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Chitosan  (CS)  has  received  great  attention  in tissue engineering,  especially  in wound  healing  acceleration.
In  this  study,  chitin  was  isolated  from  desert  locust  (Schistocerca  gregaria)  and  shrimp  (Penaeus  monodon)
then  deacetylated  to chitosan.  Then,  chitosan  was  characterized  by  degree  of deacetylation  (DD),  molec-
ular  weight  (M.Wt),  swelling  index  (SI),  Fourier  transform  infrared  (FTIR)  and  X ray  diffraction  (XRD).  The
chitosan  was  then  casted  into  2D  scaffolds  and  was  pictured  using  scanning  electron  microscope  (SEM).
In  a comparative  study,  primary  cell  cultures  of neonatal  (1–2 day  old)  mice  skin  tissue,  supplemented
with  10%  fetal  calf  serum,  were  seeded  onto  locust  chitosan  based  scaffolds  (LCSBS)  and  shrimp  chitosan
based  scaffold  (SCSBS).  Their  attachment  percentage  was  determined  after  1 h.  The  cell  proliferation  rate
ound healing
issue  engineering

was  tested  for  5  days  on  LCSBS  and SCSBS.  Wound  healing  activity  progress  of  LCSBS  and  SCSBS  was  tested
in  vivo  using  histopathology,  and  results  revealed  that  seeded  and  unseeded  LCSBS  accelerated  healing
in  contrast  to  SCSBS.  The  data  demonstrated  that  LCSBS  shows  a high  degree  of  biocompatibility  in  vivo.
These  results  suggest  that  LCSBS  is a potential  substitute  for the  development  of  low  cost  implantable
materials  to accelerate  wound  healing.

©  2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Biomedical engineering as an interdisciplinary field, aims to
egenerate new biological materials using tissue engineering to
eplace damaged or diseased tissues and organs. Not only is the
ource of the cells required to achieve this goal, but there is also

 need for an artificial extracellular matrix (ECM) that supports
ells growth. In humans, skin represents approximately one-tenth
f the human body’s mass. Skin damage to a part of this major
rgan caused by disease, trauma, surgery or burns has dramatic
onsequences. Engineering skin substitutes provides a prospec-
ive source of advanced therapy to combat acute and chronic
kin wounds [1]. The wound healing process includes hemosta-

is, inflammation, proliferation, and remodeling [2]. For a wound
o heal successfully, it needs an appropriate treatment to modulate

 series of complex interactions between different cell types, the

∗ Corresponding author.
E-mail address: emtithal a@yahoo.com (E.M. Abd-El-Samie).

ttp://dx.doi.org/10.1016/j.ijbiomac.2017.01.009
141-8130/© 2017 Elsevier B.V. All rights reserved.
ECM and cytokine mediators, through all phases of healing. At the
present time, there are no bioengineered skin models that com-
pletely mimic  the physiology, anatomy and biological stability of
uninjured skin [1]. To evaluate various wound medications and
dressings, a full thickness skin wound model has been commonly
utilized [3–7]. Skin substitutes must have essential characteristics,
including: easy application to the wound site, readily adherent,
sterile, non-toxic, non-antigenic, antimicrobial with controlled
degradation, and processes appropriate physical and mechanical
properties. In addition, they should incorporate into the host with
minimal pain and scarring, while still being cost effective [1]. The
healing of a cutaneous wound includes re-epithelialization, granu-
lation tissue proliferation and collagen synthesis.

There are numerous biomaterials available for wound dressing,
including those composed of alginates, polyurethane, hydrocol-
loids, collagen, pectin, hyaluronic acid and chitosan. The latter

is the deacetylated form of chitin, and has been the subject of
this study [4,7–12]. Chitin, an ideally 1–4 linked polysaccharide
composed of 2 acetamido-2-deoxy-�-D  glucopyranosyl residues,
is considered the second most abundant biopolymer in nature

dx.doi.org/10.1016/j.ijbiomac.2017.01.009
http://www.sciencedirect.com/science/journal/01418130
http://www.elsevier.com/locate/ijbiomac
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijbiomac.2017.01.009&domain=pdf
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fter cellulose. Chitin is available in the exoskeleton of crustaceans,
nsects, and some fungi species, but rarely exists in a pure form
n nature [13]. Insects’ biomass is considered to be the alterna-
ive resource for chitin, as insects represent the largest resource
or chitin as a raw material. Accordingly, the studies of applica-
ions of insects’ chitin must be taken into consideration [13]. The
uticle of insects is composed of chitin in a matrix with cuticu-
ar lipids and proteins [14]. In contrast, the cuticle of crustaceans
uch as crabs, shrimp, and crayfish is usually composed of chitin
n a matrix with protein and minerals [15,16]. Chitosan is com-
osed of (1–4) � linked glucose amine and N-acetyl glucosamine
nits, and its properties depend on its molecular weight, degree
f deacetylation, which in turn depend on the production process
nd the source [17]. Chitosan has been used in countless prod-
cts, such as cosmetics, food additives, and separation materials.
ue to its positive charge, chitosan is a common drug delivery
ehicle [18,19]. In addition, chitosan had been used to produce
iodegradable films, fibers, cell and enzyme immobilization matri-
es; healing- accelerating sutures and coverings; contact lenses;
nd artificial skins [19,20]. Chitosan’s biological properties, partic-
larly its nontoxicity, biodegradability, anti-microbial activity, and
iocompatibility, resulted in smoother scars and faster healing pro-
ess. Therefore chitosan became a widely studied skin substitutes
21,22]. One of its most flexible traits is the ability to be fabri-
ated into different forms of scaffold for cell seeding or induction
20]. The aim of this study is to exhibit improved wound healing
sing locust (Schistocerca gregaria) chitosan based scaffolds (LCSBS)
nd shrimp (Penaeus monodon) chitosan based scaffolds (SCSBS)
nd to compare between insects and crustaceans chitosan pow-
ers’ physicochemical properties. The study compares between the
iocompatibility of the two forms of chitosan in vitro by seeding
rimary skin cells onto LCSBS and SCSBS and tests the cells’ attach-
ent percent and proliferation rate. The mice model was used to

est wound closure rates for 21 days using histopathological assess-
ent.

. Material and methods

.1.  Isolation of chitin and deacetylation to chitosan

Chitosan was extracted from the exoskeleton of giant tiger
rawn shrimp (Penaeus mondon), collected from Suez gulf, Egypt,
nd from desert locust (Schistocerca gregaria) exoskeletons reared
n the Entomology Department, Faculty of Sciences, Cairo Univer-
ity. Chitosan was prepared using the same method and under the
ame conditions as previously reported [13,23,24]. Briefly, Locusts
nd shrimp shells were washed and dried then soaked in 1M
aOH as a deproteinization step, followed by the demineralization

tep using 1N HCl to obtain chitin. Finally the obtained chitin was
eacetylated to chitosan using 50% NaOH.

.2. Physicochemical characterization of chitosan

Fourier transform infrared (FTIR) spectroscopy of locust chi-
osan (LCS) and shrimp chitosan (SCS) were recorded with the
icolet iSTM10 FTIR Spectrometer, Thermo Fisher Scientific, USA.
pecimens were placed on the KBr diamond. The spectral region
etween 4000 and 400 cm-1 was scanned with a resolution of

 cm−1 within 20 scans. X-ray diffraction was performed using
ANalyticalX’Pert PRO X-ray machine (Netherland). The surface

orphology of the dried isolated LCS and SCS was  investigated

sing a field emission scanning electron microscope, FESEM (Leo
upra 55–Zeiss Inc., Germany). The surface images were captured
t an accelerating voltage of 15.0 kV at different magnifications.
gical Macromolecules 97 (2017) 23–33

2.3. Degree of deacetylation determination

Degree of Deacetylation of LCS and SCS was  measured using a
titration method according to the method of Abdo, Nagy et al. [25].
Briefly 0.5 gm LCS and SCS were weighed and dissolved separately
by 0.3N HCL and titrated against 1N NaOH solution (Sigma-Aldrich,
US). A titration curve of pH vs. NaOH titration volume was gen-
erated. The curve’s inflection points were found for each indicated
transition. The volume of NaOH at each inflection point was applied
to the equation:

%NH2 = 16.1(y − x)
M

Where M is the weight of chitosan used (0.5 gm), x is the first inflec-
tion point on the graph of measured pH vs. titration volume, and y
is the second inflection point.

2.4. Elasticity and viscosity average molecular weight
determination

The elasticity and viscosity of LCS and SCS were measured by the
Piezo Axial Vibrator viscometer. The viscosity average Mwt. was
calculated from the intrinsic viscosity [�] using the Mark-Houwink
equation

[�] = K Mv
�

Where, [�] is the intrinsic viscosity, Mv the viscosity-average
molecular  weight, K and a in the equation have been determined
in the literature and were adjusted by the degree of deacetylation
(DD) according to the following equation:

K = 1.64 × 10−30 × DD14, and � = −1.02 × 10–2 × DD + 1.82
where  DD is expressed as the percentage, suitable for the
determination of chitosan with over 60% DD [26].

2.5. Preparation and casting of chitosan scaffold

The scaffolds were prepared by dissolving 1gm of LCS and SCS in
1% acetic acid (Sigma-Aldrich, US).The mixtures were then filtered
and poured in a flat container then incubated at 50 ◦C overnight.
LCS and SCS dried scaffolds were cut into 1 cm diameter circles then
sterilized with gradient concentrations of 95%, 85% and 75% ethanol
(Sigma-Aldrich, US), respectively for 20 min  [27]. The scaffolds sur-
face morphology was  examined using a field emission scanning
electron microscope, FESEM (Leo Supra 55–Zeiss Inc., Germany).
The surface images were captured at an accelerating voltage of
15.0 KV at different magnifications.

2.6. Swelling index measurement

A  dried locust chitosan based scaffold (LCSBS) and shrimp chi-
tosan based scaffold (SCSBS) scaffolds were weighed and immersed
in phosphate buffered solution of pH 7.4 for 24 h at room temper-
ature till reaching the swelling equilibrium. The swollen scaffolds
weight was determined and their swelling index (SI) was  calculated
by the following equation:

SI = (Ws − Wd)
Wd  × 100

Where, Ws and Wd are the weights of swollen and dry samples,
respectively [28].

2.7.  In vitro biocompatibility study
Primary skin fibroblast cells of neonatal mice origin were used
to evaluate the LCSBS and SCSBS on cells adherence and prolifera-
tion rate. The preparation of the primary cell culture was done as
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Table 1
Physicochemical characterization of LCS, SCS, LCSBS and SCSBS.

LCS SCS

Degree of deacetylation 97.80% 74%
Molecular  weight 1.950 KDa 6.068 KDa
Viscosity 6.15 P 2.57 P
N.H. Marei et al. / International Journal o

reviously reported [27,29]. Cytotoxicity was evaluated via seeding
he cells onto the LCSBS and SCSBS in a 24 well plate at a density of

 × 104 cells/well and incubated in a humidified incubator with 5%
O2 for 24 h at 37 ◦C [30]. Subsequently, each scaffold was seeded
ith the cells and incubated for 5 days into CO2 incubator with 5%
O2 at 37 ◦C to allow for cell attachment and proliferation. Triplicate
ells were prepared for each sample. After 48 h, the difference in
orphology between control cells and those seeded onto scaffolds
as observed under the inverted microscope. Cell viability was

ssessed after day 1 and day 5 via MTT  (3-(4, 5-dimethylthiazol-2-
l)-2, 5-diphenyltetrazolium bromide) assay as previously reported
31]. The absorbance was determined at 570 nm and percent of cell
urvival was calculated according to the following equation:

Viability = (Sample Absorbance − Blank Absorbance)
(Negative control Absorbance − Blank Absorbance)

.8. In vivo assessment

.8.1.  Mice wound healing model
Animal experiments were performed according to institu-

ional ethical guidelines. Wound healing animal model study was
pproved from the animal research committee in the Zoology
epartment, Faculty of Science, Cairo University. In vivo, wound
ealing was performed on male Balb/c mice of 24 gm weight to
valuate the wound healing ability of LCSBS and SCSBS on the
egeneration of the injured skin. All animals were anesthetized with

 mixture of ketamine HCl (50 mg/kg) and Xylene HCl (20 mg/Kg).
heir backs were then shaved using a depletory cream. A 9 mm
ound was created on the back of mice using a biopsy puncher to
erform a full thickness wound along the dorsal side of mice skin.
ive groups of mice were tested for the change in the healing of
he induced injury. The groups were as follow: group 1 (G1) was
he control untreated and the injury was covered by cotton gauze,
roup 2 (G2) was the SCSBS treated wound, group 3 (G3) was  the
CSBS treated wound, group 4 (G4) was the SCSBS seeded with

 × 104 fibroblast cells (FC) and group 5 (G5) was the LCSBS seeded
ith 1 × 104 FC. Each sample of each group as well as the control

roup was tested on three mice and the mean value was  recorded
9].

.8.2. Histopathology assessment
At  each time point, three mice were euthanized in each group.

he wound site with the surrounding muscle and skin was  cut
nd then fixed with 10% buffered formalin. The collected samples
ere then put in paraffin and sectioned. Each of the tissue sam-
les was then subjected to hematoxylin and eosin (H&E) staining.
he stained sections were evaluated and scored at days 1, 3, 5,
4, and 21. The stained sections were evaluated for the following
istologic outcomes: necrosis, inflammation, angiogenesis, epithe-

ization, fibroplasia and healing type for neutrophils, macrophages,
ndothelium, fibrocytes and epidermal cells. A histologic scoring
ystem was used to assess each parameter, and a score of 0–4 was
ssigned for each sample. Necrosis, inflammation, angiogenesis,
pithelization, fibroplasia and healing type were assigned as fol-
ow: 0 (absent), 1 (minimal), 2 (mild), 3 (moderate) and 4 (marked)
32]. Since the results are semi-quantitative, the mode value was
btained for each group and statistical comparison intra and inter-
roups) was performed to test the significant statistical difference,
ith P ≤ 0.05. Moreover, the positive and negative events were also
efined according to standard histologic parameters for wound
ealing. These were quantitated in each group and expressed as:
requency No = No of events
Sum of events × 100
LCSBS SCSBS
Elasticity  0.15 −0.15
Swelling  Index 13% 88%

3. Results and discussion

3.1.  Chitosan extraction and characterization

In recent years, chitosan from unconventional sources such as
insect and fungal mycelia has gained more prominence [23,33–35].
Different researchers have reported that chitin and chitosan yields
vary between species and seasons of harvest [36]. During this study,
the all-round effects of chitosan scaffold from crustacean and insect
sources were examined and compared. The exoskeleton percent-
age to the total body’s fresh weight of desert locust (Schistocerca
gregaria) and shrimp (Penaeus mondon) shells’ were 26.6% and 39%,
respectively. The chitin yield obtained from desert locust was 22.5%
and the chitosan yield 55%. The shrimp shells’ dry weight was  40%,
while chitosan yield 81%. These results are in agreement with the
results obtained by the work of Zhang, Haga et al., who reported
that silkworms presented an average of 20% of chitin within its
structure [33]. The degree of deacetylation, molecular weight and
viscosity of LCS and SCS are shown in Table 1. The LCSBS and SCSBS
swelling index and elasticity differences are also shown in Table 1.
A high swelling degree would cause a decrease in elasticity and
thus less strength of chitosan conduits, which can lead to the col-
lapse of the hollow structure [37]. The locust films showed less SI,
which could be due to the influence of untested parameters, such as
the nature of polymer, polymer chain flexibility, molecular mass,
crystal structure, and chemical composition [38]. Proportionally,
if there is an increase in DD, the amino groups seem to increase
the swelling index of chitosan films but the higher intermolecular
bonds prevent water from entering the crystal regions of the mate-
rial. Finally, the films prepared from higher DD chitosan showed
a lower swelling property, which is a good indication that higher
DD chitosan conduits are appropriate for clinical applications [39].
The molecular weight (M,Wt) of chitosan has significant impacts
on its effectiveness for a variety of applications. This appears in the
efficacy of chitosan to accelerate burnt skin healing, coagulate pol-
lutants, lower blood cholesterol levels, enhance drug dissolution,
control viscosity which were found to be molecular weight depen-
dent [40]. This relation has been confirmed in this study, where the
viscosity of LCS was higher than SCS 6.15 and 2.57 P, respectively,
while the molecular weight was 1.950 KDa and 6.068 KDa in LCS
and SCS, respectively. The LCS (Fig. 1(A)) and SCS (Fig. 1(B)) surface
morphology was examined using the scanning electron microscope
showing the fibrous surface structure with a higher surface area.
This was  the case also when examining the LCSBS (Fig. 1(C)). How-
ever, the SCSBS (Fig. 1(D)) showed a smooth surface which is not
beneficial in terms of increasing surface area to allow more cells
to attach between the fibrous grooves as in the case of LCSBS. FTIR
analysis showed in Fig. 2(A). As seen, the absorption peak of amide
I (due to C O stretching of hydrogen bonded C O NHCH3
group) appears as a doublet overlapped bands at around 1663 and
1618 cm−1, indicating that the isolated chitosans from the tested
species are in � form. The amide II (due to N H bending of NH2

group) bands appear at round 1589 cm−1 [41–46]. For the SCS,
these peaks appeared at 1650 and 1586 cm−1, respectively. The
absorption band at 3000–3500 cm−1 is due to symmetric stretch-
ing vibration of NH2 and OH groups. The absorption peak at around
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Fig. 1. Scanning electron microscopy imaging of (A) LCS (20

885 cm−1 is due to C H stretching. The absorption peaks at 1326
nd 1080 cm−1 are due to N H bending vibration of primary amides
nd C O C stretching, respectively [47,48]. XRD patterns of LCS
nd SCS were shown in Fig. 2(B). As seen, SCS exhibited two  sharp
9.4◦ and 20.2◦) and two faint (22.0◦ and 26.8◦) diffraction peaks. For
CS, three sharp peaks at 9.3◦, 20.2◦ and 24.4◦ were observed. Simi-
ar peaks were observed in chitin and chitosan structures obtained
rom different organisms such as insects, crustaceans, anthozoans
nd fungi [23,49–54]. The two sharp peaks appeared at around 10◦

nd 20◦ that corresponding to the (0 2 0) and (1 1 0) planes of the
rystalline lattice were classically characterizing chitosan [55,56].

.2. In vitro biocompatibility study

Cells grown with the LCSBS and SCSBS showed similar mor-
hologies to that of the control (data not shown). Primary skin
broblast cells were seeded onto LCSBS and SCSBS showing high
ate of settling and attachment on their surfaces from the first day,
ut were counted using hemocytometer the attachment rate was
igher on LCSBS than SCSBS, 47.6% and 43%, respectively when the
ells (Fig. 3(A–C)). On day 5, fibroblast cells attachment percent-
ge seeded onto LCSBS and SCSBS surfaces was 91.5% and 62.4%,
espectively (Fig. 3(A, D and E)). The increasing number of adhering
ells to air dried chitosan compared to those adhering to the dish
urface confirmed by previous studies [57,58]. Ranucci and Ponson-
et showed the higher efficiency of particle cultivation technique
ompared to cell culture on a flat substrate, such as culture dishes
y showing that when the surface is randomly modified, submi-
ron scale roughness significantly affects cell adhesion [59,60]. It
lso agrees with the results of Deutsch et al. who  revealed that
he number of neonatal rat primary cardiac myocytes adhered

o micro-pegged membranes increased 4-fold in comparison with
ntextured membranes [61]. Cells proliferation rate was  tested on
ay 1 and day 5 using MTT  assay and the results were calculated
s percent proliferation (Fig. 3(F)). On day 1 proliferation percent
 (B) SCS (20 �m),  (C) LCSBS (10 �m) and (D) SCSBS (10 �m).

was  1.6% and 1.2% in LCSBS and SCSBS, respectively, while on day 5
proliferation percent was  90.9%, and 68.12% on the surface of LCSBS
and SCSBS, respectively (Fig. 3(F)). The difference in cell adhesion
to chitosan can be affected in vitro by the degree of deacetylation
(DD). The higher the DD of chitosan the higher amount of free amino
group on the surface of chitosan producing a positively charged sur-
face which allows the interaction points between the negatively
charged cells and the culture surface [62].

3.3. In vivo characterization

The  neutrophils have a granular cytoplasm with a segmented
horse-shoe eccentric nuclei (Fig. 4(A)). Macrophages are similar
to neutrophils, but their nuclei is bilobated (kidney shaped) and
they were normally present early during wound healing (Fig. 4(B)).
Epithelium cells are arranged in cohesive groups and rested on a
basement membrane in order to form the surface lining epithe-
lium. An early epithelization accompanied normal wound healing
whereas, delayed or absent epithelization, encountered in patho-
logic wound healing such as infected or diabetic patient wound
(Fig. 4(C)). Fibroblasts are spindle cells with tapering ends that were
arranged in bundles within a collagenous matrix. Early stages of
wound healing were characterized by immature fibrous prolifera-
tion (granulation tissue), formed mostly of fibroblasts with minimal
collagenous matrix (Fig. 4(D)). The endothelial cells are polygonal
ovoid cells with abundant cytoplasm and possess rounded mar-
gin. Their nuclei is centrally located and ovoid, elongated with
blunt ends (cigar shaped). At early stages of wound healing, imma-
ture vascular proliferation is encountered, which is characterized
by irregular lumina, lacking thick outer muscular layer (Fig. 4(E)
left). At later stages, endothelium starts to maturate, with circu-

lar arrangement, forming regular vascular space with luminal red
blood cells (RBCs) and outer thick circumferential smooth muscle
wall (Fig. 4(E) right) [63]. In our study mice wounded tissues were
examined using hematoxylin and eosin (H&E) and histopatholog-
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Fig. 2. (A) FTIR, (B

caly scored on days 1, 3, 5, 14 and 21 to investigate both locust
ased chitosan scaffold (LCSBS) and shrimp based chitosan scaf-
old (SCSBS) wound healing effect as compared to the normal
ound closure. Granulation tissues, inflammatory fluid exudates,

nflammatory cells, necrosis, epithelization, angiogenesis and thick
pidermis formulation were the parameters used to investigate
he quality of the wound healing process quantitatively in vivo.
he microscopic histopathological findings indicated that all of the
eveloped unseeded and seeded LCSBS and SCSBS with primary
kin cells when applied to the wound site reduced the necrosis as
ompared to the control in which the inflammatory necrotic cells

ere observed at a higher level after 5 days and continued until
ay 14 this was due to the continuity of necrosis and sub-epithelial
broplasia within the wound tissue. Moreover, minimal epitheliza-
ion started on day 14 in the wound area of the control which means
 for LCS and SCS.

that  the quality of the healing process was  very poor (Figs. 5–7).
Additionally, it was observed that the number of macrophage cells
decreased slightly with increasing implant duration. It was greater
in all developed scaffolds including the control on day 3 than seeded
locust LCSBS, therefore they completely diminished on day 5 and 14
in seeded LCSBS and seeded SCSBS, respectively (Fig. 8). The results
were inconsistent with previously work which explained that, the
rats receiving the primary skin stem cells containing chitosan scaf-
fold showed slightly less macrophages than chitosan scaffold only,
due to the unique immune modulatory properties of stem cells
[64–66]. Glycan was  known as a macrophage activating agent and

accelerating the cytokine production from macrophage [67,68].
Chitosan is a polysaccharide as well as glycan; therefore chitosan
also may  produce the cytokine which can promote tissue repair.
Also, it was found in previous study on dogs that collagen synthesis
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Fig. 3. Day 1 cultured fibroblasts cells seeded onto (A) SCSBS (B) LCSBS. Day 5 cultured fibroblasts cells seeded onto (C) SCSBS (D) LCSBS, (E) percent adhesion and (F) percent
proliferation of cultured fibroblasts cells seeded onto SCSBS and LCSBS at day 0 and day 5, respectively. Unpaired T-test was used for performing statistics; *** P ≤ 0.01,
**P  ≤ 0.05, and *P ≤ 0.06. Error bars indicate SD.

Fig. 4. Graphical representation of (A) neutrophils, (B) macrophages, (C) epithelium, (D) fibroblasts and (E) endothelium.

Fig. 5. Histopathological examination for G1 (H&E). (A) day 5: The inflammatory exudates (arrows) are marked (score 3–4), mostly of neutrophils (score 4) with marked
necrosis, poor vasculature and immature granulation tissue. (B) Day 14: poor healing is evident in the form of immature sub-epithelial fibroplasia (hypercellular granulation
with minimal stromal fibro-collagenosis), as well, as low vasculature of immature blood vessels (arrow). There is minimal epithelization (upper field). (C) Day 21: complete
wound closure, showing surface keratin, which differs from scaffolds, being wavy, pale pink and in intimate relation to the upper layer keratinocytes with tendency for micro
keratocyst formation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Histopathological examination for G2 (H&E) (A) Day 1: a minimal inflammation (score 1) is encountered at the lower field with associated tissue edema. The scaffold
appears pinkish, laminated and refractile with no attempt for structural degradation nor tissue absorption. (B) Day 14: early wound closure failure with subepithelial
proliferating septic and vascular granulation tissue. Blood vessels are immature (arrows), appearing irregular with luminal RBCs. (C) Day 21: wound complete epithelization
(arrows). There is dermal fibrosis (score 2), appearing immature with high cell/stroma ration. Inflammation and angiogenesis are minimal. (For interpretation of the references
to  colour in this figure legend, the reader is referred to the web  version of this article.)

Fig. 7. Histopathological examination for G3 (H&E). (A) Day 1: these are primitive small cells, with no yet evidence of epidermal lineage of differentiation. The lower Rt. Area
of  the field represents the surface wound with secondary early tissue reaction to injury of proteincious inflammatory fluid exudates appearing pale pinkish and structureless
with granular necrotic debris and ghosts of degenerated cells (arrows). (B) Day 5: there is evidence of epidermal differentiation (arrows), showing pinkish cytoplasmic kerato
hyaline  granules and active attempt for wound closure (epithelization with score 3). The lower Lt. area of the field represents tissue reaction of inflammatory cellular and fluid
exudates,  as well as, granular necrotic debris of ghosts of degenerated cells. Angiofibroplasia is encountered but both elements were immature. (C) Day 14: there is marked
angiofibroplasia, at the subepidermal tissue, yet blood vessels are predominantly immature and some show luminal RBCs (arrows). (D) Day 14: the field represented the
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dge  of the wound with normal skin entangling hair follicles (bold arrows) at the Lt
urface epithelization (score 4), with near total wound closure. Inflammatory activ
hin walled vascular spaces (thin arrows). (For interpretation of the references to co

as increased at early phases of wound healing with chitosan treat-
ent [69]. As compared to the control, our results demonstrated

hat primary skin cells seeded onto LCSBS and SCSBS showed the
arliest granulation tissue formation, angiogenesis, epithelization
s well as thicker epidermis formation (Figs. 9 and 10). In skin
ound healing, growth factors act as stimulators of fibroblast pro-

iferation and synthesis of extra cellular matrix (ECM) proteins.
hitosan has been reported to indirectly enhance cell prolifera-
ion in vivo [70]. For this reason, the present study was not only
nvestigated to show the degree of the implantable scaffolds contri-
ution to the new skin formation, but also to determine the effects

f seeded scaffold with primary skin cells on the skin regenera-
ion and wound healing as compared to unseeded scaffolds while
omparing at the same time the effect of chitosan source (locust
nd shrimp). This might be due to that chitin-based dressings were
 while the Rt area of the field showed dermal fibrous tissue proliferation and upper
inimal (score 1). Dermal angiogenesis was  encountered as proliferating irregular

n this figure legend, the reader is referred to the web version of this article.)

depolymerized, and that oligomers are further hydrolyzed to N-
acetyl glucosamine, a common amino-sugar in the body, which
enters the innate metabolic pathway to be incorporated into gly-
coproteins [71]. In our findings, seeded LCSBS exhibited the most
enhanced effect on wound healing followed by seeded SCSBS as
compared with the unseeded scaffolds of both LCSBS, SCSBS and the
control. Seeded LCSBS showed dermis active angiogenesis, with a
significantly higher count than in the other four groups. There was
complete wound closure, with marked epithelization on day 14 in
seeded LCSBS and SCSBS, while in the unseeded LCSBS and SCSBS
incomplete wound closure was  observed at the same day as com-

pared with control group in which poor delayed epithelization that
ended by secondary intension healing was  observed (Fig. 9 and 10).
The healing time was 14 days for the seeded LCSBS and SCSBS with
complete degradation of chitosan scaffolds and tissue absorption,
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Fig. 8. The distribution of histopathological scores expressed as the mode value among (A) neutrophil, (B) macrophage, (C) endothelium and (D) fibroblast.

Fig. 9. Histopathological examination for G4 (H&E). (A) Day 3: early tissue reaction to injury of inflammatory cellular exudates, mostly of macrophages (score2). Inflammation
is  mild and rapidly progressive and associated with proliferating blood vessels of high count (score 4). These show congestion and extravasations of RBCs (blue arrows) with
brownish hemosiderin pigmentation. There is an early attempts for epithelization (score 3), appearing as a pale area (orange arrows) below at the interface of the wound
surface. It is associated with epidermal differentiation. The layer of stem cells appears dark blue, composed of immature pluripotent cells (green arrows). The scaffold appears
dark  pinkish retractile with partial degradation (black arrows) with decreased length and thickness as well as focal discontinuity. (Rt.) (B) Day 3: Lt., wound surface early
attempts for epithelization (score 3), with partial scaffold degradation. Rt: magnified field of wound surface, showing primitive immature stem cells (upper Rt), undergoing
early epidermal differentiation (lower Lt.). (C) Day 3: the mature epidermocytes are rich in cytoplasmic keratohyaline pink granules and exhibit distinct cell borders (arrows).
(D)  Day 5: regression of inflammation appears (score 1). The layer of epidermal differentiation and epithelization is getting wider with eosinophilic keratosis (evident
maturation). (E) Day 5: there is an early increase of angiogenesis (score-4), which is sustained during the healing process, with the predominance of the mature vessels
(arrows). (F) Day 14: there is complete wound closure with marked epithelization (score 4). Normal epidermal maturation is evident with surface keratosis (blue arrow),
as  well as basal melanocytic differentiation, associated with melanin pigmentation (black arrow). The dermis show maturation of fibrous with increased fibro-collagenous
matrix and decreased cellularity. The scaffold at upper Rt. field was markedly degraded and the remnants are separated from the healed wound. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Histopathological examination for G5 (H&E). (A) Day 3: there was a minimal inflammation (macrophages and neutrophils (score 1)) with marked early angiogenesis
(score 4), predominantly of mature thick walled blood vessels (arrows). Fibroplasia was also apparent with early maturation. (B) Day 5: (Lt.) early marked epithelization
(score 4) with stem cell maturation (encircled) forming the epidermal layers. Scaffold resorption was encountered and proportionate to the stem cell differentiation and
proliferation activity. The subepidermal tissue showed active angiofibroplasia. (C) Day 5: (Rt.) the upper area of the field showed immature stem cells with epithelial
differentiation (arrows). The later showed some mature rich in cytoplasmic pinkish hyaline keratogranules. The intervening matrix was  rich in keratin. (D) Day 14: (Lt.)
early wound closure and epidermal maturation. Scaffold resorption was  marked. The dermis active angiogenesis (score 4) with a significantly higher count than the other
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nterpretation of the references to colour in this figure legend, the reader is referred

hile it extended to 21 days for the unseeded LCSBS and SCSBS as
ell as the control (Figs. 5–7). Although, both unseeded LCSBS and

CSBS increased wound healing rates and reduced scar formation
hen compared with the control. The unseeded SCSBS exhibited

he lowest enhanced effect on wound healing among the developed
caffolds. The results of the four groups under study were statisti-
ally significant (P ≤ 0.05) in comparison to the control group. Our
esults are in agreement with a previous study on the effect of
ultural epidermal allografts (CEAL) obtained from young healthy
onors, and fixed on tulle grass carrier (Grasolind) in comparison
ith empty Grasolind. It was reported that the reduction of the
on-epithelialized wound area was 86.5% when covered in CEAL,
nd only 71.2% when covered with Grasolind only and this differ-
nce was statistically significant [72]. Also, when studying allograft
ffect of rat oral mucosa fibroblasts as new seed cells incorporated
nto collagen and chitosan collagen to construct the tissue engi-
eered oral mucosa lamina, it was found that both the fibroblast
opulated chitosan collagen lattices can repair skin defects on Wis-
ar rats effectively and feasible [73]. Moreover, the gelatin based
caffolds incorporated with fibroblasts isolated from a child’s fore-
kin enhanced the wound healing rate and re-epithelization of a full
hickness skin defect rather than the cellular scaffold after one week
74]. Overall, our histopathological findings indicated that among
he tested scaffolds, seeded LCSBS could be the ideal candidate for
he development of low cost implantable materials for enhancing
ound healing process.

.  Conclusion

In this study chitosan (CS) was isolated from desert locust (Schis-
ocerca gregaria) LCS and shrimp (Penaeus monodon) SCS and their

haracteristics were compared physicochemically. Their wound
ealing activity was also compared when casted as scaffold both

n vitro and in vivo. LCS and SCS were characterized using Fourier
ransform infrared (FTIR) and X ray diffraction (XRD), degree of
e arrows) with complete resemblance to the normal epidermal layers. The upper
e scaffold entangled few residual islands of residual stem cells (black arrows). (For
e web version of this article.)

deacetylation (DD), molecular weight (M.Wt), swelling index (SI)
and viscosity. The LCS characteristics were better than shrimp. LCS
showed lower SI than shrimp which explained its high elasticity
and strength when casted into 2D scaffold that prevented the col-
lapse of the hollow structure. LCS showed a lower M.Wt  than SCS
which had a significant impact on its effectiveness to accelerate
wound healing. This was reflected from its morphological structure
when examined using scanning electron microscope (SEM) both
LCS powder and the casted LBCS showed a fibrous structure with
a high surface to allow more cells to attach between the fibrous
grooves compared to SCS powder and the smooth SBCS. This was
explained by the in vitro study in which LBCS showed the high-
est level of cell viability, attachment and proliferation at day 1 and
day 5 than SBCS. These results were confirmed by the in vivo study
which indicated that among the tested chitosan scaffolds seeded
LCSBS performed better than the other groups when examining
the wounded tissue using histopathology. It exhibited not only the
most enhanced effect on wound healing but also a good healing
process quality as well. This was indicated by the scores of the
histopathological data of the healed wounds that it showed earlier
granulation as well as dermis active angiogenesis with a signifi-
cantly higher count with early marked epithelization and formation
of thicker epidermis with minimal inflammation than in the other
groups. Therefore, the wound healing properties of LCSBS makes it
low cost competitive material for wound dressing.
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