decreased host immune resistance and fibroblasts and epithelial
cell dysfunction (31). Many patients are treated with medication that can interfere with

wound healing such as corticosteroids and chemotherapeutic drugs. Corticosteroids inhibit



macrophage levels and suppress fibroblast proliferation and collagen production.
Chemotherapeutic drugs impair fibroblast proliferation, decline wound matrix formation and
impair immune functions (31, 34). Alcohol consumption and smoking can also affect wound
healing. Alcohol intake increases susceptibility to infection and impairs wound healing by
inhibiting angiogenesis and collagen synthesis, interfering with pro-inflammatory cytokine
release. Smoking decreases the numbers of monocytes and macrophages and impairs
fibroblast migration and proliferation (31). Lastly, glucose, amino acids (arginine and
glutamine), polyunsaturated fatty acid, and vitamins (retinol, L-ascorbic acid, tocopherol,
magnesium, zinc, copper and iron) play an important role in wound healing. Therefore, the
nutrition status should be monitored in patients with chronic wounds or those who cannot

take food by month (31, 34).

2.2 Wound dressing

In the secondary wound closure method, if the wound is left open without wound
dressing, a hard scab will form from the drying of wound exudate and the risk of infection
and trauma will increase. Although mesh gauze is still the most commonly used wound
dressing, the development of a new wound dressing will help to achieve the ideal wound

dressing properties for optimal wound healing (Table 2) (3).



Table 2: Properties of the ideal wound dressing (3, 35)

Maintains a moist environment

Absorbs exudate

Allows for gaseous exchange

Minimizes pain

Protects from micro-organisms contamination
Protects from mechanical trauma

Is comfortable to remove or change
Non-allergenic

Easy-to-use

Cost-effective

The ideal wound dressing should absorb excess wound exudate and provide a
moist wound environment because moist wounds heal faster than dry wounds. Therefore,
the amount of wound exudate should be considered in order to select an appropriate wound
dressing based on the absorption capacity of the wound dressing. Moreover, wound
dressings that are difficult to use may not be appropriate for patients who require assistance
(3).

Wound dressings can be categorized into three types (passive, interactive, and
active dressings) and are subdivided into four groups (non-occlusive, semi-occlusive,
occlusive, and biologic dressings) (Table 3) (9). Non-occlusive, semi-occlusive, and
occlusive dressings are classified by evaporative water loss. Non-occlusive dressings are
made of a fine mesh gauze (such as Bactigras®, Sofra-tulle) and are permeable to water
vapor, fluid and micro-organisms. Therefore, they are unable to absorb wound exudate and
cannot protect the wound from micro-organisms contamination. Moreover, they are allowed
to dry out and stick to the wound surface causing pain and trauma. However, it is still the
most commonly used wound dressing because it is inexpensive and easy-to-use. Semi-
occlusive dressings are permeable to water vapor, but impermeable to fluid and

microorganisms. Occlusive dressings are impermeable to water vapor. Both dressing types
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(semi-occlusive and occlusive dressings) can provide a moist wound environment to
promote wound healing and control the amount of wound exudate. Biologic dressings can

promote wound healing by providing biological substances such as human skin equivalent

or growth factors (9, 36).



11

oAISaYpE-}|9S-

(199ys jusedsuel)

"Bl19]0BQ pUE PIN|) J0) 8jgqeswladul

@cto_om@wh selledoud punom syl 8AI8Sq0 1NQ ‘e|geswJad Jodea Jeiem pue Seo)-
@Q_w-qo JUSQJOSOEB-UON- | O] SUBIDIUIID BUIMO| - aueylainA|od Jo s1eays Juaiedsuel | - wiiq
(8AISNJ200/9AISNJ220
-lwegs)
aAloBIBIUY
‘Buissalp 1usglosge
10 JoAe| Alepuooss e ul pagJosge
aJe pue ysauw ay} ybnouy) seyepnx3-
@m@@:omm |[eAOWaI |Njuled- 1S00 MOT- (*018 BUIPIXaYJo|yd
Jolinl-esjos senuadoid | sjonpoud |eoidoy Jaylo ‘uljoue) ‘uljeled se yons) sedoueysgns
Jauoler 1USQJOSge-UON- YIIM SN pauiquio)- snoueA yium pareubaidwi azneb yson- selb g|n|.
(8A1SNJ000-UON)
onISsed
sj1onpoud sallobareo
a|ge|ieny sobejuenpesi( sobejuenpy suonduossp BuIssalp punopp BuIssalp punopn

(9-1) "seipadoud pue sbuissalp punopp € ajgel




12

Juslaype-UuoN-

|26 ajeulbje

Juesaios sanJadold onejsouwaH- WNIPOS B SWJ0} pUB S81epnxa sqlosqy-
Jelsojey spunom AIp spunom Buipnxe pioe oluibe
@B_m_@_< Ul pesn aq 10U p|Noys- Alybiy Joy pereoipul- JO S]|ES WNIPOS pue Wniojeod Jo pesodwo))- a1eulb|y
Jusiaype-uoN-
sanljigeded Spunom
LoHSen| aAndiosqge JOUIN- AIp seielpAysy- (%96) J81eM pue siswAjod Jo pasodwo)- [2B0IpAH
aAISaype-}|9G- 90BLINS pUNOM
spunom | a8yl ie |8b e swio) pue Buipnxa pinji SqJosqy-
JAY3aong "Jopo |noj eonpo.d Buipnxa Aje1e489p0W ‘'soAlsaype pue unejeb ‘unoad
NEETVelo) Aew Buissaip ay] - -0]-MO| J0J Pa1EIPU|- ‘as0|Nn||92]Ay1BWAX0QJED J0 pasodwo))- p10]|000JPAH
syonpoud sal0bo1ed
3|qe|leAy sabeiueapesiq sabeiuenpy suondiosap Buissalp punop Buissalp punop

(9-1) "(enunuog) seiuadold pue sPuUISSaIP PUNOAA € d|ge]




13

1500 YbIH-

9Jl| JIBYS Hoys v-

AjjiBely
uiys ‘sajhoouneloy Buljesy S||80 Jusweoe|dey
@_mo_o_m_ 1O 8w 8in)nd Buo| - PUNOM 8J0WO0Id- | aulnw uo yeiboine (sejhoounelsy) [lewlsplidl lewJsspid3
(2160j01g)
Sallelvd
1500 ybBiH- 1usJaype-uoN-
spunom Aip spunom Buipnxa
JUANSIY | Ul pasn eg jou pjnoys- AlyBiy Jo) pareoipu| - | JoAe| J8Ino Wil B INOYIIM JO YIIM dueyiainAjod weo4
1502 YbBIN- 1UBJIBYpPB-UON-
spunom AIp spunom Buipnxa |96 B SW.OJ pue s81epnxs Sglosqy-
@_momsd< Ul pasn aq 10U pINoyYs- Alybly Joy pajeoipul- sJagl) 8s0|N||22]AYIBWAX0QIED WNIPOS- JaquoipAH
sjonpoud sallobaleo
a|ge|leny sebejuenpesi( sebeiuenpy suonduossp Buissalp PUNOAA BuIssalp punop

(9-1) "(8NURUOD) seluadold pue sBuUISSaIp PUNOAA € d|ge]




14

(49ad)
Buiiesy ulwJs|deosaq J1010B] YIMOID)
Jxoueibey 1500 YbiIH- pUNOM 810WO0Id- pue 490d uewny jo pasodwo) | paAleg-1e|eield
(s1se|goaqly uewny yym pajendod usbe|j0o
19010 1500 YbBiIH- Buiiesy BUIN0Q) JoAE| [ewIBP pUE (S8]A00Ulelo) Juswoaoe|dal
Jeubydy Juswalinbal abelio1g- puNoOM 8)0WO0Id- uewny) JaAe| jewlapids jo pasodwo) uns
1500 YbBiIH- Buiiesy S90leW Je|n||eoenxe pue Juswoaoe|dal
@t@@mgmo Juswalinbal abelolg- pUNOM 8]0WO0U4- | SISe|golqly uewny oluaboje Jo pasodwo) lewdsaq
sjonpo.d sel0bs1e0
a|ge|ieny sebejuenpesi( sobejuenpy suonduosap Buissalp PUNoOpA Buissalp punopp

(9-1) "(enunuo2) seiuadold pue sPuUISSaIp PUNOAA € 8|gel




15

Passive dressings or tulle gras are inexpensive and easy to use, but adhere to the
wound surface and cannot absorb wound exudate. Whereas, interactive dressings or semi-
occlusive/occlusive dressings with absorption capacity do not insert any biological
substances to promote wound healing. Moreover, active dressings or wound dressings with
biological substances (such as human skin equivalent or growth factors) to promote wound
healing are still very expensive because they are only imported (10-15). If the active
dressings with non-adherent, absorbent properties and a low cost can be developed, they
will be useful for patients.

In this comparative research, we have developed a new biomaterial based on Thai
silk for wound dressing application. It can be classified as a biologic dressing type.
Bactigras® (a mesh gauze impregnated with paraffin and 0.5% w/w chlorhexidine acetate)

was chosen as the control wound dressing (Figure 1).

Figure 1: Medicated paraffin gauze dressing (Bactigras®) from Smith & Nephew
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2.3 Silk

Silkworm or Bombyx mori (scientific name) is in the family Bombycidae. Silkworm
produces a cocoon around itself for protection. The cocoon consists of a twin-core fiber
called SF protein and an outer gummy covering substance called SS protein, or silk gum.
Therefore, the silk is composed of two types of proteins, SF and SS. 70 - 80% of the total

cocoon weight are SF and 20 — 30% are SS (37-41).

2.3.1 Silk fibroin (SF)

SF is insoluble in water and is mainly composed of 48% glycine, 32% alanine and
11% serine (42). Normally, the SF extraction method consists of three steps: degumming,
dissolving and dialysis. Degumming is a process to eliminate SS by boiling it in 0.02 M
Na,CO, and then the degummed SF is dissolved in 9.3 M LiBr at 60°C, followed by dialysis
for 3 days (43). SF is a widely used natural polymer for biomaterial applications, particularly
for wound healing applications, because of its biological and physico-chemical properties.

For biological properties, there are various formats for SF such as film and scaffold.
These forms have been proven to enhance cell attachment and proliferation, as shown in

Table 4. These properties help to accelerate re-epithelialization (to promote wound healing).

Table 4: Attachment and proliferation tests of SF

Composition and form Cell type

SF microfibers, SF nanofibers Normal human oral keratinocyte cells

and SF film (16)

SF film (17) Human skin fibroblast cells
SF membrane (44) Human tympanic membrane keratinocyte cells
SF scaffold (45) Human foreskin fibroblast cells

SF/collagen and SF/gelatin scaffolds | Rat chondrocyte cells

(46)
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For physico-chemical properties, SF has high oxygen permeability, high water
vapor permeability, good mechanical property, minimal inflammatory reaction, and
biodegradability and biocompatibility (21, 47, 48). Minoura (1990) prepared 1% SF
membranes to determine the physico-chemical properties. The results showed that SF
membranes had water vapor permeability similar in comparison with the rate of water
evaporation through normal skin. They also degraded sharply in the first few days (21).
Santin (1999) prepared 0.5% SF membranes to determine the inflammatory reaction of
the SF. SF membranes activated mononuclear cells at a lower level than the reference
materials (48). In addition, the development of 2:1% SF/ elastin scaffolds showed no
toxicity to the BJ5ta cell line (normal human skin fibroblasts) (18). These properties
indicated that SF can be used as wound dressings.

In vivo study, the result of the safety evaluation (of rat subcutaneous tissue) found
that the level of irritation of Thai SF scaffold (6.5% SF) was non-irritating to slightly irritating
compared to the control group (Gelfoam®) and the inflammatory response did not
significantly differ from the control group (49). For efficacy evaluation, the full thickness
skin wounds in the rats treated with electrospun SF nanofibers healed faster than those
treated with Tegaderm. The rat wounds treated with electrospun SF nanofibers were
completely healed at 2 weeks post wound creation (50). The results of other studies also
demonstrated that the rat wounds treated with SF healed faster than those treated with

the control commercial wound dressing (Table 5).
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Table 5: In vivo efficacy evaluation (time to complete healing) of SF in rats

Composition and form

Wound type

Time to complete healing

SF nanofibers (50)

Full-thickness skin wound

on dorsum

14 days for 8% SF

>14 days for Tegaderm

SF film (17)

Full-thickness skin wound

on dorsum ( diabetic rats)

14 days for 2% SF

>14 days for untreated wound

SF/Polyvinyl alcohol film
(51)

Full-thickness skin wound

on dorsum

15 days for SF/PVA

>15 days for untreated wound

SF sponge (52)

Full-thickness skin wound

on dorsum

7 days for 1% SF

12 days for Nu Gauze™

(half the healing time)

To date, only one study has investigated the clinical efficacy and safety of SF

biomaterials. In 2014, Clemens ef al. conducted a multicenter retrospective review in

patients who underwent abdominal wall fascial repair. SF biologic scaffold could support

and repair the abdominal wall with subcutaneous placement. The results showed that SF

biologic scaffolds were completely removed at 10.7 days + 2.9 days with low complication

rates (6.5%) (26).

2.3.2 Silk sericin (SS)

SS is soluble in hot water and is mainly composed of 30% serine, 20% aspartic

acid, 10-17% glycine, etc.) (19, 38, 53). In the textile industry, part of the SF fiber is used

for weavinge. Therefore, the SS must be eliminated from cocoon through a degumming

process (22). However, it can increase the value by recycling the SS waste solution.

Several studies demonstrated the SS properties, including the moisturizing property, anti-

aging effect, the antioxidants, and being chemoprotective. Therefore, SS is suitable for

cosmetic or dietary food applications (54-56). Moreover, the SS has wound healing

promoting and physico-chemical properties, which lead to the development of many

types of wound dressings. In the past several years, many research studies have provided
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evidence of wound healing activities, biocompatibility and biodegradability of SS from
both in vitro, in vivo and clinical studies.

In vitro study, methionine is an essential amino acid for collagen synthesis, which
is essential for the acceleration of wound healing (57). It was found about 0.1 — 3.4% of
SS, depending on the extraction method and strain of silk (19, 53, 58). There are four
methods to extract the SS, including extracting with heat (deionized water), and urea, acid
and alkaline. SS extracted from heat (deionized water) showed the highest methionine
content (~3.4%) while SS extracted from other methods showed 0.1-0.2% methionine
content. SS extracted from different Thai silk strains also have different methionine content
(Table 6). In this study, SS were extracted from Thai silk strain (bivoltine, white shell) and

were extracted by heat (deionized water).

Table 6: Methionine content of silk sericin from various Thai silk strains (mol%) (53, 58)

Bombyx mori

Amino acid Bivoltine, Bivoltine, Bivoltine, Multivoltine
white shell greenish shell yellow shell
Methionine 3.39 0.57 0.18 0.11

Several studies have revealed attachment and proliferation properties of SS in
various cell types (Table 7). All SS forms (solution, film, scaffold, etc.) can enhance

attachment and proliferation of keratinocyte and fibroblast cells.
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Table 7: Attachment and proliferation tests of SS

Composition and form Extraction method Cell type
for SS
SS solution (59) Alkaline - Murine hybridoma 2E3-0 cells

-Human hepatoblastoma HepG2 cells
-Human epithelial HelLa cells

-Human embryonal kidney 293 cells

Petri dish coated with | Urea -Human skin fibroblast cells

SS solution (20)

SS/SF membrane (60) | Heat (deionized -Human corneal limbal epithelial cells
water)
SS/SF film (61) Alkaline -MG63 human osteoblast-like cells
SS/PEG-DE* film (62) Heat (deionized -Rat embryo epithelial cells
water)
SS/gelatin film and Alkaline -AH927 feline-fibroblast cells

scaffold (23)

SS/PVA** scaffold (63) | Heat (deionized -L929 mouse fibroblast cells
water)
SS/CMC*** porous Alkaline -Human keratinocyte cells (HaCaT
matrices (64) cells)
SS/SF/gelatin sponge | Heat (deionized -L929 mouse fibroblast cells
(29) water)

*Polyethylene glycol diglycidyl ether, **Polyvinyl alcohol, *** Carboxymethyl cellulose

SS extracted from heat, alkaline and acid with concentration between 8-200
K g/mL can stimulate collagen type | synthesis (~200-350 pg/mL) from L929 fibroblast
cells. However, SS extracted from urea can also stimulate collagen type | synthesis, but
in lower collagen production (~100 pg/mL) than other extraction methods (19). The

collagen-stimulating effect of SS is concentration-dependent and at high concentrations
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are toxic to cells (> 200 pg/mL) (19). However, collagen-stimulating effect of SS is also
strain-dependent, because of differing methionine content. SS from the Thai silk strain
(bivoltine, white shell) can stimulate collagen type | synthesis greater than other Thai silk
strains (bivoltine, greenish shell and bivoltine, yellow shell), according to its high
methionine content (58).

In the cytotoxicity test, the development of SS/collagen membranes (0.4% SS +
0.4% collagen) showed no toxicity to HaCat human keratinocyte cells and 3T3 fibroblast
cells (24). In addition, the development of SF/SS films (2.25% SF and 0.25% SS) showed
no toxicity to MG63 human osteoblast-like cells, because lactate dehydrogenase activities
were equivalent to negative control (polystyrene wells) (61). The result in biodegradability
showed that the 7.5:5% SS/ gelatin films degraded completely within 2 weeks in
phosphate buffered saline (pH 7.4). It was also found that the films with lower content of
SS degraded at a slower rate (23).

In vivo study, the result in safety evaluation (rat subcutaneous tissue) found that
the intensity of the inflammatory cells, necrosis, fibrosis and neovascularization of SS/PVA
films and SS/PVA scaffolds were comparable to those of paraffin gauze dressing (27, 65).
For the efficacy evaluation, several studies have demonstrated that the rat wounds treated
with SS heal faster than those treated with the control commercial wound dressing (Table

8).
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Table 8: In vivo efficacy evaluation (time to complete healing) of SS in rats

Composition and form Wound type Time to complete healing

SS solution (66) Corneal abrasion* 24 h for 10% SS

36 h for saline

SS solution (67) Corneal abrasion** 48 h for 10% SS

72 h for saline

SS cream (68) Full-thickness skin wound | 11 days for 8% SS
on dorsum 15 days for cream base
SS/PVA scaffolds (25) Full-thickness skin wound | 14 days for 3% SS/2% PVA
on dorsum 21 days for 2%PVA

SS/SF/gelatin sponge (29) | Full-thickness skin wound | 14 days for 1% SS

on dorsum >14 days for Tegaderm

*Normal rats, **diabetic rats
Results from randomized controlled clinical study in patients showed that time for
complete healing in wounds treated with SS was shorter than wounds treated with

commercial wound dressing and no evidence of adverse reaction (27, 69) (Table 9).

Table 9: Clinical study of SS in patients

Composition and form Wound type Time to complete healing
SS/silver zinc sulfadiazine | Burn wound ~ 22 days for 8% SS/1% silver
cream (69) sulfadiazine /1% zinc oxide

=~ 29 days for 1% silver sulfadiazine/1%

zinc oxide

SS/PVA/glycerin scaffold STSG donor site| 12 days for 3% SS/2% PVA/1% glycerin
(27) 14 days for Bactigras®
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The advantages of SF and SS in wound healing have led to the development of the
wound dressing containing silk fibroin with a bioactive coating layer composed of bioactive
(3% SF/gelatin and 1% SS) and a wax-coated SF woven fabrics contact layer (Figure 2).
Previous studies showed that the wound dressing containing silk fibroin with a bioactive
coating layer could absorb wound exudate because of its spongy and high density porous
structure of bioactive layer (28). For the contact layer, SF woven fabrics were immersed in
a carnauba wax solution to reduce the adherence to the wound’s surface. A peel test with
porcine skin demonstrated that wax-coated SF woven fabrics were less adhesive than
standard commercial wound dressing mesh (Sofra-tulle®) (29). Moreover, the wound
dressing containing silk fibroin with a bioactive coating layer showed the wound healing
promoting property in terms of supporting cell attachment, proliferation, migration and
collagen production. In the rat full-thickness wound model, wounds treated with the wound
dressing containing silk fibroin with a biocactive coating layer had a larger extent of
epithelialization, wound size reduction, and collagen formation than wounds treated with
commercial wound dressing (3M" Tegaderm®) (28, 29). In this study, human clinical trials
were performed in both healthy volunteers and patients. Healthy skin and STSG donor site

wounds were selected for clinical safety and efficacy evaluations, respectively.
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>~ Fabric-based layer

> Bioactive layer

C

Bilayered wound dressing

Skin or wound «——ov

—» Bioactive layer

‘ ‘ ‘ ‘ | —» Fabric-based layer

Figure 2: Wound dressing containing silk fibroin with bioactive coating layer

(A: macroscopic image, B: microscopic image, C: diagram of wound dressing)
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2.4 Skin grafting

Normally, if wounds cannot be closed by suturing (primary wound closure) or
treated with wound dressing changes (secondary wound closure) because they have a
large surface area (>3 - 4 cm) or cannot heal by themselves such as burn and chronic
wounds, skin grafting should be used to close the wounds (7, 8). Skin grafting or skin
transplantation is a surgical procedure that involves harvesting healthy skin (donor site) and
transplanting it to the wound area (recipient site). The transplanted skin or skin graft consists
of the epidermis and variable thickness of the dermis. Therefore, skin grafts can be
classified according to the amount or thickness of the dermis (full-thickness and split-
thickness) (Figure 3). Full thickness skin grafts (FTSGs) consist of the epidermis and entire
amount of the dermis. While, STSGs consist of the epidermis and part of the dermis and are
subdivided into three types (thin, medium and thick) (Table 10). The thicker the skin graft,
the greater graft quality but slower donor site re-epithelialization. Therefore, areas with high
mechanical friction (such as joints and palm) are commonly covered with thicker dermal
skin layers. However, thick STSGs consist of full hair follicles so unpleasant hair growth

should be considered (1, 30, 70, 71).

"7 Eprdermis

Q
| 5%

L Dermis
Y . l“) ':.:L'
Split-thickness

Medi L
skin graft fecinm

Subrutanepusy

Full-thickness tissue

skin graft

Figure 3: Classification of skin grafts (30)
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Skin grafts are also classified according to the sources, autograft (where the donor
and recipient are the same subject), allograft (where the donor and recipient are different
subjects but same species), isograft (where the donor and recipient are different subjects
but same species with same genetic code such as twins) and xerograft (where the donor

and recipient are different species) (70, 71).

Table 10: Classification of STSGs according to the thickness of the dermis (70, 71)

Graft type Thickness (mm)
Thin 0.15-0.30
Medium 0.30-0.45
Thick 0.45-10.60

The abdominal wall, anterior and lateral thigh are the most common donor areas for
STSG. The posterior thigh can also be used as a donor site but it is more painful and difficult
to care for. Debridement of the wound area (recipient site) is the first step of STSG. This
step is to remove any dead, damaged, or infected tissue. Second, the size of the skin graft
needed should be measured and traced for the area needed over the STSG donor site.
Third, the surgeon adjusts the width and thickness of the electrically-powered dermatome
(Figure 4). Forth, the surgeon holds the dermatome in 45° with the skin surface, then
presses and moves it slowly from distal to proximal to harvest the healthy skin at the STSG
donor site. Fifth, epinephrine soaked gauze is applied to the STSG donor site to stop
bleeding. Sixth, the surgeon places the skin graft over the wound (recipient site) to cover
and promote wound healing. Finally, wound dressing is placed on the STSG donor site and
covered with gauze pads to absorb wound exudate and is wrapped with elastic bandages
to create localized pressure and to protect it from mechanical trauma (Figure 5) (1, 2, 8,
30). The STSG donor site can be used as a wound model for comparative study because
of its smooth surface and uniform thickness (Figure 5). In addition, it is a clean wound

because the surgeon makes it in a sterilized environment (operating room).
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Figure 4: Zimmer” electric dermatome

Traditionally, STSG donor sites have been treated with paraffin gauze dressing
(Jelonet®) or medicated paraffin gauze dressing (Bactigras® and Sofra-tulle®). This type of
wound dressing is inexpensive with easy-to-use but adheres to the wound’s surface which
leads to trauma and cannot absorb wound exudate (10-13). Bactigras® (containing
chlorhexidine acetate 0.5%) has been used on the donor site at King Chulalongkorn

Memorial Hospital.
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Split-thickness harvest

Skin graft Donor site

A 4

Wound covered with skin graft

Recipient site Donor site dressing (Bactigras®)

Figure 5: STSG procedure
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The STSG donor site has the same characteristic as a partial thickness burn or
second-degree burn in terms of dermis lost and it heals by re-epithelialization. The STSG
donor site usually heals within 7 — 21 days and the healing rate depends on the depth and
size. Most patients have more discomfort at the donor site than the graft site. In addition,
bacterial contamination may occur during the postoperative period which increases the risk
of infection. Infection at the STSG donor site can transform a partial-thickness skin loss to a
full-thickness skin loss. Therefore, it is important to follow-up on the healing time, the
patient’s discomfort and any infection. Moreover, the STSG donor site after healing usually
incurs scarring, discoloration and itching (table 11). Healed STSG donor site should be
protected from UV exposure and dehydration. Therefore, sunscreen and mild moisturizer

can be applied to the healed STSG donor site. (1, 8, 30, 36).

Table 11: Donor site assessments (1, 12, 13)

Assessment methods

Healing time Visual assessment (the dressing spontaneously peeled off

from the donor site without exudate and pain)

Patient’s pain level Visual analogue scale

Infection Signs of infection (redness, swelling, inflammation, heat,

purulent exudate or malodor)

Hypertrophic scar or keloid| Vancouver scar scale

ltching Visual analogue scale

Several studies demonstrated that when the healing time was observed, the skin
barrier function did not recover completely. Therefore, not only should the healing time,
patient’s discomfort and possible infections be considered but also should the skin barrier

function, as measured by transepidermal water loss (TEWL).
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2.5 Transepidermal water loss (TEWL)

TEWL is the measure of the water vapor flux density diffusing from the skin to the
external environment and it is commonly used in dermatological research as an important
parameter for skin barrier function. TEWL values are affected by the skin area ranging from
2.3 g/m’/h (breast) to 44.0 g/m’/h (axilla). The TEWL is 5.1 g/m°/h for the thigh area.
Increased TEWL is regarded as skin barrier dysfunction or damaged skin. In contrast,
decreased TEWL is regarded as recovered skin barrier function (72).

In this study, Tewameter” TM 300is a measuring device for assessment of the TEWL
based on diffusion law (Figure 6). In this instrument, the water vapor flux density was
measured by two pairs of sensors (temperature and moisture) inside a hollow cylinder and

the TEWL value can be calculated from the moisture value at two different sites (73).

Figure ©: Tewameter” TM 300

TEWL measurement technique was used to evaluate treatment effect in several
studies (74, 75). Dini (2008) studied the effect of Cavilon® film on the restoration of the
skin barrier function in the treatment of pressure ulcer and venous leg ulcer. The results
showed that TEWL values of wound treated with Cavilon® film decreased over time (202.5

g/mz/h on week 0 and 113.4 g/mz/h on week 4 for pressure ulcer and 75.3 g/m2/h on week
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0 and 49.7 g/m2/h on week 4 for venous leg ulcer) (74). Na (2011) studied the effect of
platelet-rich plasma on the restoration of the skin barrier function in the treatment of laser
wound. The results indicated that the wounds treated with platelet-rich plasma have a
more rapid TEWL recovery than the control wounds (75). In addition, Silverman (1989)
and Atiyeh (2003) studied the effect of wound dressing on the healing and restoration of
the skin barrier function. The results from these studies showed that when healing times
were observed, the TEWL values remained elevated because of incomplete functional
skin barrier recovery (76, 77). Moreover, there were difference in the duration of the
functional skin barrier recovery between the STSG donor sites treated with MEBO and
Tegaderm dressing (67.4 and 150 days) (77). Therefore, TEWL measurement could be
used as a quantitative and non-invasive assessment of the functional skin barrier recovery
and used to investigate the clinical efficacy of the wound dressing containing silk fibroin

with a bioactive coating layer in this study.
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2.6 Erythema and melanin

Erythema is redness of the skin caused by skin inflammation. Melanin is skin
darkening that can occur after the onset of skin redness by skin inflammation. In this study,
Mexameter” MX18 is a measuring device for assessment of the erythema and melanin
levels (Figure 7). It is commonly used in dermatological research. In this instrument, a
receiver measures absorbed and reflected light at wavelengths for hemoglobin (568 and
660 nm) and melanin (660 and 870 nm). The measuring surface area is 5 mm in diameter
and higher levels of erythema and melanin mean higher amounts of hemoglobin and

melanin pigments (78, 79).

Figure 7: Mexameter” MX18
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A previous study using a delayed type hypersensitivity in a murine model found
that the auricular swelling rate was significantly positively correlated with the erythema
level (measured by Mexameter” MX18) (r = 0.841, p < 0.001) (80). Takada et al. (81)
studied the objective measurement of erythema caused by metal reagent in the skin patch
test and found that the sensitivity and specificity of the interpretation method with the
Mexameter” MX18 for International Contact Dermatitis Research Group (ICDRG) standard
series (differentiated between doubtful or irritant reactions and weak or strong positive
reactions) were 73.3% and 91.2%, respectively. Therefore, the measurement of erythema
can be used to quantify the skin irritation. In addition, melanin levels were also obtained
from this non-invasive instrument. Hyperpigmentation (overproduction of melanin) is a
common response which occurs after cutaneous inflammation, particularly in contact
dermatitis (82). Van der Wal et al. (83) reported that the melanin level (measured by
Mexameter® MX18) strongly correlated with the hyperpigmentation score on the Patient
and Observer Scar Assessment Scale (POSAS) (r = 0.75, 95% confidence interval, 0.51-

0.88). Therefore, measurement of melanin can be used to quantify skin darkness.



CHAPTER 1lI

RESEARCH METHODOLOGY

3.1 Fabrication of the wound dressing containing silk fibroin with a bioactive

coating layer

1. SF woven fabrics were immersed in the 0.1% carnauba wax solution and then
dried overnight to obtain wax-coated SF woven fabric based layer.

2. Preparation of the SS and SF solutions before mixing, including autoclaving the
cocoons at 121°C for 1 hour to obtain the SS solution and degumming (by boiling it in

0.02 M Na,CO,), dissolving (in 9.3 M LiBr at 60°C for 4 hours) and dialysis for 3 days to

obtain SF solution. In addition, gelatin was swollen in deionized water for 15 minutes and

then warmed at 40°C for 1 hour until it is completely dissolved.

3. SS solution was mixed with gelatin and SF solutions at 4% w/v total protein
weight. 1% for SS solution and 3% for SF and gelatin solutions. With the 3% of SF and
gelatin, the mixing ratio is 20:80

4. After mixing for 1 hour, the mixture was crosslinked with 0.02% glutaraldehyde
for 10 minutes and then poured it into teflon mold, and then attached to wax-coated SF
woven fabric based layer.

5. Kept it in 4°C for 24 hours and then stopped the reaction by 0.1M glycine
solution for 1 hour and then eliminated the residual glutaraldehyde by gentle stirring in
deionized water for 6 hours with water changes 3 times. After that, the gel was frozen
before lyophilization.

6. Lastly, scaffold was immersed in 20% v/v glycerine solution and allowed to dry

for 10 hours before sterilization by gamma irradiation.
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3.2 Phase I: Clinical safety of the wound dressing containing silk fibroin with a

bioactive coating layer in healthy volunteers

The study protocol was approved by the ethics committee of the Faculty of
Pharmaceutical Sciences, Chulalongkorn University, Bangkok, Thailand (Protocol review

number 12-33-013 on 18 July 2012, Appendix A).

Study design

The study design was a prospective, randomized, controlled, match pair clinical

trial.

Study samples

Healthy Thai citizens volunteered at the Department of Pharmacy Practice,
Pharmaceutical Sciences, Chulalongkorn University between November 2012 and
February 2013. A total of one hundred and twelve subjects were recruited for the study.
The following were the criteria for the inclusion and exclusion of volunteers to the phase |

study.

Inclusion criteria
1. Volunteers aged 18 to 65 years.
2. Normal physical and neurological examinations.

3. Volunteers who have provided written informed consent.

Exclusion criteria

1. Administration of any of the following drugs within the last 2 weeks:
- Immunosuppressants
- Oral and topical antihistamines

- Oral and topical steroids
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2. Diagnosis with any of the following diseases:
- Skin diseases such as psoriasis, infectious skin diseases
- Immunodeficiency diseases
3. History of allergic or hypersensitivity reactions to SS or SF or paraffin or

chlorhexidine acetate.

Sample size

McNamee (2008) recommended that the human patch test should be conducted
on 100 healthy volunteers. With the sample size of 100, the probability of detecting skin
adverse effects is 0.99 or 5 percent in the target population (84).

Assuming a 10% loss to follow up (drop-out rate = 10%);

N = 100/(1-0.1) = 111.11 = 112 subjects

Randomization

Each back area of eligible healthy volunteers was divided into the left and right
sides. Back areas were randomized to receive pattern A (left side applied with the wound
dressing containing silk fibroin with bioactive coating layer and right side applied with the
medicated paraffin gauze dressing) or B (left side applied with the medicated paraffin
gauze dressing and right side applied with the wound dressing containing silk fibroin with
bioactive coating layer) by simple randomization.

The back areas applied with the wound dressing containing silk fibroin with
bioactive coating layer were the experimental group and the back areas applied with the

medicated paraffin gauze dressing were the control group.

Intervention
The back areas were applied with the wound dressing containing silk fibroin with
a bioactive coating layer and the medicated paraffin gauze dressing (Bactigras® from

Smith & Nephew).
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Data collection methods

1. Healthy volunteers were assessed for eligibility according to the criteria

2. Volunteers were informed that this information was being used in a research
study and were told the objectives, methods, benefits and risks (Appendix B).
The volunteers were asked to participate in the study.

3. After giving their informed consent (Appendix C), baseline characteristics
were recorded such as gender, age and weight (Appendix D).

4. On the first visit, the back areas were divided into two sides and then baseline
of erythema and melanin levels of the back skin were observed. Then, each
side was randomized to receive the wound dressing containing silk fibroin with
bioactive coating layer or the medicated paraffin gauze dressing, in the size
of a 2x2 cm” area and then covered with a self-adhesive non-woven fabric
(Neofix”). Both dressings were left for 3 days. After that, both dressings were
changed and left for an additional 3 days. This period was called the induction
phase | and Il. Seven to ten days (rest period) after the last induction
application, both dressings were applied on the identical areas and left in
place for 3 days. This period was called the challenge phase (Figure 8).

5. At each phase, the levels of erythema (skin redness) and melanin (skin
darkness) were measured by a Mexameter” MX18 (Courage + Khazaka
electronic GmbH, Germany). Photos of the back skin were taken within 30 min
after the dressings were removed and evaluated for any visual skin irritation
or sensitization to collect frequency data using the Repeated Insult Patch Test
(RIPT) scale (Appendix E) by 2 clinical dermatologists (85). At each phase,
the measurement of erythema and melanin levels was repeated consecutively

for twenty times by Mexameter® MX18 probe.



Figure 8: Schedule of phase | study in healthy volunteers
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3.3 Phase llI: Clinical efficacy and safety of the wound dressing containing silk
fibroin with bioactive coating layer in the treatment of split-thickness skin graft

donor sites

The study protocol was approved by the institutional review board of the Faculty
of Medicine, Chulalongkorn University, Bangkok, Thailand (Approval number 184/56 on
30 July 2013, Appendix F, Clinical Trial Registration Number NCT02091076 title Efficacy

and safety of silk fibroin with bioactive coating layer dressing).

Study design

The study design was a prospective, randomized, controlled, match pair clinical

trial

Study samples

Donor sites were of STSG in adult patients undergoing wound reconstructive
surgery at the Division of Plastic and Reconstructive Surgery, Department of Surgery, King
Chulalongkorn Memorial Hospital between October 2013 and January 2015. A total of
thirty donor sites were recruited for the study. The following were the criteria for the

inclusion and exclusion of patients to the phase Il study.

Inclusion criteria

1. Patients aged 18 to 65 years.

2. Patients requiring STSG due to burn, scar contracture, or others.
3. The donor sites of STSG were located on the thigh.

4. Patients provided written informed consent.
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Exclusion criteria

1.

Donor sites were anywhere other than the thigh area.

2. History of allergic or hypersensitivity reactions to SS or SF or paraffin or
chlorhexidine acetate.

3. There was a risk of transferring an infection from a nearby infected area to
donor site such as acute burn patients.

4. Immunocompromised patients such as those with acquired immunodeficiency
syndrome (AIDS) and renal failure.

5. Patients with diabetes mellitus.

6. Patients with low serum albumin level (less than 3.0 g/dL) (86).

7. Patients with psychiatric disorders or physical disabilities that hinders
collaboration.

8. Patients who were not comply with the study protocol.

Sample size

Formula for the calculation of sample size for studies using two related samples

experiments is (87)

N = ﬁZa+_ZB)$2
D2
N =sample size
Zq = Z value for alpha error
Zp = Z value for beta error
S® = variance expected

D’ = mean difference to be detected



41

Siritientong (2013) (27) reported that the day of re-epithelization for wounds
treated with silk sericin-releasing bioactive wound dressing was significantly less than the
day of re-epithelization for wounds treated with Bactigras® (12.0 £ 5.0 & 14.0 £ 5.2 days
for silk sericin-releasing bioactive wound dressing and Bactigras® groups, respectively, p
< 0.001).

a = 0.05, Za = 1.96
B=o0.1, ZB = 1.28
The correlation between the wounds treated with silk sericin-releasing bioactive

wound dressing and the wounds treated with Bactigras® in healing time (r) = 0.878

s° = S2+ 8,7 - (2xr xS, xS))
= 5.02+5.22—(2><O.878><5.0><5.2) = 52.04-45656 = 6.384
D = the difference between the wounds treated with the wound

dressing containing silk fibroin with bioactive coating layer and the wounds treated with
the medicated paraffin gauze dressing in healing time (days) is specified as 2.
Evaluation of sample size; N = _(Za+_ZB)ﬁ
D2
=(1.96 + 1.28)° x6.384 = 16.75 & 17 wounds

2

2
Assuming a 40% loss to follow up (drop-out rate = 40 %);
N = 17 = 2833 ~ 30 wounds
1 - 04

Randomization

Each donor site wound was divided into the cephalad half and the caudal half of
equal size. Donor sites were randomized to receive pattern A (cephalad part treated with
the wound dressing containing silk fibroin with bioactive coating layer and caudal part
treated with the medicated paraffin gauze dressing) or B (cephalad part treated with the
medicated paraffin gauze dressing and caudal part treated with the wound dressing

containing silk fibroin with bioactive coating layer) by simple randomization.
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The wounds treated with the wound dressing containing silk fibroin with bioactive

coating layer were the experimental group and the wounds treated with the medicated

paraffin gauze dressing were the control group.

Intervention

The donor site wounds were dressed with the wound dressing containing silk

fibroin with bioactive coating layer and the medicated paraffin gauze dressing (Bactigras®

from Smith & Nephew).

Data collection methods

1.
2.

Patients were assessed for eligibility according to the criteria.

Serum samples were collected from patients before operation for screening of
serum albumin level and measuring liver function (aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP) and renal
function (blood urea nitrogen (BUN), serum creatinine (Scr)).

Information about the research study was given to the patients including the
objectives, methods, benefits and risks (Appendix G), and patients were
asked to participate in the study.

After giving their informed consent (Appendix H), the baseline characteristics
were recorded such as gender, age, medical history and current medication
being taken (Appendix I).

The STSG donor site was taken from the thigh by using Zimmer” dermatome,
and then epinephrine soaked gauze was applied to the donor site. Photos of
the STSG donor site were taken to measure the donor area using ImageJ
software developed by the National Institutes of Health.

The donor site was divided into two equal halves, each side was randomized
to receive the wound dressing containing silk fibroin with bioactive coating
layer or the medicated paraffin gauze dressing, and then covered with gauze

pads and elastic bandages.
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10.

11.
12.
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The donor site wounds were observed daily (Appendix J). The dressings were
not changed, except when they were fully soaked with exudates and easily
fell off or there was any sign of infection. The healing time was recorded when
the dressing separated completely from the donor site, without any exudates
and without pain when the donor site was exposed to air (12, 13).

The patient’s pain level was evaluated with the visual analogue scale from 0
(no pain) to 10 (unbearable pain) points (88) and was recorded on
postoperative days 1 to 5. The STSG donor site wounds were covered with
gauze pads and rolls during pain assessment.

The donor site wounds were observed daily for signs of infection such as
redness, swelling, inflammation, heat, purulent exudate or malodor (89, 90).
On the day the wound was determined as being completely healed and 1
week, 1 to 5 months later, the skin barrier function (TEWL) of each side was
measured using a Tewameter TM 300 (Courage+ Khazaka electronic GmbH,
Germany). Control measurements were made at adjacent (uninjured) skin. At
each appointment, the measurement of TEWL was repeated consecutively for
forty times by a Tewameter® TM300 probe in each group (the healed STSG
donor site wounds were divided into four equal parts, with each part measured
repeatedly 10 times and four positions of adjacent normal skin also measured
repeatedly 10 times.) The TEWL index was calculated by dividing the TEWL
of post-donor site healing day A by the TEWL of adjacent normal skin day A.
TEWL measurement is a non-invasive technique to monitor changes of the skin
barrier function that provides an objective data for assessment of wound
healing.

Considered as any complication in any patient.

Additional serum samples were collected from patients at 1 — 3 days post-
operation for measuring liver function (aspartate aminotransferase (AST),
alanine aminotransferase (ALT), alkaline phosphatase (ALP), albumin) and

renal function (blood urea nitrogen (BUN), and creatinine (Scr)).
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13. The morphology of epithelial cells attached on the wound dressing after
peeling off was analyzed by polarized light microscope (Olympus BX53,
Japan).
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Figure 9: Flowchart of phase Il clinical study

Patients were assessed for eligibility

Serum samples were collected before operation for screening of serum albumin

level and measuring liver & kidney function
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Information in a research study were informed to the patients
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Baseline characteristics were recorded

v

Donor site was divided into two equal halves, each side was randomized
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Treated with wound dressing containing Treated with medicated paraffin

silk fibroin with bioactive coating layer gauze dressing (standard dressing)

v v

Follow-up:

- Healing time (daily evaluation) - Patient’s pain level (on days 1 to 5)

- Signs of infection (daily evaluation) - Complication (daily evaluation)

- Serum samples were collected at 1 — 3 days post-operation for measuring
liver & kidney function

- Transepidermal water loss (On the day the wound was recorded for healing
time and 1 week, 1 to 5 months later)

- Cell morphology (when the dressing separate completely from the donor site)

Analysis and conclusion
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3.4 Data analysis and statistical

Data analysis was carried out using SPSS version 22.0 (SPSS Co., Ltd., Bangkok
Thailand). Statistical significance level was selected as p < 0.05.

In Phase | and |1, all qualitative data represent the frequency and percentage. All
quantitative data represent the mean + standard deviation and median + interquartile
range.

In Phase |, comparison of the mean erythema and melanin levels from Mexameter”
between the dressing groups used repeated measures analysis of variance.

In Phase I, the differences in healing time, patient's pain level, TEWL and
laboratory data between the dressing groups used Wilcoxon signed-ranks test. The

differences in body temperature used Friedman analysis of variance.

3.5 Ethical consideration

This research focused on the treatment of STSG donor sites according to the
standard treatment of the Division of Plastic and Reconstructive Surgery, Department of
Surgery, King Chulalongkorn Memorial Hospital. The researcher had to inform participants
about the objective of the research, expected duration, methods, benefits, and potential
risks and adverse effects. Participants had a right to deny participation and to withdraw
at any time. The researcher will have to secure participants’ data to keep it confidential

and to present in conclusion.



CHAPTER IV

RESULTS

4.1 Phase I: Clinical safety of the wound dressing containing silk fibroin with

bioactive coating layer in healthy volunteers

A total of 112 subjects were recruited for the study. Of these, 110 were available
for follow-up evaluation (1.8% loss to follow-up). Reasons for loss to follow-up included
one irritation from adhesive tape and one withdrawal of consent because of time
limitations.

The baseline characteristics of healthy volunteers for the patch test are
summarized in Table 12. There were more females (71.8%) than males (28.2%), age
range 20-61 years with an average age of 39.9 years. The average weight and height
were 60.1 kg and 160.5 cm, respectively. There were 8 (7.3%), 71 (64.5%), 24 (21.8%)
and 7 (6.4%) subjects in the < 18.5 (underweight), 18.5-24.9 (normal weight), 25.0-29.9
(overweight) and 2 30.0 (obese) body mass index (BMI) groups, respectively. Most
healthy volunteers had no underlying disease (88.2%). Appendix K presents the skin of

healthy volunteers at the back area during the skin patch test.



Table 12: Baseline characteristics of healthy volunteers for patch test.
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Number (%) or Mean + SD (Range)

Sex
Male

Female

31(28.2)
79 (71.8)

Age (years)

39.9 £ 12.8 (20-61)

Weight (kg)

60.1 £ 12.4 (41-96)

Height (cm)

160.5 + 8.1 (140-182)

Body mass index (kg/m®)

23.3+4.2(16.5-37.1)

<185 8 (7.3)
18.5-24.9 71 (64.5)
25.0-29.9 24 (21.8)
2 30.0 7 (6.4)
Underlying disease
None 97 (88.2)
Both hypertension and hyperlipidemia 6 (5.5)
Hypertension 5 (4.5)
Hyperlipidemia 2(1.8)
Occupation
Government officer 56 (50.9)
Employee 39 (35.5)
Housekeeper 12 (10.9)
Student 3(2.7)
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The results were divided into two parts. The first part comprised the erythema and
melanin levels measured by Mexameter” MX18 at four phases (beginning phase,
induction phase I, induction phase Il and challenge phase) (see Table 13 and Figure 10).

The results from both wound dressings indicated that the erythema and melanin
levels at the beginning phase (238.63 +83.52 units for erythema and 230.68 + 99.74 units
for melanin) were significantly higher than other phases (225.26 + 79.78 units for erythema
and 220.46 + 97.55 units for melanin). In addition, there were no significant differences in
erythema and melanin levels among the following three phases (induction phase I, Il and

challenge phases).
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Table 13: Erythema and melanin levels of the skin of healthy volunteers before and during the

patch test [mean + SD (Range)]

Erythema level

Phase

Type

Before patch test

Beginning phase

Bactigras®

233.57 £ 81.96
(56.00-485.80)

Bilayered wound

dressing

243.70 £ 85.09
(61.20-504.70)

Total

238.63 + 83.52
(56.00-504.70)

Melanin level

Phase Before patch test
Type Beginning phase
Bactigras® 226.47 + 97.65

(67.00-685.80)

Bilayered wound

dressing

234.89 +101.84
(82.95-711.65)

Total

230.68 £ 99.74
(67.00-711.65)

22526 £ 79.78
(43.40-493.20)

216.22 + 95.03°
(66.90-674.90)

220.46 £ 97.55
(66.25-73.55)

*Significant difference (p = 1 X 107 vs beginning phase), calculated by repeated measures ANOVA

®Significant difference (p = 1 X 10™ vs beginning phase), calculated by repeated measures ANOVA

“Significant difference (p =1 X 10° vs beginning phase), calculated by repeated measures ANOVA

dSignificant difference (p =1 X 10° vs beginning phase), calculated by repeated measures ANOVA

“No significant difference (induction phase | vs phase 1), calculated by repeated measures ANOVA

No significant difference (induction phase Il vs challenge phase), calculated by repeated measures ANOVA

*No significant difference (induction phase | vs challenge phase), calculated by repeated measures ANOVA
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Figure 10: (a) Erythema and (b) melanin levels of the skin of healthy volunteers at the
beginning phase (I:l), induction phase | ( E), induction phase | () and challenge
phase (.). *Significant difference (p < 1 X 10™) vs beginning phase), calculated by

repeated measures ANOVA.
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The second part comprised the percentage of severity of cutaneous reactions
evaluated by two clinical dermatologists using images taken with a digital camera. (Table
14). ARIPT scale was used to score skin irritation or sensitization at each phase. The RIPT
scale is a grading (severity) scale that consists of 6 grades (0, 0.5, 1, 2, 3, 4) (85).

There was a significant difference in the severity of cutaneous reactions between
wound dressing groups (p = 0.004). However, there was no evidence of marked or severe
responses in both wound dressing groups. In addition, there was evidence of mild and
moderate erythema in the wound dressing containing silk fibroin with bioactive coating
layer (1.82 and 1.82%, respectively). In addition, there was evidence of barely perceptible
responses for both wound dressings (1.36% for Bactigras® and 0.45% for wound dressing

containing silk fibroin with bioactive coating layer).



53

aN|(eA JUBISUOD 0} anp pandwod sonsiels oN = ON 0

sdnoJb Buissaip punom usamiag Aousnbaly ayy Jo aoualayip Juedubis Aue 1oy 18} alenbs-1yD ,

ewapa INOYNIM Jo Uim Buideam 1o uonenoisea yim ewsyikie pal desp (a1eneg) =

4
sa|nded Jo selyosiad ‘ewsps BulAuedwodoe yim ewsyilie pal ybug (pesepn) = €
14

eale JOBU0D 8J)Ua Ul Wiojun A|gISIA BwayAIa palpjuld (S)etapol) =

8}IS 10BJU0D JO 1soW Bupanod ewsyihie wuoyun yuid (PIIA) = L

ewayihue Anods o wuopun (yuid ybi) Jurey lewiuiw (sjgndedtad Ajpieg) = G0

1088 Aue JO 80UBPING ON = 0

a

02z 01 |lenba sem aseyd yoes Jo Aousnbaly wnwixep .

¥00°0 »ON 1000 > pON ,onjea-d
(000) 0 (000) 0 (000) 0 (000) 0 (000) 0 (00°0) 0 (00'0) 0 (00°0) 0 14
(000) 0 (000) 0 (000) 0 (000) 0 (000) 0 (00°0) 0 (00'0) 0 (00°0) 0 €
(e81) ¥ (000) 0 (ecgl) v (000) 0 (000) 0 (00°0) 0 (00'0) 0 (00°0) 0 4
(e81) v (00°0) 0 (000) 0 (000) 0 (e8l) v (00°0) 0 (00'0) 0 (00°0) 0 l
(S¥°0) L (9g71) € (S¥°0) L (000) 0 (000) 0 (16'0) C (000) 0 (S¥°0) L S0
(16°G6) 112 (¥9'86) L1C (€L°26)Gle (00°001) 02e (81'86) 91 (60°66) 812 (00°001) 0Ze (S5°66) 612 0
Buissaup Buissaip Buissaip Buissaip
punom palshe|ig @w@@:omm punom palahe|g @mm_@:omm punom palahe|ig @mm_mzomm punom palahe|ig @wm_mzomm_ ,2PEID

[eloL

aseyd abusjeyn

|| @seyd uononpu

| @seyd uononpuj

[(%) ,Jeqwnu]1se) yored syl Buunp siesjun|oA Ayjiesy Jo ups 8y} Jo suoioeal snosueino Jo Alenes Jo ebejusdled 7| 8qel




54

4.2 Phase II: Clinical efficacy and safety of the wound dressing containing silk
fibroin with bioactive coating layer in the treatment of split-thickness skin graft

donor sites

A total of 30 donor sites from 23 patients who underwent a STSG procedure were
recruited in this study. The baseline characteristics of patients who underwent a STSG
procedure and STSG donor sites are summarized in Tables 15 and 16, respectively. There
were more females (56.5%) than males (43.5%), age range 18-64 years with an average
age of 39 years. The average weight and height were 59.2 kg and 162.1 cm, respectively.
There were 4 (17.4%), 12 (62.2%), 5 (21.7%) and 2 (8.7%) patients in the < 18.5
(underweight), 18.5-24.9 (normal weight), 25.0-29.9 (overweight) and = 30.0 (obese) BMI
groups, respectively. Six (23.3%) patients had a history of drug allergy (two to penicillin,
one to vancomycin, one to ciprofloxacin, one to clavulanic acid and one to
hydrochlorothiazide). The most common reasons for STSG in this study were tumor excision
(34.8%), followed by burn (30.4%), chronic wound (8.7%), scar contracture (8.7%),
traumatic wound (8.7%), granulation wound and foreign body granuloma (each 4.3%). The
size and thickness of STSG donor sites were 107.7 + 43.2 cm’ and 0.0095 + 0.0014 inches,
respectively. The most frequent donor area for STSG in this study was the lateral thigh
(66.7%), followed by anterior thigh (30.0%) and posterior thigh (3.3%), respectively.
Following harvesting of STSG, the donor site was divided into two equal halves (cephalic
half and caudal half) and then randomly allocated to pattern A (cephalad part treated with
the wound dressing containing silk fibroin with bioactive coating layer and caudal part
treated with Bactigras®) or B (cephalad part treated with Bactigras® and caudal part treated
with the wound dressing containing silk fibroin with bioactive coating layer) by simple
randomization. There were 14 (46.7%) STSG donor sites with pattern A and 16 (53.3%)

STSG donor sites with pattern B.
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Number (%) or Mean + SD (Range)

Sex
Male

Female

10 (43.5)
13 (56.5)

Age (years)

39.0 £ 15.2 (18-64)

<50 17 (73.9)

> 50 6 (26.1)
Weight (kg) 59.2 + 13.6 (42-91)
Height (cm) 162.1 + 0.1 (149-179)

Body mass index (kg/m®)

22.5+4.9(15.6-32.8)

<185 4 (17.4)

18.5-24.9 12 (562.2)

25.0-29.9 5(21.7)

>30.0 2(8.7)
Smoking

Yes 7 (30.4)

No 16 (69.6)
Regular alcohol consumption

Yes 6 (26.1)

No 17 (73.9)
Drug allergy

Known allergy 6 (26.1)

No allergy 17 (73.9)
Comorbidity

None 17 (73.9)

Cardiovascular disease 3(13.0)

Dyslipidemia 2(8.7)

Hypertension 1(4.3)
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Table 15: Baseline characteristics of patients who underwent a STSG procedure

Number (%) or Mean + SD (Range)

Diagnosis
Tumor excision
Burn
Chronic wound
Scar contracture
Traumatic wound

Others

8 (34.8)
7(30.4)
2 (8.7)
2 (8.7)
2(8.7)
2 (8.7)

Table 16: Baseline characteristics of STSG donor sites

Number (%) or Mean + SD (Range)

Area of donor site
Right thigh
-Lateral thigh
-Anterior thigh
-Posterior thigh
Left thigh
-Lateral thigh

-Anterior thigh

17 (56.7)
10 (33.3)
6 (20.0)
1(3.3)
13 (43.3)
10 (33.3)
3(10.0)

Size of donor site (cm?)

107.7 + 43.2 (23.7-211.4)

Thickness of donor site (um)

242.1 + 34.5 (203.2-304.8)
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The results were divided into six parts: healing time, patient’s pain level, skin barrier
function (TEWL), infection, systemic adverse reactions and morphology of epithelial cells

attached on the wound dressing after falling off spontaneously.

4.2.1 Healing time

The healing time was recorded when the dressing separated completely or fell off
from the donor site, without any exudates and without pain when the donor site was exposed
to air (12, 13). The healing time of STSG donor site wounds treated with the wound dressing
containing silk fibroin with bioactive coating layer (11.0 + 6.0 days) was significantly faster
than those treated with Bactigras® (14.0 £ 6.0 days) (Table 17).

Figures 11a and 11b show the STSG donor site on the anterior thigh, following
treatment with Bactigras® (right side) and the wound dressing containing silk fibroin with
bioactive coating layer (left side). Figure 11c shows the healed STSG donor site and that
the side treated with the wound dressing containing silk fibroin with bioactive coating layer
can regenerate epithelial cells faster than the side treated with Bactigras®. Appendix L (part

1) shows the STSG donor site on the operative day and after having healed.

Table 17: The median healing time of STSG donor sites in each dressing

The healing time of STSG donor sites (days)

Median + IQR (Range)

All STSG donor sites
Bactigras® (n = 30) 14.0 £ 6.0 (9-19)

*

Bilayered wound dressing (n = 30) 11.0 + 6.0 (7-18)

*Significant difference (p =1 X 10° vs Bactigras®), calculated by Wilcoxon Signed Rank Test



(a) STSG donor site after

the skin was taken

(b) STSG donor site treated
with Bactigras® and

bilayered wound dressing

(c) Healed STSG donor site
(post-donor site healing day
3 for the side treated with
bilayered wound dressing
and post-donor site healing
day O for the side treated with

Bactigras®.

Figure 11: Healed STSG donor site on the anterior thigh
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4.2.2 Patient’s pain level

Patients were asked to rate their pain level on a visual analog scale, ranging from
0 (no pain) to 10 (unbearable pain).

On the first five post-operative day, the median pain score of STSG donor site
exhibited an exponential decrease in both wound dressing groups. The pain score tended
to decrease sharply during the first post-operative day in the STSG donor site wounds
treated with Bactigras® (at the first post-operative day, the median pain score was 8.00 +
3.25, which then decreased to 5.00 + 3.00 at the second post-operative day), while the
pain score tended to decrease sharply during the first and second post-operative days in
the STSG donor site wounds treated with the wound dressing containing silk fibroin with
bioactive coating layer (at the first post-operative day, the median pain score was 7.00 +
4.25, which then decreased to 4.00 £ 2.00 at the second post-operative day, and then
decreased to 2.00 + 1.25 at the third post-operative day). In addition, the pain scores of
the STSG donor site were significantly lower in the STSG donor site wounds treated with
the wound dressing containing silk fibroin with bioactive coating layer on all evaluation
days (Figure 12).

However, on the first post-operative day, ten patients were unable to differentiate
pain between the side treated with Bactigras® and the side treated with the wound
dressing containing silk fibroin with bioactive coating layer as they experienced great
pain. As a result, the pain scores of STSG donor site wounds treated with Bactigras® were
equal to those treated with the wound dressing containing silk fibroin with bioactive
coating layer.

After surgery, the most commonly prescribed analgesic drug was acetaminophen
(1 g every 4-6 hours, as needed). Concurrent use of other prescription analgesic drugs
could occur, depending on the pain intensity of donor or recipient sites. However, the pain
assessment was performed at the same time before or two hours after taking an analgesic

drug.
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Figure 12: Median pain score of donor site wound treated with Bactigras® and wound
dressing containing silk fibroin with bioactive coating layer. (--m--) Bactigras®, (—o-)

wound dressing containing silk fibroin with bioactive coating layer. Bar lines represent
interquartile range. *Significant difference (p = 1 X 10° vs Bactigras®); **Significant

difference (p =1 X 10" vs Bactigras®), calculated by Wilcoxon Signed Rank Test.
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4.2.3 Skin barrier function (TEWL)

During follow-up for 5 months, only one patient (3.33%) was lost to follow-up in the
last appointment (day 150) due to time limitations. The median TEWL of adjacent normal
skin and STSG donor sites in each dressing are shown in Table 18. On post-donor site
healing day 150, we found that the TEWL values did not show any significant difference
between the STSG donor site wounds treated with the wound dressing containing silk fibroin
with bioactive coating layer (8.82 + 2.69 g/m’/h) and adjacent normal skin (8.01 + 2.07
g/mz/h) (p = 0.149), indicating complete skin barrier recovery. In contrast, we found that
the TEWL values showed significant difference between the STSG donor site wounds
treated with Bactigras® (9.72 +4.92 g/mz/h) and adjacent normal skin (8.01 + 2.07 g/mz/h)
(p =1 X 10®), indicating incomplete skin barrier recovery.

The TEWL indexes tended to decrease sharply during the first post-donor site
healing month in both wound dressing groups as shown in Figure 13. The median TEWL on
post- donor site healing days 0, 7, 30, 60, 90, 120 and 150 were 2.80 + 0.88, 2.45 + 0.99,
1.99+0.84,1.83£0.68, 1.66 £ 1.05, 1.60 = 0.68 and 1.22 + 0.43 times higher than adjacent
normal skin for the Bactigras® group, in respective order. The median TEWL on post- donor
site healing days 0, 7, 30, 60, 90, 120 and 150 were 2.31 + 0.90, 2.06 + 0.94, 1.75 + 0.85,
1.63 £0.57,1.45 £ 0.65, 1.36 £ 0.41 and 1.09 £ 0.23 times higher than adjacent normal skin
for the wound dressing containing silk fibroin with bioactive coating layer group, in
respective order.

The TEWL indexes of the healed STSG donor site wound were significantly lower in
the STSG donor site wounds treated with the wound dressing containing silk fibroin with
bioactive coating layer on all evaluation days, indicating a more rapid TEWL recovery of the
STSG donor site wounds treated with the wound dressing containing silk fibroin with
bioactive coating layer (Figure 13). Appendix L shows the STSG donor site wounds during

follow-up for 5 months.
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TEWL (g/m’/h)
Post-donor site Median + IQR (Range)
healing day Normal skin Bactigras® Bilayered wound
dressing

0 8.09 + 2.67 23.76 + 7.40° 19.63 £ 5.78°
(5.28-11.61) (13.69-41.90) (7.67-30.79)

7 8.36 + 2.32 21.42 + 8.74° 18.61+9.75°
(4.25-13.86) (9.43-38.66) (9.00-34.94)

30 8.15+4.18 18.29 + 7.97° 16.39 + 6.04°
(6.08-14.74) (6.83-27.12) (6.92-25.55)

60 7.82+2.67 16.34 + 6.62° 14.26 + 6.94°
(5.70-20.91) (7.69-39.64) (7.38-39.13)

90 7.72 + 2.49 13.66 + 6.43° 12.20 + 5.86°
(5.53-16.11) (6.40-28.66) (5.79-27.04)

120 8.10 + 2.08 11.47 + 7.26° 10.36 + 3.83'
(4.75-11.89) (7.11-22.92) (6.40-21.48)

150 8.01 + 2.07 9.72 + 4.92° 8.82 + 2.69°
(5.66-11.43) (5.74-22.00) (5.28-19.50)

“Significant difference (p = 1 X 10" vs normal skin), calculated by Friedman ANOVA).

bSignificant difference (p = 1 X 10" vs normal skin), calculated by Friedman ANOVA).

“Significant difference (p = 1 X 107" vs normal skin), calculated by Friedman ANOVA).

dSignificant difference (p = 1 X 10 vs normal skin), calculated by Friedman ANOVA).

“Significant difference (p = 1 X 10" vs normal skin), calculated by Friedman ANOVA).

fSignificant difference (p = 0.02 vs normal skin), calculated by Friedman ANOVA).

°No Significant difference (p = 0.149 vs normal skin), calculated by Friedman ANOVA).
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Median TEWL index
N

1.2

0.8

0.4

0 30 60 90 120 150

Post-donor site healing day

Figure 13: Median transepidermal water loss (TEWL) of healed STSG donor site treated
with Bactigras® and wound dressing containing silk fibroin with bioactive coating layer
(--m--) Bactigras®, (—o—) wound dressing containing silk fibroin with bioactive coating

layer. Bar lines represent interquartile range. TEWL index = TEWL of post-donor site

healing day A/ TEWL of adjacent normal skin day A. *Significant difference (p = 1 X 10°

VS Bactigras®), calculated by Wilcoxon Signed Rank Test.

4.2.4 Infection

There were no signs of STSG donor site infection in both wound dressing groups,
and therefore it was unnecessary to swab the wounds. The results of body temperature
showed mild fever (body temperature < 38°C) on operative day. After that, the body
temperatures after operation were stable and lower than 37°C (no fever). Moreover, there
were no significant differences in body temperature between pre-operative day and post-

operative day 2 (p = 0.083), 4 (p = 0.056) and 5 (p = 0.135) (Figure 14).
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39
38.6

38.2
37.8
37.4
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36.6
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35.4
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Median body temperature (°C)

Pre-operative day
Operative day

Post-operative day 1
Post-operative day 2
Post-operative day 3
Post-operative day 4
Post-operative day 5

Figure 14: Median body temperature of patient. * Significant difference (p = 1 X 10" vs
Operative day); **Significant difference (p = 0.036 vs Preoperative day); ***Significant
difference (p = 0.004 vs Preoperative day), calculated by Friedman ANOVA

4.2.5 Systemic adverse reactions

Serum samples were collected from patients at two time points (before the
operation and 1-3 days after the operation) for monitoring renal and hepatic functions.
Blood urea nitrogen (BUN) and serum creatinine (Scr) were used to evaluate renal
function, whereas aspartate aminotransferase (AST), alanine aminotransferase (ALT),
alkaline phosphatase (ALP) and albumin were used to evaluate hepatic function.

For renal function, median BUN and Scr decreased after the operation. Moreover,
significant differences in BUN were found between pre- and post-operation (13.00 + 4.25
and 10.00 + 2.50 mg/dL respectively, p = 4 X 10™). In contrast, no significant differences

in Scr were found between pre- and post-operation (0.80 + 0.17 and 0.70 + 0.20 mg/dL
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respectively, p = 0.388). However, the median BUN and Scr of pre- and post-operative
days were in the normal range (Table 19).

For hepatic function, median AST, ALT, ALP and albumin decreased after the
operation. Moreover, significant differences in AST, ALT, ALP and albumin were found
between pre- and post-operation (19.00 + 10.25 and 16.00 *+ 9.25 U/L respectively, p =
0.022 for AST, 24.00 + 10.25 and 10.50 + 9.25 U/L respectively, p =3 X 10° for ALT, 80.00
+51.00 and 71.00 + 53.25 U/L respectively, p = 5 X 10 * for ALP, 3.60 + 1.30 and 3.20 +
0.93 g/dL respectively, p = 2 X 10 * for albumin). However, the median AST, ALT, ALP
and albumin of the pre- and post-operative days were in the normal range (Table 19).

In addition, there were no significant differences in the number of patients with
abnormal values of BUN, Scr, AST, ALT, ALP between pre- and post-operation. In
contrast, there were significant differences in the number of patients with abnormal values
of albumin between pre- and post-operation (p = 0.004). The number of patients with
abnormal values of BUN, Scr, AST, ALT, ALP and albumin (less than the lower limit and

more than the upper limit) between pre- and post-operation are shown in Table 20.
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4.2.6 Morphology of new epithelial cells

Figure 15 shows the wound dressing characteristics after spontaneously falling
off as taken by a digital camera.

After falling off spontaneously, Bactigras® had the same little brownish-black or
black color on both sides (Figure 15; a1 and a2). In addition, used Bactigras® usually
stuck to the absorbent gauzes.

The wound dressing containing silk fibroin with bioactive coating layer after falling
off spontaneously became quite stiff and had brownish-black or black color on the wound
contact layer of dressing (Figure 15; b1), while the top layer of dressing had a little
brownish color (Figure 15; b2). In addition, some used wound dressing containing silk
fibroin with bioactive coating layer was curved along the anterior thigh area.

Figure 16 shows the morphology of epithelial cells attached on the wound
dressing after falling off spontaneously under polarized light microscope. Epithelial cells
were carefully removed from the wound dressings and then seen through a polarized light
microscope at 20x magnification.

Epithelial cells from the wound dressing containing silk fibroin with bioactive
coating layer had definite shapes and the average cell size was 808.71 £ 158.37 pm2
(575.81-1268.75 pm2) In contrast, the epithelial cells from Baotigras® had an unclear

border of cells.
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Figure 15: Macroscopic images on both sides of the Bactigras® (a1 and a2) and wound
dressing containing silk fibroin with bioactive coating layer (b1 and b2) after falling off

spontaneously.



70

Figure 16: Morphology of epithelial cells attached on the Bactigras® (a) and wound
dressing containing silk fibroin with bioactive coating layer (b) after falling off
spontaneously under a polarized light microscope at 20x magnification.

(<—=indicated normal cell shape)



CHAPTER V

DISCUSSION

In this study, we conducted clinical trials on the wound dressing containing silk
fibroin with bioactive coating layer in comparison with the clinically used wound dressing,
Bactigras®. These clinical trials consisted of phase | clinical safety of the wound dressing
in healthy volunteers using a skin patch test and phase |l clinical efficacy and safety of the
wound dressing in the treatment of split-thickness skin graft donor sites.

For phase |, the skin patch test is an investigative method to identify skin irritation
or sensitization potential through the reapplication of products (divided into four sequential
phases (beginning phase, induction phase I, induction phase Il and challenge phases)
(85). In this study, we conducted two types of interpretation of skin patch test results: an
objective measurement of skin color, carried out by a non-invasive Mexameter® MX18, and
a subjective score on the RIPT scale, carried out by two clinical dermatologists.

Our results obtained from the first type of interpretation of skin patch test results in
healthy volunteers revealed that the erythema (skin redness) and melanin (skin darkness)
levels at the beginning phase were 238.63 + 83.52 and 230.68 + 99.74, respectively. This
results were comparable to those by Siritientong in 2013 (91) which reported the erythema
and melanin levels in Thai healthy volunteers at the age of 20-57 years as 251.01 + 80.50
and 219.00 + 91.95, respectively. When compared to other phases, we found that the
erythema and melanin levels at each phase during the patch test (induction phase I,
induction phase Il and challenge phases) were statistically significantly lower from the
beginning phase (p < 1 x 10%) in both wound dressing groups (the wound dressing
containing silk fibroin with bioactive coating layer and Baotigras® groups). However, the
erythema and melanin levels at induction phase |, induction phase Il and challenge phases
did not increase from the beginning phase. Therefore, it can be said that there was no

evidence of skin irritation or skin darkness. In addition, the reduction of erythema and
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melanin levels by the wound dressing containing silk fibroin with bioactive coating layer
(3.93-5.02% for erythema and 4.49-4.55% for melanin) did not significantly differ from those
with Bactigras® (4.73-6.32% for erythema and 4.67-4.70% for melanin), p = 0.269 for
erythema and p = 0.795 for melanin. Moreover, the reduction of erythema and melanin
levels by both wound dressings in this study was still lower than the results reported by Kim
et al. in 2009 (92) which reported the erythema and melanin levels after applying Vaseline”
in healthy volunteers between the ages of 22-36 years as being reduced by 9.00-19.10%
and 19.80-23.80%, respectively. Therefore, the changes in erythema and melanin levels in
this study were not clinically significant.

For the second type of interpretation of skin patch test results (the subjective score
on the RIPT scale by two clinical dermatologist), in addition to the changes in skin color,
other changes in skin characteristics such as papule or vesicle should be considered. The
RIPT scale consists of six grades used to assess the severity of erythema and the presence
of edema, petechiae, papule, vesiculation or weeping (also called “the severity of
cutaneous reactions”) (85). In this study, the cutaneous responses in both wound dressing
groups did not increase over time and failed to reappear in the challenge phase, and
therefore they did not involve the immune response (93). Our results obtained from the RIPT
scale showed that there was no evidence of marked or severe responses for both wound
dressings, and therefore there was no presence of bright or deep red erythema with edema,
petechiae, papule, vesiculation or weeping in any phase of the skin patch test. However,
there was evidence of mild and moderate erythema in the wound dressing containing silk
fibroin with bioactive coating layer group (3.64%), while there was no such evidence in
Bactigras® group. The response was just barely perceptible (minimal, faint, uniform or
spotty erythema) in the Bactigras® group (1.36%). Although there was evidence of mild and
moderate erythema in our innovative wound dressing, the percentage of those responses
was comparable to the results by Dykes in 2007 (94). That study reported the percentages
of mild and moderate erythema in Biatain adhesive dressing and Comfeel plus transparent
dressing were 3.9% and 3.6%, respectively. Therefore the wound dressing containing silk

fibroin with bioactive coating layer could be used as wound dressing in the clinical setting
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because the Biatain adhesive dressing and Comfeel plus transparent dressing are currently
in use clinically.

Apart from the skin patch test in 110 healthy volunteers, we conducted a clinical
study in 23 patients with 30 STSG donor site wounds to clarify the efficacy and safety of the
wound dressing containing silk fibroin with bioactive coating layer. The STSG donor site
was used as a wound model due to its smooth surface and uniform thickness. In addition,
it is a clean wound as the surgeon makes it in a sterilized environment. The wound dressing
containing silk fibroin with bioactive coating layer and Bactigras,® were applied within the
same patient using a side-by-side matched pairs design by dividing the STSG donor site
wound into two equal halves. This experimental design helps to reduce variance due to
patient and wound characteristics that affect wound healing such as underlying diseases
or wound depth. Bactigras® (medicated paraffin gauze dressing) was used as a control
treatment because it is a standard wound dressing for STSG donor site treatment in
hospital. This type of wound dressing is inexpensive and easy to apply; however, it does
stick to the wound surface without the ability to absorb wound exudate (11-13). Therefore,
we developed a wound dressing containing silk fibroin with bioactive coating layer
designed to increase the ability to absorb wound exudate because of its spongy structure
and reduced adherence at the wound surface owing to its non-adhesive wound contact
layer. Moreover, the wound dressing containing silk fibroin with bioactive coating layer can
promote wound healing by supporting cell attachment, proliferation, migration and collagen
production (28, 29). In the present study, the STSG donor site wound was evaluated for
healing time, pain level, skin barrier function (TEWL) and infection. Systemic adverse
reactions were also evaluated in each patient. Finally, the morphology of epithelial cells
attached on the wound dressing after falling off were observed.

The healing time was defined as the time between the operative day and the day
that the wound dressing separated completely or fell off from the donor site, without any
exudates and without pain when the donor site was exposed to air (12, 13). The healing
time of the STSG donor site wound treated with Bactigras® in the present study was

comparable to the results of many previous studies (14-15 days) (11, 12, 27). The healing
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time of STSG donor site wounds treated with the wound dressing containing silk fibroin with
bioactive coating layer (11.0 + 6.0 days) was significantly faster than those treated with
Bactigras® (14.0 £ 6.0 days), possibly because this innovative bilayered wound dressing
provides a moist wound environment and has bioactive substances which can promote
wound healing.

Bactigras® (medicated paraffin gauze dressing) is a non-occlusive dressing type
which is permeable to fluid and therefore gradually dries out because of evaporation (95).
While, the wound dressing containing silk fibroin with bioactive coating layer has fairly
similar properties to the occlusive dressing type which can keep the wound bed moist. Our
previous study showed that the wound dressing containing silk fibroin with bioactive coating
layer could control the dehydration as good as Allevyn® (foam dressing) in an in vitro wound
model, possibly because it has a porous structure and therefore has the ability to keep the
wound bed moist (28). A moist wound bed is an optimal environment for epithelial cell
proliferation and migration and this principle has been supported by the results from many
previous studies reporting STSG donor site wounds treated with occlusive dressings (such
as hydrocolloid or alginate dressings) healed faster than those treated with fine mesh gauze
(12, 27, 95, 96). Another reason is that the wound dressing containing silk fibroin with
bioactive coating layer was made from silk fibroin (SF), silk sericin (SS) and gelatin, which
can enhance wound healing by cell attachment, proliferation, and collagen production. SF
biomaterials (such as SF film and SF scaffold) have been proven to enhance cell attachment
and proliferation in many previous studies (16, 17, 44-46). Inpanya et al. (17) and Padol et
al. (51) found that full-thickness skin wounds in rats treated with SF biomaterials healed
faster than untreated wounds. Jeong et al. (50) also showed that full-thickness skin wounds
in rats treated with electrospun SF nanofibers were completely healed at 2 weeks post
wound creation which healed faster than those treated with Tegaderm. Clemens et al. (26)
conducted a clinical study into patients who underwent abdominal wall fascial repair, and
the results showed that SF biologic scaffolds could support and repair the abdominal wall

with subcutaneous placement at low complication rates.
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The ability of SS biomaterials to enhance the attachment and proliferation of
keratinocyte and fibroblast cells has been widely reported (23, 29, 63, 64). The collagen-
stimulating effect of SS was also reported by Aramwit et al. (19, 58) which can stimulate
collagen type | synthesis, due to its high methionine content. Nagai et al. (66) reported that
SS solution enhanced the adhesion and proliferation of the human cornea epithelial cell line
(HCE-T), and that corneal wounds in rats instilled with SS solution healed faster than those
instilled with saline. Aramwit et al. (68) and Siritienthong et al. (25) studied the effects of SS
on wound size reduction and collagen formation using full-thickness skin wound model in
rats, showing that the wound size reduction of SS biomaterial-treated wounds was higher
than in control material-treated wounds and that SS can enhance collagen formation.
Aramwit et al. (69) and Siritienthong et al. (27) also studied the effect of SS in the treatment
of second degree burn wounds and STSG donor site wounds, respectively, and the results
showed that the time for complete healing in wounds treated with SS was shorter than that
for the control treatment and there was no evidence of adverse reaction.

In addition to the ability of SF and SS, gelatin is a natural polymer obtained from
denatured collagen which is known to support cell attachment and proliferation (97).
Panzavolta et al. (98) showed that electrospun gelatin nanofibers were able to support
vascular wall mesenchymal stem cells attachment and proliferation. Jin et al. (99) found
that the attachment and proliferation of human dermal fibroblasts were proportional to the
gelatin content in nanofibers and the electrospun gelatin nanofibers accelerated wound
closure in full-thickness skin wounds in rats. Bindu et al. (100) also showed that full-
thickness skin wounds in rats treated with chitosan-gelatin film healed faster than those
treated with chitosan film. Due to the properties of retaining moisture and delivering
bioactive substances (SF, SS and gelatin) to promote wound healing, the STSG donor site
wounds treated with the wound dressing containing silk fibroin with bioactive coating layer
showed better healing time.

Apart from healing time, follow-up was conducted regarding local pain at the STSG
donor site using a visual analog scale (VAS) to obtain a pain score. The sides treated with

the wound dressing containing silk fibroin with bioactive coating layer showed less pain



76

than those with Bactigras® on all evaluation days, possibly due to the former’s properties of
retaining moisture together with low adhesion. Due to the residual dermis in the STSG donor
site, the exposed nerve endings increased the pain. The wound dressing with its property
of retaining moisture is able to protect the nerve endings from both drying and exposure
(101). This principle was confirmed by the results from many previous studies which
reported less pain in the STSG donor sites treated with occlusive dressing (moist-
environment dressing) compared with paraffin gauze dressing (traditional dry dressing)
(11, 13, 27). Additionally, paraffin gauze dressing gradually becomes dried out and then
firmly attaches to the wound surface which causes increased pain (11, 95). The wax-coated
silk fibroin woven fabric layer of the innovative bilayered wound dressing was designed to
reduce adherence at the wound bed. A peel test on the full-thickness skin wound of porcine
skin in our previous study demonstrated that the wound dressing containing silk fibroin with
bioactive coating layer was much less adhesive than Baotigras® (102). Therefore, the
reasons for the wound dressing containing silk fibroin with bioactive coating layer
minimizing pain were not only that it provided a moist environment but that it also has low
adhesion properties.

Interestingly, the present study also evaluated the restoration of skin barrier function
in terms of decreased transepidermal water loss (TEWL) over time. The STSG procedure
causes damage to the stratum corneum at the donor site, and therefore it causes changes
in skin barrier function, particularly water barrier function (103). Measurement of TEWL is
used to evaluate water barrier function. In a meta-analysis study of the normal TEWL values
obtained from three TEWL probe manufactures (Courage & Khazaka, Delfin Technologies
and Biox Ltd.,) (72), a TEWL of 6.1 g/m’/h was reported for the thigh in the studies including
18-64 years subjects and a TEWL of 3.0 g/mz/h was reported for the thigh in the studies
including 65+ years subjects, while a TEWL of ~ 8 g/mz/h was reported in the present study.
In addition, our results showed that on post-donor site healing day 0, the normal TEWL of
6.69 + 2.60 and 8.56 + 3.28 g/m2/h were reported for patients > 50 (n =7) and < 50 (n =
23) years, respectively. Therefore, the TEWL values of normal skin in the present study were

a little bit high, possibly due to the number of young adults. Wilhelm et al. (104) and
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Luebberding et al. (105) also reported decreased TEWL values in the elderly group (60-80
years).

Our results demonstrate that the normalization of the TEWL of the STSG donor site
wounds treated with the wound dressing containing silk fibroin with bioactive coating layer
occurred at 150 days after healing or around 160 days after wounding. This result was
comparable to the results of Atiyeh et al. in 2003 (106) which reported the normalization of
TEWL of the STSG donor site wounds treated with Tegaderm (semi-occlusive dressing)
obtained at 150.0 + 46.5 days after the initial wounding. In contrast, the TEWL values of the
STSG donor site wounds treated with Bactigras® remained elevated at 150 days after
healing. Furthermore, our results showed that the TEWL indexes of healed STSG donor site
wounds were significantly lower for the STSG donor site wounds treated with the wound
dressing containing silk fibroin with bioactive coating layer on all evaluation days, indicating
a more rapid skin functional barrier recovery of the STSG donor site wounds treated with
the wound dressing containing silk fibroin with bioactive coating layer. These results confirm
that the STSG donor site wounds treated with our innovative bilayered wound dressing
healed faster than those treated with Bactigras®, possibly due to the reasons mentioned
before (the property of maintaining moisture and delivering bioactive substances (SF, SS
and gelatin) to promote wound healing). Therefore, decreased TEWL can be used as an
objective indicator of wound healing.

The damaged stratum corneum at donor site causes changes in not only water
barrier function but also bacterial barrier function (103). Therefore, follow-up was also
conducted on the infection at the STSG donor site wound based on clinical signs of infection
(swelling, inflammation, heat, purulent exudate or malodor). Our results showed that there
were no signs of STSG donor site infection in both wound dressings and the body
temperatures after operation were stable and lower than 37°C, indicating no fever.
Although the body temperatures indicated mild fever on operative day, this febrile reaction
was often due to an inflammatory response to surgery (107). Even though Bactigras® allows
wound exudate to drain into a secondary absorbent layer which protects the wound from

maceration, it is permeable to micro-organisms which cannot protect the wound from
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contamination by micro-organisms. However, Bactigras® is a paraffin gauze dressing
medicated with chlorhexidine which is shown to reduce the incidence of Staphylococcus
aureus in patients with partial-thickness burns, as compared with non-medicated paraffin
gauze dressing in the study by Lawrence (108). Apart from Bactigras®, the wound dressing
containing silk fibroin with bioactive coating layer provides not only a moist wound
environment but also a bacterial barrier, possibly because it has fairly similar properties to
the occlusive dressing type which is impermeable to micro-organisms. In the clinical review
by Hutchinson and McGuckin (109), their results confirmed that the infection rates under
occlusive dressings were lower than under non-occlusive dressings. This was also because
of the lower pH environment (pH ~ 6.2) created under the wound dressing containing silk
fibroin with bioactive coating layer as found by Hasatsri et al. in 2015 (28). Varghese et al.
(110) reported that bacterial growth of Staphylococcus aureus, Escherichia coli and
Pseudomonas aeruginosa was retarded at pH 5.5, as compared with pH 7.4, and therefore
bacterial growth was inhibited by the lower pH. In addition, changes of the wound dressing
containing silk fibroin with bioactive coating layer were required for only two (6.67%) STSG
donor site wounds on day 3, due to the fully soaked dressing with exudates. Therefore, the
wound dressing containing silk fibroin with bioactive coating layer is appropriate for treating
a STSG donor site wound (which usually has a high exudate production) without causing
the maceration of tissues. The factors, including the bacterial barrier, of lower pH under the
wound dressing and the lack of maceration of tissues result in no signs of infection in STSG
donor site wounds treated with the wound dressing containing silk fibroin with bioactive
coating layer in the present study.

Our innovative bilayered wound dressing has a bioactive layer that delivers
bioactive substances to promote wound healing. Therefore, in the case of large open
wounds (such as STSG donor site wounds), the application of our innovative bilayered
wound dressing may produce systemic adverse reactions such as renal and hepatic
impairment. In addition, some types of wound dressings can cause systemic toxic effects
such as silver dressings, and therefore the systemic adverse reactions should also be

monitored (111). In the present study, we collected the serum samples from patients at two
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time points (before the operation and 1-3 days after the operation) for monitoring renal and
hepatic functions. Our results demonstrated that all the median of the renal and hepatic
functions on the pre- and post-operative days were in the normal range. However, there
were significant differences in the number of patients with abnormal values of albumin
between the pre- and post-operations because 30% of the patients had hypoalbuminemia
after operation. Normally, patients receive large volumes of intravenous crystalloids on
operative and post-operative day, resulting in increased extracellular fluid (ECF) volume
(112, 113). Therefore, the hypoalbuminemia after the operation in this study might be
influenced by the dilutional effect caused by crystalloid infusion. According to the nutrition
affecting wound healing, serum samples were collected within 3 days after the operation
and the body pool of serum albumin is large. As a result, the albumin level did not respond
readily to the nutritional status of patients (114). It can be said that the hypoalbuminemia in
this study may not be a reliable indicator of nutrient deficiencies which have negative effects
on wound healing. To confirm that hypoalbuminemia did not affect healing time, patients
with the slowest healing donor sites did not have the lowest albumin levels in both wound
dressing groups. Moreover, we did not find any significant difference in healing time
between patients with hypoalbuminemia and patients without hypoalbuminemia in both
wound dressing groups (p = 0.422 for Bac’[igras® and p = 0.929 for the wound dressing
containing silk fibroin with bioactive coating layer)

Lastly, we observed the wound dressing characteristics and morphology of
epithelial cells attached on the wound dressing after falling off spontaneously. Used the
wound dressing containing silk fibroin with bioactive coating layer had a brownish-black or
black color on the wound contact layer of dressing, while the top layer of dressing had a
little brownish color, as this indicated the exudate production did not exceed the fluid
holding capacity of the dressing. Regarding the morphology of the epithelial cells attached
on the wound dressing, the epithelial cells from the wound dressing containing silk fibroin
with bioactive coating layer had definite shapes with the average cell size of 808.71 pm2
(575.81-1268.75 pmz). In contrast, epithelial cells from Bactigras® had an unclear border of

cells. The normal cell shape was usually a definite border with pentagonal or hexagonal
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shapes and the normal cell size varies due to age and skin area (115, 116). Guz et al. (116)
reported that the size of normal cells ranged from 650-850 pm2 at the back of the hand and
600-1000 pm2 at the forearm in the young group, whereas the size of normal cells ranged
from 800-1050 pm2 at the back of the hand and 1000-1300 pm2 at the forearm in elderly
group. Holzle et al. (115) found that the normal cells increased in size from 930 me at the
scapular area to 1000 pmzat the hip area. In addition, cells from allergic contact dermatitis,
irritated skin and skin applied with topical steroid exhibited an irregular shape and were 10
- 15% smaller than normal (115, 117). In this study, the shape and size of epithelial cells
attached on the wound dressing containing silk fibroin with bioactive coating layer were
comparable to normal cells. Our results were also comparable to the study by Siritientong
in 2013 (91) which reported the definite shape of the epithelial cell with the average cell
size ranging from 500-1000 pm2 for epithelial cells attached on silk sericin dressing after
falling off spontaneously from the healed STSG donor site and epithelial cells attached on
Bactigras® exhibited an unclear border. This finding in our study indicated that the new skin
at STSG donor sites treated with the wound dressing containing silk fibroin with bioactive
coating layer was of much better quality than that treated with Baotigras®. This may be
explained by the lower adherence of the wound dressing containing silk fibroin with
bioactive coating layer, which reduced the disruption of re-epithelialized surfaces. In
addition, this finding confirmed that the STSG donor site wounds treated with our innovative
bilayered wound dressing healed faster than those treated with Bactigras®, because the
epithelial cells attached on the bilayered wound dressing were of better quality than those

attached on Bactigras®.



CHAPTER VI

CONCLUSIONS

Phase | and phase Il clinical trials were conducted to collect data regarding the
clinical safety of the wound dressing containing silk fibroin with bioactive coating layer in
healthy volunteers and the clinical efficacy and safety of this wound dressing in the
treatment of STSG donor sites.

Regarding the phase | clinical safety of the wound dressing containing silk fibroin
with bioactive coating layer in healthy volunteers using a skin patch test, this phase was
performed at the Department of Pharmacy Practice, Pharmaceutical Sciences,
Chulalongkorn University between November 2012 and February 2013. A total of 112
subjects were recruited for the study. Of these, 110 subjects were available for a follow up
evaluation (1.8% loss to follow up). According to the skin patch test procedure, on the first
visit, the back areas of each subject were divided into two sides, with each side randomized
to receive the wound dressing containing silk fibroin with bioactive coating layer or
Bactigras®. Both dressings were left for 3 days. After that, both dressings were changed
and left for an additional 3 days (induction phase | and Il). Seven to ten days after the last
induction application, both dressings were applied on the identical areas and left in place
for 3 days (challenge phase). At each phase, the measurement of erythema and melanin
levels was repeated consecutively for twenty times by Mexameter MX1 8" probe and photos
of the back skin were taken within 30 min after the dressings were removed and evaluated
for any visual skin irritation or sensitization using the Repeated Insult Patch Test (RIPT) scale
by two clinical dermatologists. Our results showed that the erythema and melanin levels at
each phase during the patch test (induction phase I, induction phase Il and challenge
phases) were statistically significantly different from the beginning phase (p < 1 X 10™) in
both wound dressing groups (the wound dressing containing silk fibroin with bioactive

coating layer and Bactigras® groups). However, the erythema and melanin levels at
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induction phase |, induction phase Il and challenge phases did not increase from the
beginning phase. Therefore, it can be concluded that there was no evidence of skin irritation
or skin darkness. In addition, the results obtained from the RIPT scale showed that there
was no presence of bright or deep red erythema with edema, petechiae, papule,
vesiculation or weeping in any phase of the skin patch test. However, there was evidence
of mild and moderate erythema in the wound dressing containing silk fibroin with bioactive
coating layer group (3.64%), while there was no such evidence in the Bactigras® group.
This evidence was comparable to the commercial wound dressing (Biatain adhesive
dressing and Comfeel plus transparent dressing). Therefore, it can be summarized that the
wound dressing containing silk fibroin with bioactive coating layer can be used in patients
due to an acceptable safety profile in healthy volunteers.

As regards phase |l clinical efficacy and safety of the wound dressing containing
silk fibroin with bioactive coating layer in the treatment of STSG donor sites using a side-
by-side matched pairs design, this was performed at the Division of Plastic and
Reconstructive Surgery, Department of Surgery, King Chulalongkorn Memorial Hospital
between October 2013 and January 2015. A total of 30 donor sites from 23 patients who
underwent a STSG procedure were recruited for the study. The STSG donor site was
divided into two equal halves, with each side randomized to receive the wound dressing
containing silk fibroin with bioactive coating layer or Bactigras®, and then covered with
gauze pads and elastic bandages. The first part of our results showed that the healing time
of the STSG donor site wounds treated with the wound dressing containing silk fibroin with
bioactive coating layer (11.0 + 6.0 days) was significantly faster than those treated with
Bactigras® (14.0 £ 6.0 days) (p =1 X 10°). The second part of results reported that the sides
treated with the wound dressing containing silk fibroin with bioactive coating layer caused
significantly less pain than those treated with Bactigras® on all first five postoperative days.
Next, the TEWL of the healed STSG donor site wound was evaluated to determine skin
barrier recovery. The TEWL indexes of the healed STSG donor site wound were significantly
lower in the STSG donor site wounds treated with the wound dressing containing silk fibroin

with bioactive coating layer on post-donor site healing days 0, 7, 30, 60, 90, 120 and 150,
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indicating a more rapid TEWL recovery (skin barrier function recovery) of the STSG donor
site wounds treated with the wound dressing containing silk fibroin with bioactive coating
layer. Moreover, the time for complete skin barrier recovery was 150 days after healing for
the STSG donor sites treated with the wound dressing containing silk fibroin with bioactive
coating layer. Evidence of infection was also observed. There were no signs of STSG donor
site infection in either wound dressing group. To investigate any potential systemic adverse
reactions, hepatic and renal functions were evaluated. AST, ALT, ALP, albumin, BUN and
Scr decreased after the operation; however, the medians of all parameters were in the
normal range. Although there were some patients with hypoalbuminemia, this could have
been caused by the dilutional effect caused by crystalloid infusion. Finally, the morphology
of the epithelial cells attached on the wound dressing containing silk fibroin with bioactive
coating layer after falling off spontaneously under a polarized light microscope was shown
to be of definite shape while the epithelial cells from Baotigras® had an unclear border of
cells. Therefore, the wound dressing containing silk fibroin with bioactive coating layer not
only can promote wound healing but also minimize pain with no induction of infection and

systemic adverse reactions.

Limitations of the study

Concerning phase | clinical safety of the wound dressing containing silk fibroin with
bioactive coating layer in healthy volunteers using a skin patch test, a self-adhesive non-
woven fabric (Neofix®) used to cover the wound dressing may cause skin irritation;
therefore, it may produce false positive results.

As regards phase |l clinical efficacy and safety of the wound dressing containing
silk fibroin with bioactive coating layer in the treatment of STSG donor sites, some patients
experienced severe pain on the first postoperative day. As a result, the pain levels of the
donor site wounds were difficult to differentiate between the side treated with the wound
dressing containing silk fibroin with bioactive coating layer and the side treated with

Bactigras®.
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In addition, the different characteristics between the wound dressing containing silk
fibroin with bioactive coating layer and Bactigras® results in difficult to generate a double

blind trials.

Suggestions for further study

Further studies comparing the efficacy and safety of the wound dressing containing
silk fibroin with bioactive coating layer in the treatment of other wound types are
recommended to extrapolate the results for wounds with longer healing times. The wounds
with longer healing times increase the duration of wound dressing exposure to the wound
bed, and therefore data regarding adverse events could be detected.

In addition, the treatment costs and resource utilization (such as the number of
outpatient visits per subject) should also be considered for making treatment decisions

when compared to traditional wound dressings.



REFERENCES

1. Gurtner GC. Plastic Surgery. London: Elsevier; 2013. 319-38.

2. JBI. Split thickness skin graft donor sites: post harvest management. Best
Practice. 2002;6(2):1-6.

3. Broussard KC, Powers JG. Wound Dressings: Selecting the Most Appropriate
Type. Am J Clin Dermatol. 2013;14:449-59.

4, Weir D. Top tips for wound dressing selection. Wounds International.
2012;3(4):18-22.

5. Baranoski S. Wound & skin care: Choosing a wound dressing, part 1. Nursing.
2008;38(1):60-1.

6. Baranoski S. Wound & skin care: Choosing a wound dressing, part 2. Nursing.
2008;38(2):14-5.

7. Dunn DL. Wound closure manual. Somerville, NJ: Ethicon; 2005. 2-7.

8. Semer NB. Practical plastic surgery for nonsurgeons. Philadelphia: Hanley &
Belfus; 2001. 85-110.

9. Gloviczki P. Handbook of venous disorders. Broken Sound Parkway: Taylor &
Francis Group; 2008.

10. Schwarze H, Kuntscher M, Uhlig C, Hierlemann H, Prantl L, Noack N, et al.
Suprathel, a new skin substitute, in the management of donor sites of split-thickness skin
grafts: results of a clinical study. Burns. 2007;33:850-4.

11. Muangman P, Nitimonton S, Aramwit P. Comparative clinical study of bactigras
and telfa AMD for skin graft donor-site dressing. Int J Mol Sci. 2011;12:5031-8.

12. Angspatt A, Taweerattanasil B, Janvikul W, Chokrungvaranont P.
Carboxymethylchitosan, alginate and tulle gauze wound dressings: a comparative study
in the treatment of partial-thickness wounds. Asian Biomed. 2011;5(3):413-6.

13. Barnea Y, Amir A, Leshem D, Zaretski A, Weiss J, Shafir R, et al. Clinical
comparative study of aquacel and paraffin gauze dressing for split-skin donor site

treatment. Ann Plast Surg. 2004;53(2):132-6.



86

14. Uzun M, Anand SC, Shah T. In vitro characterisation and evaluation of different
types of wound dressing materials. J Biomed Eng Technol. 2013;1(1):1-7.

15. Still J, Glat P, Silverstein P, Griswold J, Mozingo D. The use of a collagen
sponge/living cell composite material to treat donor sites in burn patients. Burns.
2003;29:837-41.

16. Min B-M, Jeong L, Nam YS, Kim J-M, Kim JY, Park WH. Formation of silk fibroin
matrices with different texture and its cellular response to normal human keratinocytes.
Int J Biol Macromol. 2004;34:223-30.

17. Inpanya P, Faikrua A, Ounaroon A, Sittichokechaiwut A, Viyoch J. Effects of the
blended fibroin/aloe gel film on wound healing in streptozotocin-induced diabetic rats.
Biomed Mater. 2012;7:1-13.

18. Vasconcelos A, Gomes AC, Cavaco-Paulo A. Novel silk fibroin/elastin wound
dressings. Acta Biomater. 2012;8:3049-60.

19. Aramwit P, Kanokpanont S, Nakpheng T, Srichana T. The effect of sericin from
various extraction methods on cell viability and collagen production. Int J Mol Sci.
2010;11:2200-11.

20. Tsubouchi K, Igarashi Y, Takasu Y, Yamada H. Sericin enhances attachment of
cultured human skin fibroblasts. Biosci Biotechnol Biochem. 2005;69(2):403-5.

21. Minoura N, Tsukada M, Nagura M. Physico-chemical properties of silk fibroin
membrane as a biomaterial. Biomaterials. 1990;11:430-4.

22. Aramwit P, Siritientong T, Srichana T. Potential applications of silk sericin, a
natural protein from textile industry by-products. Waste Manage Res. 2012;30(3):217-24.
23. Mandal BB, Priya AS, Kundu SC. Novel silk sericin/gelatin 3-D scaffolds and 2-D
films: Fabrication and characterization for potential tissue engineering applications. Acta
Biomater. 2009;5:3007-20.

24. Akturk O, Tezcaner A, Bilgili H, Deveci MS, Gecit MR, Keskin D. Evaluation of
sericin/collagen membranes as prospective wound dressing biomaterial. J Biosci

Bioeng. 2011;112(3):279-88.



87

25. Siritienthong T, Ratanavaraporn J, Aramwit P. Development of ethyl alcohol-
precipitated silk sericin/polyvinyl alcohol scaffolds for accelerated healing of full-
thickness wounds. Int J Pharm. 2012;439:175-86.

26. Clemens MW, Downey S, Agullo F, Lehfeldt MR, Kind GM, Palladino H, et al.
Clinical application of a silk fibroin protein biologic scaffold for abdominal wall fascial
reinforcement. Plast Reconstr Surg Glob Open. 2014;2(e246):1-10.

27. Siritientong T, Angspatt A, Ratanavaraporn J, aramwit P. Clinical potential of a
silk sericin-releasing bioactive wound dressing for the treatment of split-thickness skin
graft donor sites. Pharm Res. 2014;31:104-16.

28. Hasatsri S, Yamdech R, Chanvorachote P, Aramwit P. Physical and biological
assessments of the innovative bilayered wound dressing made of silk and gelatin for
clinical applications. J Biomater Appl. 2015;29(9):1304-13.

29. Kanokpanont S, Damrongsakkula S, Ratanavaraporna J, Aramwit P. An
innovative bi-layered wound dressing made of silk and gelatin for accelerated wound
healing. Int J Pharm. 2012;436:141-53.

30. Thorne CH. Grabb and Smith's plastic surgery. 7 ed. Philadelphia: Lippincott
Williams & Wilkins; 2014. 2-28.

31. Guo S, DiPietro LA. Factors affecting wound healing. J Dent Res.
2010;89(3):219-29.

32. Rajendran S. Advanced textiles for wound care: Elsevier; 2009.

33. Holt DR, Kirk SJ, Regan MC, Hurson M, Lindblad WJ, Barbul A. Effect of age on
wound healing in healthy human beings. Surgery. 1992;112(2):293-7.

34. Sussman C, Bates-Jdensen B. Wound care: a collaborative practice manual. 3rd
ed. Philadelphia: Lippincott williams & wikins; 2007. 53-8.

35. Watson NFS, Hodgkin W. Wound dressings. Surgery 2005;23(2):52-5.

36. Feldman DL, Rogers A, Karpinski RHS. A prospective trial comparing biobrane
duoderm and xeroform for skin graft donor sites. Surgery Gynecology & Obstetrics.

1991;173(1):1-5.



88

37. Altman GH, Diaz F, Jakuba C, Calabro T, Horan RL, Chen J, et al. Silk-based
biomaterials. Biomaterials. 2003;24:401-16.

38. Mondal M, Trivedy K, Kumar SN. The silk proteins, sericin and fibroin in
silkworm, Bombyx mori Linn., - a review. Caspian J Env Sci. 2007;5(2):63-76.

39. Patel R, Modasiya MK. Sericin: Pharmaceutical Applications International Journal
of Research in Pharmaceutical and Biomedical Sciences 2011;2(3):913-7.

40. Padamwar MN, Pawar AP. Silk sericin and its applications: A review. J Sci Ind
Res. 2004;63:323-9.

41. Vaithanomsat P, Punyasawon C. Production of water-soluble silk powder from
Bombyx mori Linn. (Nang-Noi Srisakate 1). Kasetsart J (Nat Sci). 2006;40:152-8.

42. Shimura K, Kikuchi A, Ohtomo K, Katagata Y, Hyodo A. A. Studies on silk fibroin
of Bombyx mori. |. fractionation of fibroin prepared from the posterior silk gland. Journal
of Biochemistry. 1976;80(4):693-702.

43. Rockwood DN, Preda RC, Yucel T, Wang X, Lovett ML, Kaplan DL. Materials
fabrication from Bombyx mori silk fibroin. Nature protocols. 2011;6(10):1612-31.

44, Levin B, Redmond SL, Rajkhowa R, Eikelboom RH, Atlas MD, Marano RJ.
Utilising silk fibroin membranes as scaffolds for the growth of tympanic membrane
keratinocytes, and application to myringoplasty surgery. The Journal of Laryngology &
Otology. 2013;127:513-S20.

45, Mandal BB, Kundu SC. Cell proliferation and migration in silk fibroin 3D
scaffolds. Biomaterials. 2009;30:2956-65.

46. Chomchalao P, Pongcharoen S, Sutheerawattananonda M, Tiyaboonchai W.
Fibroin and fibroin blended three-dimensional scaffolds for rat chondrocyte culture.
BioMedical Engineering Online. 2013;12(28):1-12.

47. Sakabe H, Ito H, Miyamoto T, Noishiki Y, Ha WS. In vivo blood compatibility of
regenerated silk fibroin. Sen-I Gakkaishi. 1989;45(11):487-90.

48. Santin M, Motta A, Freddi G, Cannas M. In vitro evaluation of the inflammatory

potential of the silk fibroin. J Biomed Mater Res. 1999;46(3):382-9.



89

49, Tungtasana H, Shuangshoti S, Shuangshoti S, Kanokpanont S, Kaplan DL,
Bunaprasert T, et al. Tissue response and biodegradation of composite scaffolds
prepared from Thai silk fibroin, gelatin and hydroxyapatite. J Mater Sci: Mater Med.
2010;21:3151-62.

50. Jeong L, Kim MH, Jung J-Y, Min BM, Park WH. Effect of silk fibroin nanofibers
containing silver sulfadiazine on wound healing. Int J Nanomedicine. 2014;9:5277-87.
51. Padol AR, Jayakumar K, Shridhar NB, Swamy HDN, Mohan K, S M. Efficacy of
the silk protein based biofilms as a novel wound healing agent. International Journal of
Toxicology and Applied Pharmacology. 2012;2(3):31-6.

52. Roh D-H, Kang S-Y, Kim J-Y, Kwon Y-B, Kweon HY, Lee K-G, et al. Wound
healing effect of silk fibroin/alginate-blended sponge in full thickness skin defect of rat. J
Mater Sci: Mater Med. 2006;17:547-52.

53. Sothornvit R, Chollakup R, Suwanruji P. Extracted sericin from silk waste for film
formation. Songklanakarin J Sci Technol. 2010;32(1):17-22.

54, Kitisin T, Maneekan P, Luplertlop N. In-vitro Characterization of Silk Sericin as an
Anti-aging Agent. J Agr Sci. 2013;5(3):54-62.

55. Padamwar MN, Pawar AP, Daithankar AV, Mahadik KR. Silk sericin as a
moisturizer: an in vivo study. J Cosmet Dermatol. 2005;4:250-7.

56. Zhaorigetu S, Sasaki M, Watanabe H, Kato N. Supplemental silk protein, sericin,
suppresses colon tumorigenesis in 1,2- dimethylhydrazine-treated mice by reducing
oxidative stress and cell proliferation. Biosci Biotechnol Biochem. 2001;65(10):2181-6.
57. Hunt TK. Disorders of wound healing. World J Surg. 1980;4:271-7.

58. Aramwit P, Kanokpanont S, De-Eknamkul W, Kamei K, Srichana T. The effect of
sericin with variable amino-acid content from different silk strains on the production of
collagen and nitric oxide. J Biomater Sci Polym Ed. 2009;20(9):1295-306.

59. Terada S, Nishimura T, Sasaki M, Yamada H, Miki M. Sericin, a protein derived
from silkworms, accelerates the proliferation of several mammalian cell lines including a

hybridoma. Cytotechnology. 2002;40:3-12.



90

60. Chirila TV, Suzuki S, Bray LJ, Barnett NL, Harkin DG. Evaluation of silk sericin as
a biomaterial: in vitro growth of human corneal limbal epithelial cells on Bombyx mori
sericin membranes. Progress in Biomaterials. 2013;2(14):1-10.

61. Motta A, Barbato B, Foss C, Torricelli P, Migliaresi C. Stabilization of Bombyx
mori silk fibroin/sericin films by crosslinking with PEG-DE 600 and genipin. J Bioact
Compat Pol. 2011;26(2):130-43.

62. Xie R-j, Li M-z, Lu S-z, Sheng W-h, Xie Y-f. Preparation of Sericin Film and lts
Cytocompatibility. Key Eng Mat. 2005;342-343:241-4.

63. Aramwit P, Siritienthong T, Srichana T, Ratanavaraporn J. Accelerated healing of
full-thickness wounds by genipin-crosslinked silk sericin/PVA scaffolds. Cells Tissues
Organs 2013;197:224-38.

64. Nayak S, Kundu SC. Sericin—carboxymethyl cellulose porous matrices as cellular
wound dressing material. J Biomed Mater Res. 2014;102A:1928-40.

65. Siritienong T, Ratanavaraporn J, Srichana T, aramwit P. Preliminary
characterization of genipin-cross-linked silk sericin/poly(vinyl alcohol) films as two-
dimensional wound dressings for the healing of superficial wounds. Biomed Res Int.
2013;2013:1-13.

66. Nagai N, Murao T, Ito Y, Okamoto N, Sasaki M. Enhancing effects of sericin on
corneal wound healing in rat debrided corneal epithelium. Biol Pharm Bull.
2009;32(5):933-6.

67. Nagai N, Murao T, Ito Y, Okamoto N, Sasaki M. Enhancing effects of sericin on
corneal wound healing in Otsuka Long- Evans Tokushima Fatty rats as a model of
human type 2 diabetes. Biol Pharm Bull. 2009;32(9):1594-9.

68. Aramwit P, Sangcakul A. The effects of sericin cream on wound healing in rats.
Biosci Biotechnol Biochem. 2007;71(10):2473-7.

69. Aramwit P, Palapinyo S, Srichana T, Chottanapund S, Muangman P. Silk sericin
ameliorates wound healing and its clinical efficacy in burn wounds. Arch Dermatol Res.

2013;305:585-94.



91

70. Thornton JF, Gosman AA. Skin grafts and skin substitutes and principles of flaps.
SRPS. 2004;10(1):2-77.

71. Andreassi A, Bilenchi R, Biagioli M, D'Aniello C. Classification and
pathophysiology of skin grafts. Clinics in Dermatology. 2005;23:332-7.

72. Kottner J, Lichterfeld A, Blume-Peytavi U. Transepidermal water loss in young
and aged healthy humans: a systematic review and meta-analysis. Arch Dermatol Res.
2013;305:315-23.

73. Miteva M, Richter S, Elsner P, Fluhr JW. Approaches for optimizing the
calibration standard of Tewameter TM 300. Exp Dermatol. 2006;15:904-12.

74. Dini V, Salibra F, Brilli C, Romanelli M. Instumental evaluation of the protective
effects of a barrier film on surrounding skin in chronic wounds. Wounds 2008;20(9):254-
7.

75. Na J-I, Choi J-W, Choi H-R, Jeong J-B, Park K-C, Youn S-W, et al. Rapid healing
and reduced erythema after ablative fractional carbon dioxide laser resurfacing
combined with the application of autologous platelet-rich plasma. Dermatol Surg.
2011;37:463-8.

76. Silverman RA, Lender J, Elmets CA. Effects of occlusion and semiocclusive
dressings on the return of barrier function to transepidermal water loss in standardized
human wounds. J Am Acad Dermatol. 1989:20(5):755-60.

77. Atiyeh BS, AI-Amm CA, El-Musa KA, Sawwaf A, Dham R. The effect of moist and
moist exposed dressings on healing and barrier function restoration of partial thickness
wounds. Eur J Plast Surg. 2003;26:5-11.

78. Park ES, Na JI, Kim SO, Huh CH, Youn SW, Park KC. Application of a pigment
measuring device - Mexameter - for the differential diagnosis of vitiligo and nevus
depigmentosus. Skin Res Technol. 2006;12(4):298-302.

79. Clarys P, Alewaeters K, Lambrecht R, Barel AO. Skin color measurements:
comparison between three instruments: the Chromameter, the DermaSpectrometer and

the Mexameter. Skin Res Technol. 2000;6(4):230-8.



92

80. Takada A, Okamura T, Morimoto M, Takahashi S-i, Yamane G-y. Objective
assessment of patch test in metal allergy with a murine model of delayed type
hypersensitivity. J Jpn Stomatol Soc. 2007;56(2):226-33.

81. Takada A, Fujimoto M, Ukichi K-i, Morimoto M, Tonogi M, Yamane G-y, et al.
Objective Assessment of erythema caused by metal patch testing using an erythema
index meter. Oral Sci Int. 2010;7(2):56-65.

82. Davis EC, Callender VD. Postinflammatory hyperpigmentation a review of the
epidemiology, clinical features, and treatment options in skin of color. J Clin Aesthet
Dermatol. 2010:3(7):20-31.

83. Wal Mvd, Bloemen M, Verhaegen P, Tuinebreijer W, Vet Hd, Zuijlen Pv, et al.
Objective color measurements: clinimetric performance of three devices on normal skin
and scar tissue. J Burn Care Res. 2013;34(3):e187-94.

84. McNamee PM, Api AM, Basketter DA, Gerberick GF, Gilpin DA, Hall BM, et al. A
review of critical factors in the conduct and interpretation of the human repeat insult
patch test. Regulatory Toxicology and Pharmacology. 2008;52:24-34.

85. Smith W. Repeated insult patch test. Dermac laboratory Dermatological and Hair
Care Research, 2004.

86. Paocharoen V, Mingphreudhi S, Lertsithichai P, Euanorasetr C. Preoperative
serum albumin level and postoperative septic complications. Thai J Surg. 2003;24:29-
32.

87. Jekel JF, Katz DL, EImore JG, Wild D. Epidemiology, Biostatistics and Preventive
Medicine. 3 ed. Philadelphia: Elsevier; 2007.

88. Huskisson EC. Measurement of pain. The Lancet. 1974:1127-31.

89. Innes ME, Umraw N, Fish JS, Gomez M, Cartotto RC. The use of silver coated
dressings on donor site wounds: a prospective, controlled matched pair study. Burns.
2001;27:621-7.

90. Voineskos SH, Ayeni OA, McKnight L, Thoma A. Systematic Review of Skin Graft
Donor-Site Dressings. Plast Reconstr Surg. 2009;124(1):298-306.



93

91. Siritientong T. Clinical efficacy of wound dressing containing silk sericin for split-
thickness skin graft donor site treatment. Bangkok: Chulalongkorn University; 2013.

92. Kim H-O, Kim B-G, Shin J-W, Huh S-Y, Youn S-W, Hun C-H, et al. Change of skin
color after application of topical anesthetic cream. J Dermatol Treat. 2009;20(6):376-7.
93. Kligman AM, Epstein W. Updating the maximization test for identifying contact
allergens. Contact Dermatitis. 1975;1(4):231-9.

94, Dykes PJ. The effect of adhesive dressing edges on cutaneous irritancy and skin
barrier function. J Wound Care. 2007;16(3):97-100.

95. Weber RS, Hankins P, Limitone E, Callender D, Frankenthaler RM, Wolf P, et al.
Split-thickness skin graft donor site management: a randomized prospective trial
comparing a hydrophilic polyurethane absorbent foam dressing with a petrolatum gauze
dressing. Arch Otolaryngol Head Neck Surg. 1995;121:1145-9.

96. Madden MR, Nolan E, Finkelstein JL, Yurt RW, Smeland J, Goodwin CW, et al.
Comparison of an occlusive and a semi-occlusive dressing and the effect of the wound
exudate upon keratinocyte proliferation. J Trauma. 1989;29(7):924-31.

97. Tabata Y, lkada Y. Protein release from gelatin matrices. Adv Drug Deliv Rev.
1998;31(3):287-301.

98. Panzavolta S, Gioffre M, Focarete ML, Gualandi C, Foroni L, Bigi A. Electrospun
gelatin nanofibers: optimization of genipin cross-linking to preserve fiber morphology
after exposure to water. Acta Biomater. 2011;7(4):1702-9.

99. Jin G, Li'Y, Prabhakaran MP, Tian W, Ramakrishna S. In vitro and in vivo
evalution of the wound healing capability of electrospun gelatin/PLLCL nanofibers. J
Bioact Compat Pol. 2014;29(6):628-45.

100. BinduH, MV, KK, T.P. S, R.V. SK. Preparation and evaluation of chitosan-
gelatin composite films for wound healing activity. Trends Biomater Artif Organs.
2010;24(3):123-30.

101.  Field CK, Kerstein MD. Overview of wound healing in a moist environment. Am J

Surg. 1994;167(1A (Suppl)):2S-6S.



94

102. Hasatsri S, Angspatt A, aramwit P. Randomized clinical trial of the innovative
bilayered wound dressing made of silk and gelatin: safety and efficacy tests using a
split-thickness skin graft model. Evid Based Complement Alternat Med. 2015:1-8.

103.  Flanagan M. Wound healing and skin integrity: principles and practice. West
Sussex: John Wiley & Sons; 2013.

104.  Wilhelm K-P, Cua AB, Maibach HI. Skin Aging. Arch Dermatol. 1991;127:1806-9.
105. Luebberding S, Krueger N, Kerscher M. Age-related changes in skin barrier
funtion - Quantitative evaluation of 150 female subjects. Int J Cosmet Sci. 2013;35:183-
90.

106.  Atiyeh BS, EI-Musa KA, Dham R. Scar quality and physiologic barrier function
restoration after moist and moist-exposed dressings of partial-thickness wounds.
Dermatol Surg. 2003;29(1):14-20.

107.  Myers JA, Millikan KW, Saclarides TJ. Common Surgical Diseases. 2 ed. New
York: Springer; 2008.

108. C LJ. The treatment of small burns with a chlorhexidine-medicated tulle gras.
Burns. 1977;3(4):239-44.

109.  Hutchinson JJ, McGuckin M. Occlusive dressings: A microbiologic and clinical
review. Am J Infect Control. 1990;18(4):257-68.

110.  Varghese MC, Balin AK, Carter DM, Caldwell D. Local environment of chronic
wounds under synthetic dressings. Arch Dermatol. 1986;122(1):52-7.

111, Ayello EA, Carville K, Fletcher J, Keast D, Leaper D, Lindholm C, et al.
Appropriate use of silver dressings in wounds. London: Kathy Day; 2012. 2.

112.  Parrish CR. Serum proteins as markers of nutrition: What are we treating? Pract
Gastroenterol. 2006;43:46-64.

113.  Lobo DN, Stanga Z, Simpson JAD, Anderson JA, Rowlands BJ, Allison SP.
Dilution and redistribution effects of rapid 2-litre infusions of 0.9% (w/v) saline and 5%
(w/v) dextrose on haematological parameters and serum biochemistry in normal

subjects: a double-blind crossover study. Clin Sci. 2001;101:173-9.



95

114.  Sugino H, Hashimoto |, Tanaka Y, Ishida S, Abe Y, Nakanishi H. Relation
between the serum albumin level and nutrition supply in patients with pressure ulcers :
retrospective study in an acute care setting. J Med Invest. 2014;61:15-21.

115.  Holzle E, Plewig G. Effects of dermatitis, stripping, and steroids on the
morphology of corneocytes. a new bioassay. J Invest Dermatol. 1977;68(6):350-6.

116.  Guz NV, Gaikwad RM, Dokukin ME, Sokolov |. A novel in vitro stripping method
to study geometry of corneocytes with fluorescent microscopy: example of aging skin.
Skin Res Technol. 2009;15:379-83.

117.  Lee S, Park Y-K, Kang JS. The experimental study on corneocytes of chronically

irritated skin (I). Yonsei Med J. 1982:23(1):80-3.



APPENDICES



Appendix A

4.% = - %

o

Study Protocol Approval

The Ethics Committee of The Faculty of Pharmaceutical Sciences,
Chulalongkorn University, Bangkok, Thailand has approved the following study to

be carried out according to the protocol dated and/ or amended as follows:

Study Title: Safety of the silk fibroin woven fabric with bioactive coating
layer in healthy volunteers

Study Code: -

Centre: CHULALONGKORN UNIVERSITY

Principal Investigator:  Pornanong Aramwit, Pharm.D., Ph.D.

A list of the Ethics Committee members and positions present at the Ethics

Committee meeting on the date of approval of this study has been attached.

This Study Protocol Approval Form will be forwarded to the Principal

Investigator.

an f:% AT — -
Chairman of Ethics Committee: ... )0 ............... A74 o /

(Parkpoom Tengamnuay, Ph.D.)

Secretary of Ethics Commiittee:  ......00 0 0l . i e cerrvannnasncnenses

(Suyanee Pongthananikorn, Ph.D.)

Date of Approval: July 18, 2012
Date of Approval Expiration: July 18, 2013
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Appendix E

Repeated insult patch test scoring scale

Grade Type of response

0 No evidence of any effect

0.5 (Barely perceptible) minimal faint (light pink) uniform or spotty erythema

1 (Mild) pink uniform erythema covering most of contact site

2 (Moderate) pink/red erythema visibly uniform in entire contact area

3 (Marked) bright red erythema with accompanying edema, petechiae
or papules

4 (Severe) deep red erythema with vesiculation or weeping with or

without edema
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Appendix |

Case report form
Title: Comparative clinical efficacy of wound dressing containing silk fibroin with bioactive
coating layer versus medicated paraffin gauze dressing in the treatment of split-thickness

skin graft donor sites

Patient information and demographics

Patient code: Date: / / Sex: [ ] Male [__]Female
Date of birth: / / Weight (kg): Height (cm):
Comorbids:

Current medications:

Drinking: [__] Yes [ ] No

Smoking: |:| Yes |:| No

Allergies:
. reerewmoman ]
Diagnosis:

Size of donor site (cm?): Thickness of donor site (inch)

Medications Dose How and How often Date started

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.
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Appendix J

Follow up report

Title: Comparative clinical efficacy of wound dressing containing silk fibroin with bioactive
coating layer versus medicated paraffin gauze dressing in the treatment of split-thickness

skin graft donor sites

Patient code:

Wound dressing I

A. wound dressing containing silk fibroin | B. medicated paraffin gauze dressing

woven fabric with bioactive coating layer

- Dressing change [__] Yes [__] No - Dressing change [ ] Yes [_] No

- Exudates [ 1ves [INo - Exudates [ ]ves [_] No

- Dressing separate completely from - Dressing separate completely from
donor site [ 1 Yes [_INo | donor site [ Jves []No

Visual analogue scale I

A. wound dressing containing silk fibroin woven fabric with bioactive coating layer

No pain I I I I I I I I I I I Unbearable
0o 1 2 3 4 5 6 7 8 9 10

B. medicated paraffin gauze dressing

No pain I I l I I I l l I I I Unbearable
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Signs of infection

A. wound dressing containing silk fibroin | B. medicated paraffin gauze dressing
woven fabric with bioactive coating layer

Pus[ ] Yes Pus[ ] Yes
1 No [ ] No

Others Others

Complication |

A. wound dressing containing silk fibroin | B. medicated paraffin gauze dressing

woven fabric with bioactive coating layer

] Yes [] Yes
[ 1 No [ 1 No
Vital signs |
Heart rate (beats per minute): Respiration (breaths per minute):
Blood pressure (mmHQ): Temperature ("C):
Kidney & liver function

BUN (mg/dL): Serum creatinine (mg/dL):
AST (U/L): ALT (U/L):

Alkaline phosphatase (U/L) Albumin (g/dL):
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Appendix K

Participants’ skins at the back area among three phases of skin patch test

No. of
Induction phase | Induction phase |l Challenge phase
participant

1




12

N

No. of

participant

9

10

11

12

13

14

15

16

Induction phase |

Induction phase |l

Challenge phase




12

w

No. of

participant

17

18

19

20

21

22

23

24

Induction phase |

Induction phase |l

!

Challenge phase
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No. of

participant

25

26

27

28

29

30

31

32

Induction phase |

Induction phase |l

Challenge phase
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No. of

participant

33

34

35

36

37

38

39

40

Induction phase |

Induction phase |l

Challenge phase
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»

No. of

participant

41

42

43

44

45

46

47

48

Induction phase |

Induction phase |l

Challenge phase
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No. of

participant

49

50

51

52

53

54

55

56

Induction phase |

Induction phase |l

Challenge phase
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o

No. of

participant

57

58

59

60

61

62

63

64

Induction phase |

Induction phase |l

Challenge phase
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©

No. of

participant

65

66

67

68

69

70

71

72

Induction phase |

Induction phase |l

Challenge phase
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o

No. of

participant

73

74

75

76

7

78

79

80

Induction phase |

Induction phase |l

Challenge phase
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No. of

participant

81

82

83

84

85

86

87

88

Induction phase |

Induction phase |l

Challenge phase
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N

No. of

participant

89

90

91

92

93

94

95

96

Induction phase |

Induction phase |l

Challenge phase
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w

No. of Induction phase | Induction phase |l Challenge phase

participant

97

98

99

100

101

102

103

104
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No. of

participant

105

106

107

108

109

110

Induction phase |

Induction phase |l

Challenge phase
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Appendix L
Donor site characteristics (part 1)
No. Operative day Donor site after healed
Donor site Donor site with dressings On the first day
) K. < —
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Donor site characteristics (part 1; continued)

No.

Operative day

Donor site after healed

10

11

12

Donor site

Donor site with dressings

-.
o

v

B

* -
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Donor site characteristics (part 1; continued)

No.

Operative day

Donor site after healed

13

14

15

16

17

18

Donor site

Donor site with dressings

o 3

5

s .-'.-*. "

v.

On the first day
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Donor site characteristics (part 1; continued)

No.

Operative day

Donor site after healed

19

20

21

22

23

24

Donor site

Donor site with dressings

On the first day
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Donor site characteristics (part 1; continued)

No. Operative day Donor site after healed

Donor site Donor site with dressings On the first day

25

26

27

28

29

30
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Donor site characteristics (part 2)

No.

Donor site after healed

1 month

2 months
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Donor site characteristics (part 2; continued)

No.

Donor site after healed

10

11

12

1 week

1 month

2 months
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Donor site characteristics (part 2; continued)

No.

Donor site after healed

13

14

15

16

17

18

1 week

1 month

2 months
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Donor site characteristics (part 2; continued)

No.

Donor site after healed

1 week

19

20

21

22

23

24

1 month

2 months
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Donor site characteristics (part 2; continued)

No.

Donor site after healed

25

26

27

28

29

30

1 week

1 month

2 months
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Donor site characteristics (part 3)

No.

Donor site after healed

3 months

4 months

5 months
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Donor site characteristics (part 3; continued)

No.

Donor site after healed

10

11

12

3 months

4 months

5 months
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Donor site characteristics (part 3; continued)

No.

Donor site after healed

13

14

15

16

17

18

3 months

4 months

5 months
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Donor site characteristics (part 3; continued)

No.

Donor site after healed

3 months

19

20

21

22

23

24

4 months

5 months
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Donor site characteristics (part 3; continued)

No.

Donor site after healed

25

26

27

28

29

30

3 months

4 months

5 months

Loss to follow-up




150

VITA

Sukhontha Hasatsri was born on July 29, 1983 in Bangkok, Thailand. She
received the Bachelor of Pharmacy (First-Class Honors) from the Faculty of Pharmacy,
Rangsit University, Thailand in March 2007 and the Master of Science in Pharmacy
from the Department of Pharmacy Practice, Faculty of Pharmaceutical Sciences,
Chulalongkorn University, Thailand in May 2011. She received a Royal Golden Jubilee
Ph.D. scholarship awarded by the Thailand Research Fund under the Office of the
Prime Minister, the Royal Thai Government during 2011 - 2013 (Grant no.
PHD/0149/2553) under the supervision of Professor Pornanong Aramwit, Pharm.D.,

Ph.D. Her researches have been published in journals for 3 publications as follows:

1. Hasatsri S, Angspatt A, aramwit P. Randomized clinical trial of the
innovative bilayered wound dressing made of silk and gelatin: safety and efficacy tests
using a split-thickness skin graft model. Evid Based Complement Alternat Med.

2015:1-8.

2. Hasatsri S, Yamdech R, Chanvorachote P, Aramwit P. Physical and
biological assessments of the innovative bilayered wound dressing made of silk and

gelatin for clinical applications. J Biomater Appl. 2015;29(9):1304-13.

3. Hasatsri S, Chaiprasert A, Aramwit P. Relationship between changes
of calcineurin inhibitor levels and serum creatinine and cystatin C levels in kidney

transplant patients. Chula Med J. 2011;55(5):437-46.



	THAI ABSTRACT
	ENGLISH ABSTRACT
	ACKNOWLEDGEMENTS
	CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	CHAPTER I  INTRODUCTION
	1.1 Background and rationale
	1.2 Objectives
	1.3 Hypotheses
	1.4 Scopes

	CHAPTER II  LITERATURE REVIEWS
	2.1 Wound
	2.2 Wound dressing
	2.3 Silk
	2.4 Skin grafting
	2.5 Transepidermal water loss (TEWL)
	2.6 Erythema and melanin

	CHAPTER III  RESEARCH METHODOLOGY
	3.1 Fabrication of the wound dressing containing silk fibroin with a bioactive coating layer
	3.2 Phase I: Clinical safety of the wound dressing containing silk fibroin with a bioactive coating layer in healthy volunteers
	3.3 Phase II: Clinical efficacy and safety of the wound dressing containing silk fibroin with bioactive coating layer in the treatment of split-thickness skin graft donor sites
	3.4 Data analysis and statistical
	3.5 Ethical consideration

	CHAPTER IV  RESULTS
	4.1 Phase I: Clinical safety of the wound dressing containing silk fibroin with bioactive coating layer in healthy volunteers
	4.2 Phase II: Clinical efficacy and safety of the wound dressing containing silk fibroin with bioactive coating layer in the treatment of split-thickness skin graft donor sites

	CHAPTER V  DISCUSSION
	CHAPTER VI  CONCLUSIONS
	REFERENCES
	APPENDICES
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	Appendix E
	Appendix F
	Appendix G
	Appendix H
	Appendix I
	Appendix J
	Appendix K
	Appendix L

	VITA

