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Abstract. We examined the effects of the transparent fibroin film (silk film) on full-
thickness skin wounds. Full-thickness dermatotomles (15 mm x 9 mm) were prepared
on the dorsal wall of CRJ:CD-1 nulnu (ICR nulnu) mice. The area of the wounds
dressed with silk film was reduced to 10% of that made by the dermatotomy 14 days
after the dermatotomy and were covered with regenerated epidermis 21 days after the
dermatotomy. In contrast, less recovery and epidermal regeneration were found 14
days after dermatotomy In the wounds dressed with a conventional hydrocolloid
dressing (Duro Active). Furthermore, only partial incomplete epldemal growth was
obtained 21 days after dermatotomy. Most importantly, the healing time of wounds
dressed with silk film was 7 days shorter than those dressed with DuoActlve dressing.
The silk film showed an almost similar or slightly better promotive effect as the ly-
ophilized porcine dermis (Alloask D), which Is used as a dressing for burns, ulcers,
and decubitis. Histologic findings revealed that there was greater collagen regenera-
tion and less Inflammation and neutrophil-lymphocyte Infiltration of the wounds
dressed with silk film than with DuoActlve dressing. It Is clear that regeneration of the
epidermis and dermis of the wound beds covered with silk film was faster than with
DuoActive dressing. Finally, silk film is easily obtainable, sterlllzable, and transparent,
and It allows easy observation of tissue recovery. Therefore, silk film offers advan-
tages over other dressings and may be clinically useful for wound treatment.

[P.S.E.B.M. 2000, Vol 225:58-64]

A
ccidental removal or damage to the epidermis by
ulcers, bums, or other traumatic experiences may
result in a series of morbid consequences that re-

strict epidermal regeneration. In this respect, dehydration,
ionic imbalances, necrosis, and infection may lead to severe
trauma, shock, and even death. Therefore, it is essential to

I To whom requests for reprints should be addressed at the First Department of
Pathology. Kansai Medical University. 10-15 Fumizono cho, Moriguchi City. Osaka
570--8506. Japan. E-mail: ikehara@takiLkmu.ac.jp

Received December 16. 1999. [P.S.E.B.M. 2000. Vol 225)
Accepted Accepted April 26. 2000.

0037-97271OO1225I-005SS 15.0010
Copyright Q 2000 by the Society for Experimental Biology and Medicine

58 SILK FILM AND WOUND HEALING

apply an adequate dressing to permit maximal recovery of
the dennis and epidermis,

To promote healing, wound dressings should have the
following functions: (i) draining of exudate; (ii) prevention
of evaporative water loss; (iii) control of insensible perspi-
ration from wound surface; and (iv) prevention of bacterial
infection. Furthermore, wound dressings should reduce pain
and discomfort. To satisfy these conditions, wound dress-
ings are required to be homogeneous membranes and have
structures that allow them to adhere to the whole wound
surface. Homografts are useful for temporary resurfacing of
wounds, but it is often difficult to obtain an adequate supply
of suitable tissues, and homografts cannot be used for re-
peated grafts for rejections. Moreover, there is a risk of
infecting the donors with several pathogens such as HIV (l).

Since the 1960s many new wound dressings have been
developed. Wound dressings have been classified into three



groups: biological dressings, synthetic dressings such as
formal polyvinyl alcohol sponge, and synthetic composite
dressings such as collagen sponge. Biological dressings in-
clude untreated biological materials and chemically treated
ones. Sterilized lyophilized porcine skin and dennis (2-5),
collagen membrane prepared from biomaterials (6, 7), cal-
cium sodium alginate from seaweeds (8, 9), and the recently
developed collagen-algirnate dressing (10, II) have been
developed as biological dressings. A polyethylene film has
also been found to provide good connective tissue regen-
eration and tissue growth (12). Alloask D is an example of
the lyophilized porcine dermis, and DuoActive is another
example of a wound dressing made of hydrocoIloid.

In wound treatment, open therapy was generally carried
out until the 1960s. However, since the 1970s, the concept
of moist wound healing using occlusive wound dressings
has become the norm. Experimental results have shown that
wounds grow epithelium more rapidly under moist condi-
tions than under dry. Wound dressings keep wounds moist
and promote growth of granulation tissue, and the epider-
mization decreases pain and reduces scar formation. Fur-
thermore, wound dressings possibly concentrate growth fac-
tors and cytokines in the wound area, which may be nec-
essary for adequate tissue regeneration.

Fibroin is a silk protein and comprises the core of silk
fiber. Recently, fibroin has gained attention as a new bio-
logical material, and there have been several studies on the
biological functions of fibroin. Fibroin appears to have
minimal adverse effects on the immune system and inhibits
increases in cholesterol levels in the peripheral blood (13).
Since fibroin is highly hydrophobic, this protein may be a
material that can be used for wound dressings and provide
the necessary requirements for recovery. It is also easy to
obtain as a sterile dressing. In this study, to examine wheth-
er fibroin is applicable as a biological dressing, we prepared
silk film from fibroin and compared the function of silk film
with two clinically used dressings, hydrocolloid dressing
and lyophilized porcine dermis, in the healing of murine
fuIl-thickness skin wounds.

Materials and Methods
Dressings. Silk film (thickness 0.3 mm) is composed

of a protein of silk fiber, fibroin, and is made by dissolution
of refined silk fiber in a potassium chloride solution follow-
ing deionization. DuoActive dressing (a hydrocolloid dress-
ing) (14-17) was purchased from Bristol-Myers Squibb Co.
(Tokyo, Japan). Alloask D (lyophilized irradiated porcine
dermis) was purchased from Taiho Pharmaceutical Co.
(Tokushima. Japan) (2-5).

Full-Thickness Skin Wound Preparation. Male
CRJ:CD-I nil/nil (ICRmvll/1) mice were purchased from
Charles River Japan (Yokohama. Japan). and used at 7-8
weeks old. For the three experimental groups and controls.
150 mice were used. Full-thickness dennatotomies (15 mm
x 9 rnrn) were prepared on the dorsal wall of the mice (Figs.
IA & 18). These wounds were covered with the silk film.

DuoActive dressing, and Alloask D. Alloask D was macer-
ated with sterile saline before use. These wounds were then
covered with sterilized gauze and fixed with elastic ban-
dage. All mice were given tetracycline (2 mglml) in acidi-
fied drinking water (pH 2.7). Three or more mice in each
group were sacrificed, and macroscopic and histologic in-
spections of the skin wound were carried out once a week.
As the wound was almost square, unepithelized areas were
calculated from the length and width of the wound. After
measurement of the wound areas, wounds together with
surrounding tissues were excised and fixed with 3% form-
aldehyde. Sections of the wound tissues were stained with
hematoxylin and eosin (H&E) for the histologic inspection.

Collagen Determination. The presence of collagen
was determined by the light microscopy of skin wound his-
tologic preparations stained with H&E and differential veri-
fication with aniline blue. The fibers appeared as wavy
structures of variable width and intermediate length. Their
presence was scored as mild (+), moderate (+ +), or normal
(+ + +), and relative absence (-).

Evaluation of Inflammatory Cells. Random
sample areas of the wounds were examined by light micros-
copy and inflammatory cells (polymorphonuclear leuko-
cytes (PMN-) and lymphocytes) were identified according
to the morphological criteria. Their presence was scored as
few (+), moderate (+ +). and many/considerable (+ + + ,
+ + + +).

Epidermal Assessment. Histologic preparations
were examined for the extent of epidermal growth. The
epidermis could easily be distinguished from the dermis on
the basis of standard histologic criteria such as the basement
membrane and developing keratinocytes, whereas the der-
mis has much collagen and inflammatory cells present.

Results
Appearance of the Wound Surfaces Treated

with Three Dressings. Seven days after the derma-
totomy, unepithelized areas of the wound dressed with silk
film had decreased to about 46% of the area made by der-
matotomy. The wound surface dressed with silk film
showed suitable moisture and was covered with a thin crust
surrounded by brownish red granulation. In some cases, the
wound had shrunk, and epithelization was found at the edge
of the wound (Fig. IA). In contrast, 97% of the areas
dressed with DuoActive dressing remained unepithelized.
The wound surface dressed with DuoActive dressing
showed ulceration surrounded by a thick crust. The amount
of hydrocolloid gel slightly decreased by dissolution in exu-
date (Fig. 18). Unepithelized areas of the wound dressed
with Alloask D had also decreased to 46%. The wound
surface dressed with Alloask D had almost the same ap-
pearance as that dressed with silk film.

Fourteen days after derrnatotorny, the unepithelized ar-
eas of the wound dressed with silk film had decreased to
7%. The wound dressed with silk film had shrunk signifi-
cantly. Most of the wound surface was covered with epi-
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Figure 1. Change in appearance of wounds dressed with silk film and DuoActive dressing after full thickness dermatotomy. (A) Appearance
of silk film-dressed wound on Day 7 after dermatotomy. (B) Appearance of the DuoActive dressing-dressed wound on Day 7 after derma-
totomy. (C) Appearance of the silk film-dressed wound on Day 14 after dermatotomy. (D) Appearance of the DuoActive dressing-dressed
wound on Day 14 after dermatotomy. (E) Appearance of the silk liIm-dressed wound on Day 21 after dermatotomy. (F) Appearance of the
DuoActive dressing-dressed wound on Day 21 after dermatotomy.

thelial cells (Fig. lC). Unepithelized areas of the wound
dressed with DuoActive dressing had decreased to about
56%. and epithelization had begun from the rim of the nor-
mal skin (Fig. ID). The area and surface of the wound
dressed with Alloask D were almost the same as that with
silk film: unepithelized areas were at least 9% of the der-
matotomy area.

Twenty-one days after dermatotomy, the wounds
dressed with silk film and Alloask D had almost completely
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epithelized (Fig. 1E). The wound dressed with the DuoAc-
tive dressing had significantly shrunk. and remarkable epi-
thelization was noted. However. at least 7% of the areas
dressed with DuoActive dressing remained unepithelized.
and the granulation tissue covered with crust was still there
(Fig. IF).

The changes of the unepithelized areas described above
are summarized in Table I and Figure 2. In contrast to the
DuoActive dressing. note that the wounds exposed to silk



Table I. Percentage Changes in Unepithelized Areas
Dressed with Silk Film, DuoActive, and Alloask D

Days after % Unepithelized area

dermatotomy 7 14 21

Dressing
Silk Film 46 7 0
DuoActive 97 56 7
Alloask D 46 9 0

Figure 2. Comparison of changes in unepithelialized area dressed
with silk film, DuoAetive dressing, and Alloask D. The wound dressed
with silk film healed 7 days faster than that dressed with DuoActive
dressing. The silk film demonstrated a similar promotive affect on
healing as A1loask D. In the silk film-<:lressedgroup, four mice were
sacrificed on Day 7; four mice on Day 14; and four mice on Day 21.
In the DuoAetive dressing-dressed group, four mice were sacrificed
on Day 7; five mice on Day 14; and four mice one Day 21. In the
Alloask D dressing-dressed group, three mice were sacrificed on
Day 7; four mice on Day 14, and four mice on Day 21.

film and Alloask D recovered at the same rate and extent. In
Table I it can be seen that the recovery of epithelization
(given as percentage of unepithelization) for silk film and
Alloask D was similar at 7, 14, and 21 days, respectively.
Note that on Day 14, silk film and Alloask D had only 7%
and 9% unepithelized areas, respectively, whereas they had
both completely healed by Day 21. Figure 2 shows the
actual changes in the measured wound area (mrrr') of the
three groups.

Histologic Findings of Wounds Dressed with
Three Dressings. Seven days after dermatotomy, the
wounds dressed with the DuoActive dressing were severely
edematous and covered with a thick crust. Severe infiltra-
tion of neutrophils and lymphocytes was observed in the
subcutis of the wound. The formation of granulation tissue
was observed at the rim of the intact skin tissue; however,
epidermization was not observed (Fig. 3A). In contrast,
there was significantly less edema in the wounds dressed
with the silk film than those dressed with the DuoActive
dressing. Infiltration of neutrophils in the subcutis was also
very slight. Epidermization and granulation tissue were ob-
served at the edge of the intact skin tissue (Fig. 3D). The
wounds dressed with Alloask D showed almost the same
result as with silk film, except that the wounds dressed with
Alloask D showed more infiltration of neutrophils (not

shown).

Fourteen days after dermatotomy, although small epi-
dermal defects remained, epithelial cells had grown over the
surface of the wound dressed with silk film. In the tissue
under the wound, edema further decreased, and the granu-
lation tissue was replaced by collagen fibers. Infiltration of
a few lymphocytes was observed (Fig. 3E). In contrast, the
wounds dressed with DuoActive dressing were still edema-
tous, inflammatory granulation tissue had grown to cover
the surface of the subcutis, and no epidermization was yet
observed (Fig. 3B). The wounds dressed with Alloask D
were similar to the wounds dressed with silk film. They
showed epidermization, a decrease in the number of inflam-
matory cells, a reduction of edema, and replacement of
granulation tissue by collagen fibers.

Twenty-one days after dermatotomy, in the areas
dressed with the silk film or Alloask D, regenerated epider-
mis covered the wound surface completely. Most of the
granulation tissue had been replaced by collagen fiber. The
inflammatory cells had disappeared (Fig. 3F). In the wounds
dressed with DuoActive dressing, the growth of epithelial
cells from around the skin tissue was observed, and collagen
fiber had started to replace the granulation tissue. Inflam-
matory cells had decreased, but necrotic tissue remained
across most of the unepithelized area (Fig. 3C). The above
results are presented in Table II and diagrammatically sum-
marized in Figure 4.

In summary, the wound dressed with silk film showed
epithelization 7 days before that dressed with the DuoActive
dressing. The silk film demonstrated similar promotive ef-
fects on epithelization as Alloask D.

Discussion

In the past several years, occlusive wound dressings,
which keep wounds moist, have become the norm in the
treatment of skin defects caused by ulcers, decubitis, abra-
sions, and skin graft rejection (18-22). Many new wound
dressings have been designed to keep the wound moist
while it heals. In this report, we have examined and com-
pared the effects of silk film, DuoActive, and Alloask D on
the healing of full-thickness skin defects caused by derma-
totomy. As indicated, silk film was developed as a new
biological dressing from fibroin, a silk protein. Results
show that wounds dressed with silk film healed 7 days faster
than those dressed with DuoActive dressing, and the silk
film demonstrated the same or better promotive effects on
healing as the lyophilized porcine dermis, Alloask D. These
results suggest that silk film as a wound dressing would be
useful in the clinical treatment of skin defects, providing
that infection or growth of bacteria on the wound surface is
prevented by a combination of antibiotics. Furthermore, be-
cause silk film is transparent, the wound is easily observed
through it.

As indicated, synthetic and biological dressings must
drain exudate, diminish evaporative water loss from the
wound surface. and promote epithelization (23). In this
study, microscopic analyses revealed that the tissues under
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Figure 3. Histologic findings of wounds dressed with silk film and DuoActive dressing after dermatotomy. (A) Histologic findings of DuoAetive
dressing-<lressed wounds on Day 7 after dermatotomy. The rim of the wound is shown. Epithelialization from the rim of the wound is not found.
Granulation tissue with edema and significant infiltration of neutrophils and lymphocytes are present. H&E, x40. (8) Histologic findings of
DuoAetive dressing-<lressed wounds on Day 14 after dermatotomy. Epithelialization is beginning from the rim of the wounds. However
moderate infiltration and edema still remain in the unepithelialized center of the wounds. The figure shows unepithelialized center (granulatio~
tissue) of wounds. H&E, x40. (C) Histologic findings of DuoAetive dressing-<lressed wounds on Day 21 after dermatotomy. Significant
epithelialization is found. However, in the center of the wounds, necrotic tissue and granulation tissue with moderate infiltration remain. H&E
x40. (D) Histologic findings of silk film-dressed wounds on Day 7 after dermatotomy. Compared with the wound dressed with DUOAetiv~
dressing, slight epithelialization and less infiltration and edema are found. H&E, x40. (E) Histologic findings of silk film-dressed wounds on Day
14 alter dermatotomy. The rim of the wound is shown. Significant epithelialization is found. In the granulation tissues under epithelialization
there were fewer infiltrated cells and edema was reduced. H&E, x40. (F) Histologic findings of silk film-dressed wounds on Day 21 alte;
dermatotomy. Whole wound surface is covered with regenerated epithelial cells. The granulation tissue under the regenerated epidermis has
been replaced with collagen fiber, and infiltrated inflammatory cells almost disappear. H&E, x40.

the wound dressed with the DuoActive dressing were highly
edematous, whereas those dressed with silk film were in the
early stages of healing. This difference suggests that the silk
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film has a better capacity to drain exudate from wounds than
the DuoActive dressing. Edema. caused by the retention of
exudate. induces disorders in the bloodstream and the rn];



Table II. Histological Changes in Dressed Wounds
at 7, 14, and 21 Days After Dermatotomy

Histological criteria

Dressing/days NeutrophiV CollagenJ
Edema Crust lymphocyte granulation

infiltration

Silk film
7 ++ ++ ++ +

14 + + + +
21 -+++ collagen

DuoActive
7 ++++ +++ ++++ ±

14 +++ ++ +++ +
21 ± + ++ +collagenJ

necrosis
Alloask D

7 ++ ++ ++ +
14 + + + +
21 ++collagen

Figure4. The comparison of histologic changes in wounds dressed
with silk filmand DuoActive. Figures represent relative percentage
versus time after dermatotomy.

gration of neutrophils, which, in turn. may delay wound
healing (23). In addition. when we observed wounds
dressed with silk film once a week. the wounds appeared to
be kept suitably moist. Based on this finding. we believe
that silk film has the ability to retain water. proteins. and
electrolytes. although we have no direct evidence. This re-
tention may keep the concentrations of important substances
such as transforming growth factor (TGF)-a. TGF-I3. inter-
leukin (LI)-Ia. IL-II3. LI-6. keratinocyte growth factor. and
other cytokines in the granulation tissue at adequate lev-
els (24-28). These cytokines promote the growth of kera-
tinocytes. fibroblasts. and angioendothelial cells. Indeed,

faster epithelization and granulation were observed in the
wounds dressed with silk film than those dressed with the
DuoActive dressing.

In addition to silk film. we examined the effect of fi-
broin powder (the silk powder) on the healing of full-
thickness skin defects. It was found that the healing (com-
plete regeneration of epithelial cells) of wounds dressed
with the silk powder was faster than the wounds dressed
with DuoActive dressing. but slower than the silk film.
Since silk powder has spaces between the particles. ex-
cessive exudate may be retained in the spaces rather
than evaporate. The over-retention of water may inhibit
the drainage of exudate newly produced from the wound
surface.

The biological implications of our observations with
the use of silk film as a dressing are many. It can (i) be
obtained easily. (ii) be sterilized. (iii) allow observations on
wound healing. (iv) support collagen synthesis. (v) reduce
edema and scarring due to inflammatory responses. and (vi)
promote epithelization. Indeed. a readily obtainable dress-
ing such as silk film may have applications for emergency
situations such as severe bums where hospitalization is not
immediately available.

Studies are underway to analyze the direct effect of
fibroin on the growth of keratinocytes and fibroblasts and
on the production and significance of growth-promoting cy-
tokines by macrophages in vitro. Results from these studies
may provide insight into ways to provide or apply cytokines
as therapeutic agents in wound recovery with dressings.
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