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ounds using a new cocoon
scaffold loaded with platelet-rich or platelet-poor
plasma†

Jiawei Liu,‡a Fei Lu,‡ab HongLei Chen,a Rong Bao,c Zhiquan Li,c Bitao Lu,a Kun Yu,a

Fangying Dai,ab Dayang Wuab and Guangqian Lan*ab

The cocoons of the silkworm Bombyx mori are widely used as biofunctional materials. In the present

study, cocoon composites (CCs) were treated with a solution consisting of calcium chloride, ethanol,

and distilled water, resulting in partial dissolution, followed by freeze-drying, yielding cocoon scaffolds

(CCSs). The CCSs were then immersed in autologous platelet-rich plasma (PRP) or platelet-poor

plasma (PPP) obtained from rabbits and freeze-dried again, allowing us to harvest the other two

composite materials (CCSs + PRP and CCSs + PPP). Analysis of the physical and biological properties

of the materials demonstrated that the water absorption and retention capacities of CCSs had

improved. After loading with PRP or PPP, both of the composite materials significantly promoted the

growth of L929 cells, with CCSs + PRP showing slightly better results. Additionally, in vivo studies

showed that both of the composite materials could enhance the process of wound healing, with the

CCSs + PRP exhibiting the best results. Thus, our results suggested that these composites may have

potential applications in the biomedical field.
1. Introduction

Skin is the largest organ in the human body and functions
mainly to protect the body, release sweat, and mitigate feelings
of cold, heat, and pressure. The skin covers the whole body
and can prevent tissues and organs of the body from physical,
mechanical, chemical, and pathogenic damage.1,2 The skin is
composed of the epidermis, dermis, and subcutaneous tissue,
and damage to the skin causes the injured area to launch
a series of subtle and complex mechanisms to rebuild its
integrity and restore normal functions.3–5 Moreover, the
wound healing process, which involves coagulation, inam-
mation, granulation tissue formation, epithelization, and
tissue reconstruction,6,7 is affected by many factors, such as
advanced age, malnutrition, and disease.7–9 Recent develop-
ments in tissue engineering and regenerative medicine have
contributed to the development of tissue engineering skin
substitutes; however, currently available skin substitutes still
have several limitations, including the risk of rejection and
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infection. An ideal wound dressing should satisfy some
conditions such as good biocompatibility, maintenance of
a humid environment to prevent the wound from dehydrating,
the capacity for blocking dust and bacteria from entering the
wound, good permeability, and the ability to promote the
efficient formation of epithelial tissue.

Silk consists of broin and sericin, and silk broin (SF) is
a type of natural polymer ber protein extracted from silk that
has been widely used in biomedical purposes owing to its
unique physical, mechanical, and biological properties, such as
good elasticity, low molecular weight, good biocompatibility,
and lack of pro-inammatory effects.10,11 SF contains peptides
and can promote the differentiation and proliferation of human
skin broblasts.12 Moreover, SF can accelerate wound healing
when used as a skin wound dressing.13,14 Sericin wraps around
SF and plays a role in the protection and connection of SF, thus
facilitating the formation of cocoons.15 Sericin may also have
many biological properties and pharmacological properties
such as anticancer activities,16 promotion of digestion,17 and
inhibition of tyrosinase activity.18 Moreover, Li et al.19 fabricated
a three-dimensional poly(epsilon-caprolactone)/sericin porous
nanobrous scaffold by electrospinning and found that the
addition of sericin could improve the hydrophilic capability.
Additionally, the nanobrous scaffolds could improve the
adhesion and proliferation of human skin broblasts. Although
all of these materials improved wound healing, they have
several drawbacks, including complex preparation protocols
and single structures. Furthermore, extraction of SF from
This journal is © The Royal Society of Chemistry 2017
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natural cocoons can disrupt the structure of the cocoons to
some extent. Natural cocoons are known to show good perme-
ability and may have several benets. For example, the good
permeability will prevent the area surrounding the wound from
becoming damp, which would promote wound healing. Second,
stimulation with air would promote the coagulation of platelets,
accelerating wound scabbing and thus promoting wound
healing. Finally, the good permeability could inhibit the
proliferation of anaerobic bacteria, which would prevent
bacterial infection. Therefore, cocoons may be useful for the
development of new wound dressings while maintaining the
integrity of the natural structure.

Platelet-rich plasma (PRP) is a type of plasma containing
highly concentrated platelets, produced by gradient density
centrifugation of whole blood. Aer activation, PRP can release
numerous growth factors such as basic broblast growth factor
(bFGF), vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), which play an important roles in the
wound healing process.20,21 Some reports have demonstrated
that PRP can promote cell proliferation and accelerate the
process of wound healing.22,23 Carter et al.24 concluded that PRP
could not only accelerate wound healing but also reduce the risk
of serious wound infections. To date, many recombinant
human growth factors have been produced and applied in the
clinical setting. However, the high sensitivity and short half-
lives of these factors have limited their applicability and made
their bioactivities unstable.25,26 This problem may be overcome
by combining PRP with porous materials, allowing for the
sustained release of components and therefore prolonging the
active time of the material.

Accordingly, in this study, we used a ternary solution con-
sisting of calcium chloride, alcohol, and distilled water to
modify natural cocoons and obtain cocoon scaffolds (CCSs)
with pores. Additionally, we combined the CCSs with PRP/
platelet-poor plasma (PPP) and evaluated the effects of this
combination on the growth of L929 cells in vitro and on wound
healing in rabbits in vivo. As illustrated in Fig. 1, the cocoon
composites (CCs) were prepared with a two-step approach,
including the preparation of CCSs and the preparation of
autologous PRP and PPP. The CCSs could act as storage units
for growth factors (bFGF, VEGF, and EGF) contained in PRP and
PPP. Thus, these CCSs could have biomedical applications.
Fig. 1 The process used for application of cocoon composites as a wou

This journal is © The Royal Society of Chemistry 2017
2. Materials and methods
2.1 Animals and reagents

Cocoons were obtained from Sichuan Antai Cocoon Group Co.,
Ltd. (Sichuan, China). Dulbecco's modied Eagle's medium
(DMEM) was purchased from Gibco. Mepitel was obtained from
Molnlycke Health Care Co. (Sweden). New Zealand white rabbits
were obtained from the Animal Laboratory Center of the Third
Military Medical University at 2 months of age. All rabbits were
acclimated to the laboratory environment for at least 1 week
before use in experiments. The animals were kept in metal
cages and maintained under controlled conditions at
a temperature of 21–25 �C with a relative humidity of 45–65%
and a 12 h light–dark cycle. L929 murine broblasts (ACTT,
CCL-1) were obtained from Chongqing University of Tech-
nology. All other chemicals used in this study were of analytical
grade.
2.2 Preparation of cocoon dressings

For preparation of CCSs, a solution was prepared by mixing
calcium chloride, ethanol, and deionized water (molar mass
ratio, 1 : 2 : 8). Briey, calcium chloride was added to deionized
water, and the mixture was stirred until the salt was completely
dissolved. Ethanol was then added, and the solution was
allowed to cool to room temperature naturally. Both ends of the
cocoons were cut off, and silkworm pupae were discarded and
washed twice to remove impurities on the surface of the
cocoons. The cocoons were then moved to glass bottles with the
solution and incubated in a 58 �C water bath for 1 h. Finally, the
cocoons were removed, washed again, and freeze-dried to
obtain CCSs. The CCSs were stored with desiccant in poly-
ethylene bags if not used immediately.

For preparation of autologous PRP and PPP, 10 mL blood
was obtained from the hearts of New Zealand white rabbits and
then centrifuged in tubes containing 1 mL of 3.8% sodium
citrate as an anticoagulant. PRP was obtained via a two-step
centrifugation method. The blood was rst centrifuged at 400
� g for 15 min and then recentrifuged at 800� g for 15 min; the
clear supernatant phase was considered PPP, whereas the other
phase was harvested as PRP.

For preparation of cocoon dressings loaded with PRP and
PPP, the PRP and PPP were activated by adding 0.05 mL of 10%
nd dressing.

RSC Adv., 2017, 7, 6474–6485 | 6475
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calcium chloride solution per 1 mL PRP or PPP, and CCSs were
then prepared before immersion in PRP or PPP for 30 min,
followed by freezing at �20 �C for 12 h. The samples were then
lyophilized at �50 �C for 24 h in a freeze drying machine.

2.3 Characterization of the samples by scanning electron
microscopy (SEM)

SEM (S600; Hitachi, Japan) was used to characterize the
morphology and arrangement of the samples. Prior to imaging,
the samples were mounted on aluminum stubs and coated in
gold for better conductivity.

2.4 Characterization of the mechanical properties of the
samples

The mechanical properties of the samples were measured using
a universal material testing instrument (AGS-X, Shanghai,
China).27 Samples were prepared by freeze-drying; wet samples
were prepared by immersion of the dry samples in water for
10 min, and both dry and wet samples were subjected to tensile
tests at a constant rate of 20 mm min�1. The same sample was
tested ve times.

2.5 Characterization of porosity

The porosity of the cocoon was determined using the liquid
displacement method.28 Sample dimensions were measured
using vernier calipers to calculate the volume, and then sample
was placed in an oven at 45 �C for 24 h, weighed, and soaked in
a known volume of ethanol for 24 h at ambient temperature to
allow the ethanol to penetrate into the pores of the sample. The
test specimens were then removed and hung to dry under
gravity on a rope for 30 s, aer which the samples were weighed
immediately to determine the nal weight. The same sample
was tested ve times. The porosities of the samples were
calculated using the following formula:

Porosityð%Þ ¼
�ðWw �WdÞ

rethanol
� V

�
� 100%

whereWw andWd represent the weights before and aer contact
with ethanol, respectively, and rethanol and V represent the
density of ethanol and the volume of the sample, respectively.

2.6 Characterization of the physical properties of the
samples

The crystallinities of the samples were detected by X-ray
diffraction (XRD; D/MAX-2550; Rigaku, Japan). The samples
were cut into the powder form before testing. The hydrophi-
licities of samples were analyzed by measuring the contact
angles (OCA15EC; Dataphysics, Germany).

The water absorption and retention capacities of samples
were evaluated using the gravimetric method. For water
absorption tests, samples were immersed in water at 37 �C and
then taken out and weighed at different times. The swelling
ratio was determined using the following formula:

Swelling ratio ð%Þ ¼
�
Wa �Wb

Wb

�
� 100%
6476 | RSC Adv., 2017, 7, 6474–6485
whereWa andWb represent the weights of wet and dry samples,
respectively.

For water retention tests, samples (water saturated) were
incubated at 37 �C and weighed at each time point. The water
retention ratio was determined using the equation:

Water retention ratio ð%Þ ¼
�
Wc �Wd

Wc

�
� 100%

whereWc andWd represent the weights of wet and dry samples,
respectively.
2.7 Release of growth factors from the composite dressings

The release of growth factors was carried out under static
conditions. The release speed of the growth factors was
measured using normal saline (NS), phosphate-buffered saline
(PBS), and simulated body uid (SBF). The SBF was prepared as
described in the literature.29 Each lyophilized sample (�0.05 g)
was soaked in 8 mL NS, PBS, or SBF at 37 �C, and soaked
solutions were obtained within a certain time for the quanti-
cation of growth factors released by the samples. The glasses
were sealed with plastic wrap to prevent the loss of moisture.
The concentrations of bFGF, VEGF, and EGF were quantied
using enzyme-linked immunosorbent assays (ELISAs; R&D
Systems, Shanghai, China).
2.8 Cytotoxicity studies in vitro

L929 cells were used to evaluate the cytotoxicity in vitro. Briey,
cells were cultured in DMEM containing 10% fetal bovine
serum (FBS) and 3% antibiotics (200 mg mL�1 penicillin and
200 mgmL�1 streptomycin) in a CO2 incubator for 12–24 h until
attached. The culture uid was then replaced with fresh DMEM
and cultured for another 24–48 h. Next, the cell culture uid was
discarded, and cells were detached by incubation in 1 mL
trypsin–EDTA solution (0.25% trypsin and 0.02% EDTA) for
1 min, followed by addition of 3 mL culture medium to termi-
nate digestion. Cells were harvested and centrifuged at
1000 rpm for 5 min. The supernatant was discarded, and the
cell pellet was diluted with culture medium. Cells were cultured
again at 37 �C in an atmosphere containing 5% CO2 for 24, 48,
or 96 h. Finally, the cells were immersed in tissue xative (10%
neutral-buffered formalin) for 24 h for immobilization and
observed by SEM. The L929 cells (1 � 104 cells per well) were
incubated with samples (diameter: 5 mm) in 96-well plates at
37 �C for 24 h and then observed and photographed using
a uorescence microscope (Nikon). The viability of the cells was
measured using a Calcein-AM/PI Double Stain Kit (40747ES76;
Yeasen Biological Technology Co., Ltd, Shanghai, China)
following the manufacturer's instructions.

3-(4,5-Dimethyldiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assays were used to evaluate negative effects of the mate-
rials on the cells.30 Briey, lyophilized samples were cut into
small wafers (diameter: 5 mm) and transferred into 96-well
plates. Cell suspensions (1� 104 cells per well) were then seeded,
and plates were incubated for 24, 48, or 72 h. For MTT assays, 10
mL MTT solution was added to each well, and cells were cultured
for another 4 h. Subsequently, the formazan reaction product was
This journal is © The Royal Society of Chemistry 2017
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dissolved by the addition of 100 mL dimethylsulfoxide (DMSO).
The absorbance wasmeasured on amicroplate reader (Multiskan
MK3) at 490 nm. The data were obtained by averaging the
measured values of ve replicates.

2.9 Surgical procedure

New Zealand white rabbits were used to evaluate the wound
healing characteristics of samples. All experiments were
approved by the Animal Ethics Committee of our institution. All
animal experiments and care were approved by the National
Center of Animal Science Experimental Teaching (ASET) at the
College of Animal Science and Technology (CAST) in the
Southwest University of China and were in accordance with the
“Guide for the Care and Use of Laboratory Animals”. The
rabbits were anesthetized by intramuscular injection of xylazine
hydrochloride at a dose of 0.2 mL kg�1, and the limbs were xed
on a rabbit anatomy set. The hair was shaved off the backs of the
rabbits, and the skin was disinfected with 75% alcohol. Full-
thickness skin wounds measuring 2 cm in diameter were
created on the dorsum of the rabbits. The rst wound acted as
a control without any treatment, whereas the other wounds
were covered with CCSs, CCSs + PRP, CCSs + PPP, or Mepitel. All
wounds were covered with sterilized gauze and xed with an
elastic bandage. Aer surgery, the rabbits were euthanized on
days 5, 10, or 15. The wounds were photographed, and the
percent reduction in wound size was calculated using the
following formula:

Wound size reduction ð%Þ ¼
�
Ai � At

Ai

�
� 100%

where Ai represent the area of the initial wound, and At repre-
sents the wound area at the time the samples were obtained.

2.10 Histological evaluation

For histological analysis, the tissue specimens were harvested
by excision of the skin (containing the entire wound and adja-
cent normal skin), xed in 10% buffered formalin for 24 h,
embedded in paraffin, and sectioned to 3–5 mm thickness.
Sections were stained with hematoxylin and eosin (H&E) and
Masson's trichrome staining for detection of collagen bers.
The sections were observed under a DXM 1200F microscope
(Nikon H600L; Germany).

2.11 Standard analysis

All results were statistically analyzed using Student's t-tests or
one-way analysis of variance (ANOVA). Results with P values of
less than were considered statistically signicant. All results
were expressed as means � standard deviations (SDs).

3. Results
3.1 Characterization of CCSs and CCs

Themicroscopic surface of materials is shown in Fig. 2. The CCs
exhibited a dense structure, whereas the CCSs showed a well
interconnected porous distribution. Moreover, with the addi-
tion of PRP or PPP to the CCSs, a layer of membrane was
This journal is © The Royal Society of Chemistry 2017
observed; this layer appeared to consist of platelets and some
proteins included in PRP and PPP. The interlinking porous
structure within a scaffold could contribute to the attachment
and proliferation of cells.31 Thus, CCSs + PRP and CCSs + PPP
may have applications as wound dressings owing to the disso-
lution of sericin and the decreased adhesion between the silk,
resulting in the formation of a porous structure aer freeze-
drying.

XRD patterns of CCs, CCSs, CCSs + PRP, and CCSs + PPP
scanned within 10–70� at position 2q are shown in Fig. 3A. The
peaks present around 20� were decreased compared with that of
CCs, demonstrating that the crystallinity was reduced aer
treatment.

The porous structures of CCs, CCSs, CCSs + PRP, and CCSs +
PPP were evaluated. The cocoons showed 0.98% porosity,
whereas the others showed porosities of 84.2%, 82.7%, and
83.1%, respectively (Fig. 3B). The signicant increase in porosity
could be benecial to the hydrophilicity of materials and could
enhance water content.

Goodmechanical properties are essential for wound dressings.
Thus, we determined the tensile properties of CCs, CCSs, CCSs +
PRP, andCCSs + PPP (Table 1). The tensile strength of dry CCSwas
about 0.58� 0.31 MPa, and the elongation at the break point was
9.53% � 1.26%; these values were decreased by approximately
94.7% and 37.3%, respectively, compared with those if CCs.
Interestingly, in the wet state, the elongation at the break point of
wet CCSs increased to 102.43% � 18.72%, which was about 10-
fold higher than that in the dry state. However, the reduction in
tensile strength was acceptable because the CCs were too hard
and not suitable for wound dressings. In contrast, although the
tensile strength was greatly reduced, the wet CCSs were so and
would not cause secondary damage to the wound. Additionally,
the intensity of CCSs was sufficient for use as a wound dressing.
Furthermore, the addition of PRP and PPP do not have much
effect on the mechanical properties of the scaffolds.

Ideal wound dressing must possess good hydrophilicity to
maintain the moistness of the wound and prevent dehydration.
The surface wettability of the biomaterial will affect the
adsorption of proteins and the migration, adhesion, and
proliferation of cells.32–34 As shown in Fig. 4A, the water droplet
still remained intact on the surface of CCs aer 60 s, demon-
strating poor water wettability (contact angle q > 90�), whereas
the other three groups show good hydrophilicity, with the water
droplet almost completely absorbing into the materials within
6 s (contact angle q < 90�). The swelling and water retention
ratios of samples are shown in Fig. 4B and C. The results were
consistent with the contact angle tests. Specically, the swelling
ratio of the CCSs was about 10 times its dry weight, while that of
the CCs was only 1.4 times its dry weight. Moreover, the CCSs
could retain water for a longer time, and the CCSs + PRP and
CCSs + PPP samples showed similar trends in hydrophilic
capacity.
3.2 Release rates of growth factors from CCs

Next, the release rates of growth factors (EGF, VEGF, and bFGF)
from CCs were investigated (Fig. 5). Both CCSs + PRP and CCSs
RSC Adv., 2017, 7, 6474–6485 | 6477
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Fig. 3 (A) XRD analysis of CCs, CCSs, CCSs + PRP, and CCSs + PPP. (B) Porosity studies of CCs, CCSs, CCSs + PRP, and CCSs + PPP. **P < 0.01,
n ¼ 5.

Fig. 2 SEM images of CCs, CCSs, CCSs + PRP, and CCSs + PPP.

6478 | RSC Adv., 2017, 7, 6474–6485 This journal is © The Royal Society of Chemistry 2017
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Table 1 Tensile properties of CCs, CCSs, CCSs + PRP, and CCSs + PPP

Materials Tensile strength (MPa) Young's modulus (MPa) Elongation at break (100%)

CC Dry 22.18 � 1.52 80.86 � 2.17 15.21 � 1.74
Wet 24.46 � 1.68 76.95 � 2.37 14.78 � 1.86

CCS Dry 0.58 � 0.31 17.27 � 1.27 9.53 � 1.26
Wet 0.34 � 0.16 8.42 � 0.33 102.43 � 18.72

CCS + PRP Dry 0.48 � 0.13 18.78 � 1.17 10.44 � 1.47
Wet 0.29 � 0.09 7.57 � 0.57 124.36 � 14.26

CCS + PPP Dry 0.44 � 0.25 20.49 � 1.11 8.92 � 1.13
Wet 0.31 � 0.22 9.43 � 0.45 113.29 � 12.92

Fig. 4 The hydrophilicities of CCs, CCSs, CCSs + PRP, and CCSs + PPP. (A) Contact angle, (B) swelling ratio, and (C) water retention ratio.
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+ PPP could release all three growth factors in NS. As the
immersion time increase from 0.5 to 72 h (Fig. 5A), the amount
of EGF in the CCSs + PRP group increased from 30.7 to 350.1 pg
mL�1, which was 2–3 times greater than that of the CCSs + PPP
group during the same time; VEGF and bFGF showed the same
trends, and similar trends were observed in PBS (Fig. 5B) and
SBF (Fig. 5C). The release proles could be divided into three
parts: a burst release35,36 in the initial 24 h, a stable and regularly
release from 24 to 72 h, and a stagnant release for the remaining
time (Fig. S1†). During the rst stage in the NS group, the
amount of EGF was increased from 30.7 to 280.5 pg mL�1,
which was about 9-fold higher than the initial concentration at
24 h. However, during the second stage, the amount of EGF was
increased from 280.5 to 304.1 pg mL�1. The increase was stable
and regular throughout the 48 h period. During the third stage,
the amount of EGF no longer increased. The other group
exhibited a similar trend. These data indicated that PRP and
PPP combined with CCSs successfully, and the CCSs could be
regarded as a storage vehicle for growth factors, which could be
released from the interconnected porous structure of CCSs.
Additionally, growth factors almost could not be detected from
CCs loaded with PRP or PPP, indicating that CCs could not act
as storage vehicles for growth factors (Fig. S2†). The release of
This journal is © The Royal Society of Chemistry 2017
a compound from a matrix was controlled by several factors,
including the hydrophilic nature37 and pore size of the scaf-
fold;38 higher pore sizes will result in releasing greater amounts
of compounds. Notably, ELISA measurements offer a measure-
ment of the quantity of growth factors released by the
composites under certain circumstances (NS, PBS, and SBF).
Thus, the actual release of growth factors may be slightly
different when the composites are used as a wound dressing in
vivo. Accordingly, we next evaluated the biological properties of
the materials in vitro and in vivo.
3.3 In vitro studies

To investigate the biological functions of the materials, we
added the materials directly in cultures of L929 cells, as shown
in the schematic sketch in Fig. 6. MTT assays in L929 cells
treated with the materials are shown in Fig. 6A. All measure-
ments of absorbance measured exceeded 90%, demonstrating
that all samples had low toxicity. CCSs with higher pore distri-
butions exhibited higher cell viabilities than CCs aer 24 h
incubation. Aer loading with PRP and PPP, cell viabilities were
signicantly increased, reaching 154.8% and 133.7%, respec-
tively. The same trends were observed aer 48 or 72 h of
RSC Adv., 2017, 7, 6474–6485 | 6479
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Fig. 5 Release rates of growth factors from CCSs + PRP and CCSs + PPP in (A) NS, (B) PBS, and (C) SBF. The concentrations of growth factors in
soaking liquid were measured at 0.5, 1, 3, 6, 12, 24, 48, and 72 h. (D) Addition of samples to 96-well plates. *P < 0.05, n ¼ 5.
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incubation. In the presence of CCs, the growth of L929 cells was
slightly poorer (Fig. 6Ba and b) compared with that of L929 cells
treated with basic medium. In contrast, the growth of L929 cells
treated with CCSs, CCSs + PRP, and CCSs + PPP exhibited
different degrees of increased cell proliferation (Fig. 6Bc–e), and
the PRP group exhibited the best performance in cell prolifer-
ation. The results of live/dead cell staining are shown in Fig. 6C.
Notably, both CCSs + PRP and CCSs + PPP signicantly
promoted cell growth compared with those in the other groups;
the amount of live cells (green) in the CCSs + PRP and CCSs +
PPP groups was higher than those in the other three groups,
particularly in the CCSs + PRP group, in which cell growth was
the highest. Moreover, all groups showed different degrees of
cell death (red), and CCSs + PRP showed the best performance.
3.4 In vivo studies

To demonstrate the practical applicability of the composite
materials, we performed in vivo experiments to evaluate the
effects of the materials on wound healing. Fig. 7A shows the
photographs (2 cm � 2 cm) of postoperative wound healing
aer treatment with CCSs, CCSs + PRP, CCSs + PPP, or Mepitel
for 5, 10, and 15 days. On day 5, all wounds exhibited calluses.
Aer 10 days of treatment, all wounds started to contract from
the edges, and the wounds covered with CCSs + PRP and CCSs
+ PPP contracted more quickly and showed 82.6% and 67.4%
decreases in wound size, respectively (Fig. 7B), thereby
demonstrating effective healing. The day 15 post surgery,
complete re-epithelialization of wounds treated with CCSs +
6480 | RSC Adv., 2017, 7, 6474–6485
PRP was observed, while other groups failed to heal
completely.

Histological analysis of the wounds was also performed by
H&E staining, as shown in Fig. 7C. On day 5, all groups showed
increased inammatory cells, while some broblasts and
collagen bers appeared on the wound treated with CCSs + PRP.
For the CCSs + PPP, although the numbers of broblasts and
collagen bers were lower, this material showed better effects
than the other three materials, indicating that both PRP and
PPP could contribute to wound healing. On day 10, there were
still some inammatory cells remaining on the untreated
wounds and wounds treated with CCSs and Mepitel; however,
fewer inammatory cells were observed on wounds treated with
CCSs + PRP and CCSs + PPP. Additionally, the epidermis and
dermis started to form in the PRP and PPP groups, and some
microvessels were observed in the PRP and PPP groups. On day
15, wounds treated with CCSs + PRP were covered by a complete
and thickened epidermis, while those in the other groups were
covered with an incomplete, thin epidermis.

Masson's trichrome staining was used to visualize the
formation and distribution of collagen during the healing
process (Fig. 7D). The collagen bers could be stained green,
and the intensity represented the relative collagen content in
the tissue sections. On day 5, when compared with the other
wound site, the CCSs + PRP-treated group showed a higher
density of collagen bers and increased neovascularization. On
day 10, the formation of new collagen bers and neo-
vascularization were more prominent for wounds treated with
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 (A) Cytotoxicity assays. L929 cells were incubated with CCs, CCSs, CCSs + PRP, or CCSs + PPP for 24, 48, or 72 h. The dotted circle shows
a schematic of the culture of L929 cells in the presence of thematerials. (B) Bright fieldmicroscopy images of L929 cells treatedwith basic DMEM
(a, a0), CC (b, b0), CCS (c, c0), CCS + PRP (d, d0), and CCS + PPP (e, e0) for 24 h. (C) Fluorescencemicroscopy images of L929 cells treated with basic
DMEM, CCs, CCSs, CCSs + PRP, and CCSs + PPP for 24 h. Live cells were stained with calcein-AM dye and produced steady green fluorescence
in live cells (excitation/emission at 495/515 nm, respectively). Dead cells were stained with propidium iodide (PI) and emitted bright red fluo-
rescence in dead cells (excitation/emission at 495/635 nm, respectively). The scale bar represents 100 mm. *P < 0.05, **P < 0.01, n ¼ 5.

This journal is © The Royal Society of Chemistry 2017 RSC Adv., 2017, 7, 6474–6485 | 6481
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Fig. 7 (A) Visual observation of surface wound healing in rabbits. (B) Wound closure. Histological analysis of wound tissue using (C) hematoxylin
and eosin staining. The red arrows represent fibroblasts, the black arrows represent the newly formed epidermis, and the blue arrows represent
inflammatory cells. (D) Masson's trichrome staining. The red arrows represent collagen fibers, and the yellow arrows represent the nuclei.
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CCSs + PRP, indicative of improved wound healing. However,
signicant collagen content was not observed in the other
groups. On day 15, wounds treated with CCSs + PRP showed an
6482 | RSC Adv., 2017, 7, 6474–6485
identical distribution of collagen and blood vessels, while those
in the other groups displayed less collagen and reduced blood
vessel formation. General speaking, increased broblast
This journal is © The Royal Society of Chemistry 2017
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formation and collagen secretion contributed to wound heal-
ing. Thus, our results indicated that CCSs + PRP was a prom-
ising biological material.

4. Discussion

In this study, XRD analysis showed that the crystallinity was
reduced aer treatment, which could be explained by dissolu-
tion of the sericin and weakening of the adhesion between silk,
thus forming a pore structure with lyophilization. Accordingly,
we concluded that the silks of CCSs, CCSs + PRP, and CCSs +
PPP were in the amorphous form. Improvement of the hydro-
philicity could be explained by improvement of the contact area
between water and the materials in the highly interconnected
porous structure, thus helping the solvent to ow into the
scaffolds rapidly. Additionally, the capillary force could also
help the scaffolds retain more solvent, and the mechanism of
solvent uptake may involve diffusion.39

In this study, CCSs were prepared successfully, and the
features of this material were evaluated. The hydrophilicity was
improved owing to the formation of a pore structure, whichmay
be helpful for absorbing exudates and contributing to wound
healing. Additionally, the mechanical properties of CCSs were
reduced. However, the material remained elastic under wet
conditions; the mechanisms controlling these effects are still
unclear, and further studies are required.

Some studies have demonstrated that a single application of
PRP is not sufficient for inducing the formation of new capil-
laries due to the short biological half-life of growth factors;40

however, repeated application of PRP may be sufficient.7

Repeated preparation of PRP is complicated. Accordingly, in
this study, the CCSs + PRP were prepared in order to overcome
the disadvantages of pure PRP. PRP is a combination of
multiple growth factors, most of which play important roles in
wound healing. The difference between PRP and PPP is that PPP
contains many serum proteins but fewer platelets. The a-gran-
ules of platelets will degranulate and release growth factors
once platelets are activated.41 Moreover, some reports42,43 have
demonstrated that freeze-dried platelets have effects similar to
those of native platelets. Platelets are essential for the process of
wound healing,44,45 and studies have shown that platelet-derived
growth factor also has important roles in wound healing.46,47 In
this study, the CCSs were immersed in PRP or PPP and absorbed
as much PRP or PPP as possible; aer freeze-drying, the plate-
lets were stored in CCSs. Thus, the CCSs could be regarded as
a storage vehicle for growth factors, and when CCSs + PRP and
CCSs + PPP are then used as wound dressings, the growth
factors will be released from CCSs, thereby accelerating wound
healing.

In this study, we used L929 cells used to evaluate the
biocompatibilities of the materials. Our results indicated that
the addition of PRP or PPP could signicantly improve the
growth of L929 cells and decrease L929 cell apoptosis. More-
over, growth factors may play a dominant role in this process.
Both EGF and VEGF can stimulate mitogenesis in cells.48

Interestingly, porous structures are benecial for the absorption
of exudates, accumulation of oxygen, and retention of water,49
This journal is © The Royal Society of Chemistry 2017
thus providing a suitable moisture environment for cell
adsorption and proliferation.31 The CCSs contained more pores
and showed better performance in terms of cellular growth.
Moreover, the addition of PRP and PPP could signicantly
promote the growth of L929 cells, mainly due to the presence of
growth factors; indeed, both CCSs + PRP and CCSs + PPP could
release growth factors gradually over the course of 72 h. When
the skin is damaged, the initial 72 h is an important period, and
the release of growth factors during this period is expected to
greatly improve wound healing. Additionally, in vivo studies
showed that CCSs + PRP exhibited the best performance
compare with the other groups, whereas the PPP group showed
the second best performance, indicating that the concentration
of platelets may be an important factor in wound healing.
Notably, these ndings were consistent with a previous study.50

Moreover, variations in platelets may be related to immune
responses.51 In our study, this problem was overcome by using
autologous platelets from the rabbits themselves. Thus, our
results showed that CCS + PRP was a good biological material
that could facilitate wound healing.
5. Conclusion

In conclusion, CCSs exhibited decreased mechanical properties
and become so and hydrophilic compared with CCs, sug-
gesting that CCSs may be more suitable for application as
a wound dressing. In vitro studies showed that CCSs + PRP could
signicantly promote proliferation and decrease apoptosis in
L929 cells. Moreover, in vivo animal studies showed that CCSs +
PRP could accelerate wound healing more effectively. Thus, our
ndings indicated that this composite material was a promising
biological material with applications in wound healing.
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