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A major challenge in the chronic wound healing is a self-care wound dressing. The problem in chronic
wounds is the lack of functional extracellular matrix to stimulate healing. The extracellular matrix is a
network of proteins and polysaccharides that serves as physical framework and provides regulatory sig-
nals. The primary goal is to mimic the property of the extracellular matrix with Silk Fibroin and
Paramylon to produce a novel bioactive film. Silk fibroin is a fibrous protein having unique mechanical
properties and tunable biodegradability that makes it favourable for tailoring to specific applications.
Paramylon is a b-glucan that possess a broad spectrum of biological activity that enhances the immune
response. Silk fibroin/paramylon blend films have been prepared by solution casting and were examined
for structural, thermal, mechanical and other physical properties for knowing its transformation for
chronic wound healing. It was observed that the fibroin films shows high thermal stability, high
hydrophobicity, high stiffness value whereas the paramylon film show good water absorption property
and both fibroin and paramylon shows good blood compatibility and was non-toxic as well. It also con-
firms that the blended films showed a combination of fibroin and paramylon property at different con-
centrations without any chemical interaction.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Chronic wounds are increasing problem all over the world as
the population grows older and the incidence of liable chronic
states, such as diabetes, becomes epidemic [1]. The Life of patients
with chronic wounds is greatly compromised, as the life expec-
tancy in major cases is reportedly reduced to as little as 5 years,
the mortality can be worse than many common cancers [2]. This
failure results in chronic wounds have directed the focus to the
extracellular matrix (ECM) whose defectiveness contributed to
the delay in chronic wounds [3]. Extracellular matrix based bioma-
terials have an established place for wound healing and tissue
regeneration. Biomaterials play a major role in providing three-
dimensional scaffold and artificial extracellular-matrix environ-
ments for tissue regeneration [4].

The extracellular matrix is the bulkiest component of the der-
mal layer and the synthesis of extracellular matrix plays a key role
in the process of wound healing especially in chronic wounds.
Extracellular matrix is made up of collagen and an elastic fibers
dispersed in glycosaminoglycans, proteoglycans and connective
tissue glycoprotein [5]. Proteins and Polysaccharides were the
most important components of extracellular matrix in dermal tis-
sue [6]. Hence in the present study we tend to mimic the
extracellular-matrix for the improvement of chronic wound heal
with Silk fibroin (SF) and Paramylon (BG) blends.

Silk fibroin is a natural fibrous polymer that is derived from
silkworms, spiders and other insects. Each silk fibre is composed
of two sub-fibers, where fibroin is the core and two cores are
coated and wrapped together with the glue-like protein called ser-
icin [7]. Silk sericinisantigenic and elicits a strong allergic reac-
tions. Hence the sericin protein may be removed from the fibroin
by degumming process. Prasong et al. [8] proved that the silk with-
out sericin has higher thermal stability than the silk with sericin
and the process of sericin removing may enhances the crystalline
formation by changing the structure from random coil to b-sheet
conformation.

Silk Fibroin is one of the major protein of silk fibre which is
reported to be a good substrate for cell adhesion and proliferation.
It plays a major role in biomaterials due to its well known proper-
ties such as high tensile strength, controlled biodegradability, non-
inflammatory characteristics and so on [9]. Regenerated silk films
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are already used effectively to promote angiogenesis thereby help-
ing in wound healing process [10,11]. The fibroin protein is known
for wound dressing by regulating exudates of wound providing
moist environment facilitating re-epithelialization and collageni-
sation [12]. Silk fibroin with various natural and synthetic poly-
mers can be processed into biomaterials for a number of tissue
engineering applications and also such blending can improve the
property of silk fibroin by modulating the biodegradation rates
and mechanical property [13]. Silk Fibroin can be prepared in var-
ious forms like gel, powder, film, matrix or fiber depending on the
various applications from cosmetics till medical application.

Beta glucan is a fiber-type complex sugar derived from the cell
wall of plants fungi, algae and few bacteria. Natural (1,3)-b-D-
glucans are structurally complex homopolymer of glucose from
yeast, grain and mushrooms which are well-known biological
response modifiers [14]. BG have been extensively used in
immunological and pharmacological studies and also in the field
of nutritional supplements. Earlier invitro studies have proved that
the macrophages have a specific binding receptor for b-glucans and
upon activation by b-glucans this receptor stimulates a cascade of
events leading the production of cytokines and other soluble fac-
tors secreted by the cells of the lymphoid system [15].

Studies conducted over the past decade have shown that BG
inhibit tumor development [16], enhance defense against bacterial
infection [17], activate macrophages [14], induce production of
cytokines [18], are effective against burns, improve wound healing
process by inducing the macrophage to release wound growth fac-
tors and lower serum lipids [19].

b-glucan currently used in nutritional supplements are from
Saccharomyces cerevisae, but it is wide spread in nature ie., being
found higher in plants, bacteria, fungi and algae. (1,3)-b-Glucan
and its related glucans are important both as storage and structural
polysaccharide in protozoans and chromistans [20]. Over the past
few years, efforts have been directed towards the characterization
of the properties and the functions of BG synthases from these
organisms. But most of the BG synthases are membrane associated
complexes and are difficult to purify and characterize due to their
inherent instability after solubilization from their native mem-
brane environment [21].

All the enzyme complexes producing BG in plants, bacteria and
yeast are known to be present in the plasma membrane and
secrete the BG either into the cell wall or outside the cell. Therefore
utilization by the biotechnology industry is difficult as such pro-
teins are only often active when present within the membrane
rather than in soluble fraction. The protistEuglenagracilis, however
manufactures an intracellular granular reserve BG in high amounts
[22]. Because this reserve carbohydrate is granular and the
enzymes synthesizing would be soluble rather than present in
the membrane and thus these glucan synthases would be easier
to use from a biotechnological point of view. They could be
expressed in microorganisms and the carbohydrate isolated after
growth in bioreactors. According to the yield and extraction proce-
dures, BG from Euglena gracilis is economical for the wound dress-
ing application.

Paramylon is b-(1,3)-D-glucan extracted from Euglena gracilis
which yields paramylon of about 60–70% of the total dried cell
[23]. Paramylon shows cytokine-related immunopotentiatingac-
tivity [24]. Sulfated derivatives of paramylon and N,N-dimethylami
noethylparamylon exhibit anti-human immunodeficiency virus
(HIV) and antimicrobial effects [25]. In addition to the immune cell
interaction, BG also interacts with the fibroblasts. Wei et al. [26]
proved that BG directly helps in collagen biosynthesis by activation
of transcription factors in normal human dermal fibroblasts. It is
also reported to enhance the wound healing in animals subjected
to skin incision, colon anastomosis and burns. Depending on the
route of administration, b-glucan enhances wound healing by
increasing macrophage infiltration and collagen deposition, by
inducing tissue granulation and by enhancing reepithelialization
[27].

In the present study, two natural polymers are blended to form
a cost effective and a single interactive and bioactive wound dress-
ing for the chronic wound healing.

2. Experimental

2.1. Materials

Bombyxmori silk cocoons were kindly supplied by the Depart-
ment of studies in Sericulture sciences, University of Mysore. b
(1-3)-D-glucan used were derived from Euglena gracilis and was
purchased from Sigma-Aldrich chemical Co.(St. Louis, MO.) and
used without further treatment. All the other chemicals used were
analytical grade obtained commercially.

2.2. Extraction of silk fibroin from Bombyxmori Cocoon
(bivoltine, white shell)

Regenerated aqueous silk fibroin solution was prepared by the
Rockwood et al. 2011 [28]. Firstly, the Bombyxmori cocoons were
cut into small pieces and treated with the boiling solution of
0.02 M Sodium Carbonate for 30 min under constant stirring for
removing the core protein sericin from fibroin. During the process,
small amount of cocoons were taken after 5, 10, 15 and 20 min to
check the removal of sericin protein at regular intervals which
were observed by SEM. Then the degummed fibres were washed
2 to 3 times with ultrapure water to remove the glue like sericin
protein completely and dried overnight in a sterile condition. The
degummed fibres were dissolved in 9.3 M Lithium Bromide (LiBr)
for 4 h at 60 �C, yielding 20% (w/v) solution which is then dialysed
against sterilized water for three days, changing water every 6 h in
order to remove LiBr. After dialysis, the regenerated silk fibroin
solution was kept under �20 �C followed by lyophilization at
�110� for 36 h.

2.3. Preparation of FG blend films

The blends were formed by making 1% solution by weight with
formic acid. The solutions were taken in five different ratios as 1/0,
0.75/0.25, 0.5/0.5, and 0.25/0.75, 0/1 of Silk Fibroin to Beta-glucan
powder to form five groups which are coded as SF , FG 75:25, FG
50:50, FG 25:75 and BG respectively. All the solutions were stirred
for 4 h using magnetic stirrer to form a clear solution before casting
in polystyrene plates. The plates were then left in oven at 40 �C for
48 h to obtain SF, BG and SF/BG blend films.

2.4. Scanning electron microscopy (SEM)

Surface morphology of the films was observed using Carl Zeiss
MA15/EVO 18 SEM. For SEM, The films were first cut into small
pieces and then mounted on the stub with double side carbon
tapes. The samples were then sputter coated with gold to enhance
surface conductivity.

2.5. Contact angle measurement

The static contact angles of the films were measured at room
temperature by the drop method using an optical contact angle
meter to examine the film surface wettability. The substrates used
for the experiments were glass microscope slide. Each slide is
cleaned before use by soaking in ethanol overnight. 7 mL of distilled
water was carefully injected on the film surface before measuring
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and the measurement time was 24 s. The contact angles were mea-
sured on both sides of the drop and averaged.

2.6. Fourier transform infrared spectroscopy analysis (FTIR)

Secondary structure and conformational changes of the blend
films were confirmed by FTIR spectroscopy with air as the refer-
ence in the spectral range of 4000–400 cm�1 at 4 cm�1 spectral res-
olution and 32 scans using JASCO International Co./Japan Fourier
transform infrared Spectrometer Model FTIR-6300 instrument.

2.7. X-ray diffraction studies

Change in the crystalline nature upon blending SF and BG were
studied by XRD. The films were cut to 1 cm by 1 cm in size and
were placed in the sample holder. A scanning rate of 0.2 min and
diffraction angle from 5� to 70� were taken.

2.8. Nanoindendation studies for stiffness

Measurements of stiffness on the fibroin blend samples were
conducted using SPM coupled nanoindenter operated in force
mode. Force-distance curves for each sample were measured at
least 5 times in each different region, and the calculated stiffness
was averaged and standard deviation determined. It is used to
measure the hardness/modulus or elasticity of materials with res-
olution of nanometers, similar to conventional compression tests
using Hysitron TI950 Triboindenter.

2.9. Degradation studies

2.9.1. Thermogravimetric analysis (TGA)
The thermal degradation of the SF/BG films was determined by

thermogravimetric instrument at a heating rate of 10 �C/min and
nitrogen gas flow rate at 50 ml/min.

2.9.2. Water absorption capacity
Water absorption capacity of the SF, BG & FG films was deter-

mined by immersion of films of known weight in Phosphate buffer
saline (PBS) of pH 7.4 at room temperature for 24 h. The swollen
weight (Ws) and dry weight (Wd, after drying) were measured.
Then, the swelling index (SI) was calculated with the below
formula

SI ¼ Ws �Wdð Þ=Wsf g � 100
2.9.3. In vitro enzyme degradation
Degradation of SF, BG & FG films were determined as percent-

age of weight remained after incubation in lysozyme enzyme solu-
tion for about 4 weeks. The films with known dry weight before
degradation (W0) were immersed in PBS (pH 7.4) containing
10 mg/mL lysozyme at room temperature for four weeks which
was refreshed weekly. At various time intervals (1, 2, 3 & 4 weeks,
the films were removed and dried overnight. The weight of the
dried films is the weight after degradation (Wt). The percentage
of the weight remained after degradation was analyzed using the
formula below [29].

%Weight remained ¼ ðWt=W0Þ � 100
2.10. Blood compatibility testing – in vitro hemolytic activity of the
films

Hemolysis activity assay was conducted to evaluate the blood
compatibility of the blended films. In this experiment, a dry film
was equilibrated in saline water (0.9% NaCl solution) for 24 h at
37 �C. Healthy Human ACD blood (0.25 ml) was added onto the
wet films. After 20 min, 2.0 ml of saline was added onto the films
to stop hemolysis and the test samples were incubated for 60 min
at room temperature. Positive and negative controls were obtained
by adding 0.25 ml Human ACD into distilled water and saline solu-
tion respectively. Incubated films were centrifuged at 4 �C
(1500 rpm, 5 min), the supernatant was taken and its absorbance
at 545 nm was recorded. The % hemolysis was calculated using
the following equation [30,31]

Hemolysis %ð Þ ¼ Atest sample �A �ð Þ control
� �

= A þð Þ control �A �ð Þ control
� �� �

� 100
2.11. In vitro cell studies

2.11.1. Sample preparation
Films were cut aseptically corresponding to 1.5 cm � 1.5 cm

and specimens were used directly for testing [32].

2.11.2. Cell viability studies
Viability of the cells was performed using MTT assay. Viability

of the cells was assessed using the MTT assay. HEK 293 T cells used
for the assay were grown in regular high glucose Dulbeccos Mod-
ified Eagles Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and antibiotic-antimycotic mix. For MTT assay, the
cells were resuspended in culture medium and seeded in control
wells or wells containing the different films placed in a 96-well
plate. The cells were then placed in a humidified atmosphere of
5% CO2 for 24 h or 72 h. Following incubation, the medium was
removed and each well was treated with 0.5 mg/ml of 3-(4,5-dime
thylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) dis-
solved in DMEM, and incubated for 2 h at 37 �C in a humidified
atmosphere of 5% CO2. The yellow MTT is reduced to blue-purple
formazan by the mitochondrial dehydrogenase from intact living
cells. The resulting blue precipitate was solubilised in DMSO and
the absorbance was recorded at 570 nm wavelength using a stan-
dard plate reader (Tecan) [32]. Experiments were performed in a
triplicate and the data were presented as mean ± SD (n = 3).

The percentage cell viability (CV) was calculated using the for-
mula below:

CV %ð Þ ¼ Absorbance of test sample = Absorbance of controlð Þ
� 100
3. Results and discussion

3.1. Morphological characteristics of the films

The appearance of the SF, BG and FG films was homogenous,
transparent, non-porous and pale yellowish in colour with
60 ± 25 mm thickness. Surface morphology (Fig. 1b, f, i, l, o) and
its cross sections (Fig. 1a, d, h, k, n) showed that the blend films
or FG films are little rough, uniform without any air bubbles, which
proved to be homogeneous and the AFM images (Fig. 1c, g, j, m, p)
of the films revealed the change in the roughness value of the
blended films at different ratios of SF and BG. The compatibility
of SF and BG in blended films was also confirmed through SEM
and AFM as seen in Fig. 1.

3.2. Contact angle measurement

The surface wettability of the SF, BG & FG films were analysed
using contact analyzer where the water absorption is an important
parameter for the wound healing material especially for exudate



Fig. 1. SEM images of the film with its cross-section and the AFM roughness of each films. (a, d, h, k, n), (b, f, i, l, o) and (c, g, j, m, p) is the SEM image showing cross-section,
Surface morphology and AFM image showing surface roughness and RMS value of the SF, FG 75:25, FG 50:50, FG 25:75 and BG respectively.
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wounds [33]. Fig. 5 shows the degree of contact angle between 50
and 79�. According to Kwok & Neumann. 2003 [34] the contact
angle from 0� to 60� shows high wettability and from 60� to 90�
shows moderate wettability. From Fig. 2, the wettability increases
by the increase in concentration of BG. Upon blending with BG, the
SF wettability increased from moderate to high.

3.3. FTIR characteristics

The structural changes due to the chemical interactions
between the fibrous protein and the polysaccharide were deter-
mined by IR analysis [35]. Among all the amide bands of proteins,
amide band I, II and III are generally selected to differentiate pro-
tein structure which were in the range of 1700–1600 cm�1,
1600–1500 cm�1 and 1300–1200 cm�1 respectively.

BG film exhibited absorption band at 1168 cm�1, 1071 cm�1

and 1028 cm�1 which corresponds to the CO-CC stretching and
COH bending mode present in the sugar region [36]. The Silk
Fibroin film has the absorption bands at 1623 cm�1 and
1517 cm�1 which corresponds to the amide I & amide II linkage
of the protein with the b-sheet conformation. The another band
at 1231 cm�1 corresponds to the amide III linkage of protein with
random coil structure [37]. Thus the SF films proved to have both
b-sheet and random coil structure simultaneously. The sharp peak
at 3280 cm�1 (N-H stretching) in the SF film (Fig. 3a) and the
appearance of the broad band in BG film (Fig. 3e) is for OH stretch-
ing and possess intra- and intermolecular hydrogen bonds. The
band in Fig. 3(b–d) showed both pure SF and BG bands with no
phase shift but with the intensity difference corresponding to the
varying concentration of SF and BG.

3.4. X-Ray diffraction studies

X-Ray diffraction was carried out to study the crystalline struc-
ture of the SF/BG blend films. Fig. 3 shows the X-Ray diffraction
pattern of the pure and blend SF and BG films. A peak around



Fig. 2. Contact angle measurement of SF, BG & FG films. Each bar represents
mean ± standard error (n = 3).

Fig. 3. FTIR spectrum of (a) SF film and SF/BG blend films with various blend ratios
of SF & BG (FG) of (b) 75:25, (c) 50:50 (d) 25:75 and (e) BG film.

Fig. 4. X-Ray diffraction pattern of SF, BG and FG films.

Fig. 5. Stiffness of SF, BG & FG films. Each bar represents mean ± standard error
(n = 3).
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2h = 9.2� and 19.5� shown in the Fig. 4 for pure silk fibroin suggests
that it is mainly consists of random coil and a-helix conformation
with few b-sheet conformation as well. On comparing with the
XRD patterns of the microcrystalline polymer [38], these peaks
can represent free crystals in micrometer/nanometer size. The
peaks around 2h = 10.6� and 21.6� corresponds to the characteristic
peaks of BG. On comparing, both pure SF and BG films, there is no
change in the position of the peak but slight shift was shown on
blending which might be due to the intermolecular hydrogen
bonding. XRD patterns indicate that the crystalline nature of the
blends decreased on increasing BG concentration.
3.5. Mechanical studies for stiffness

The stiffness of the ECM can have profound effects on the beha-
viour of the cells that interact with it [39]. The Stiffness of the SF/
BG blend films were studied using indentation technique. Fig. 5
shows that the stiffness of the SF, BG & FG films increases with
increase in the silk fibroin ratio.
Fig. 6. Thermogravimetric studies of the pure and blended films of SF and BG.
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3.6. Degradation studies

3.6.1. Thermogravimetric analysis
Thermal degradation curves of SF, BG & FG films are shown in

the Fig. 6. The initial loss below 100 �C was due to the solvent evap-
oration [40]. In all the peaks, the thermal stability is near to 300 �C.
From the curve it is clear that the increase in SF content in the BG
increases the degradation temperature proving that SF provides a
thermal stability to the blend films.
Fig. 9. The percentage of Hemolysis of SF, BG films & FG blend films.
3.6.2. Water absorption capacity/swelling ratio
Water absorption capacity is one of the important factor for

wound dressing material [41]. The absorption capacity of the SF
and BG blend films was measured and it was found to be 55–79%
of their dry weight (Fig. 7). From the pure BG films the degree of
swelling increases with increase in BG content and decreases with
increasing the SF content. All prepared blend films retained their
form in the aqueous solution as well as after immersion in PBS
(pH 7.4) for 24 h.
Fig. 7. Swelling property of SF, BG pure films and FG blend films. Each bar
represents mean ± standard error (n = 3).

Fig. 8. The percentage of remaining weight of SF, BG films & FG blend films after
4 weeks.
3.6.3. In vitro enzyme degradation
The degradation of SF/BG blend films was studied in vitro by

degradation with lysozyme enzyme [42], and the remaining
weight percentage was determined (Fig. 8) with lysozyme enzyme
and PBS as blank. It was found that almost all the samples main-
tained 80% of their original weight after the incubation of 4 weeks
and there was a gradual decrease in weight upto 20% till 3rd week
after which the degradation rate decreases subsequently.
3.7. Blood compatibility testing – in vitro hemolytic activity
of the films

The Hemolysis testing of films has been used to evaluate the
critical interactions of films with blood to explore possible adverse
effects arising from the exposure of the SF and BG to blood cells
and proteins. Hemolysis rates of pure and the of blend films
(Fig. 9) were same as that of negative control which confirms that
the films have good blood compatibility and it does not show any
traces of lysis of the blood cells [43].
3.8. In vitro cell viability studies

To evaluate the toxicity of the films, we investigated the effect
of pure and blended films on the viability of HEK 293 T cells after
Fig. 10. Cell viability measured by MTT assay following incubation of HEK 293 T
cells with pure and blended films for 24 and 72 h. HEK 293 T grown in wells
without the films were used as controls.
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incubation for 24 and 72 h by MTT reduction assay. As seen in
Fig. 10, the pure, as well as the blended films, did not show any
noticeable toxicity as the cell viability remained above 90% at 24
and 72 h of incubation when compared to respective controls. [44].

4. Conclusion

This study provided a brief understanding of the physico-
chemical interactions between silk fibroin and beta glucan. The
SF, BG film and its blends were prepared using formic acid as sol-
vent and various features such as appearance, secondary struc-
ture, stiffness and other degradation studies were reported. The
Silk fibroin films shows high thermal stability, high hydrophobic-
ity, high stiffness value whereas the paramylon film shows good
water absorption property and enzymatic degradation. The
blended films show combined nature of silk fibroin and paramy-
lon at different concentrations without any crosslinking or chem-
ical interaction. Thus from the study it may be concluded that silk
fibroin acts as a physical barrier by providing high thermal
stability and stiffness whereas paramylon acts as a bioactive
supplement by boosting water absorption capacity and cell prolif-
eration capacity. Also from the various in vitro studies the hemo-
compatible and non toxic nature of the prepared film is evident,
as more than 90% of viable cells were present in the treated sam-
ple. Overall on comparing with other blended films, FG 75:25
shows better property in all experiments and this ratio can fur-
ther be considered for knowing the actual mechanism in an ani-
mal model for the purpose of constructing a self-care wound
dressing material.

Appendix A. Supplementary material

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ijbiomac.2019.11.010.
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