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A B S T R A C T

In this study we explored the role of rosuvastatin calcium in skin regeneration as statins play important role in
the field of tissue engineering. Chitosan hydrochloride was crosslinked with different weight ratios of collagen,
β-glycerolphosphate and carboxymethyl cellulose to produce scaffolds by lyophilization technique.
Subsequently, the fabricated scaffolds were examined for their morphology, water absorption capacity, water
retention, friability and in-vitro drug release as well as in-vivo studies. The results revealed porous 3-D structured
scaffolds with maximum water absorption values-ranging between 396 and 2993%. Scaffolds containing car-
boxymethyl cellulose revealed highest water absorption-values. In-vitro drug release results showed gradual drug
release for 60 h with mean dissolution time-values (MDT) between 13 and 21 h. Combination of chitosan, col-
lagen, carboxymethyl cellulose in weight ratio of 40:30:30, respectively achieved gradual disintegration of the
scaffold in a simulating medium to an open wound after 4 days. This selected scaffold loaded with rosuvastatin
revealed increase proliferation of human dermal fibroblasts compared to placebo scaffold. After 30 days of
implantation of selected medicated scaffold loaded with/without mesenchymal stem cells and placebo scaffolds
to induced wounds in Albino rats, enhanced skin regeneration and absence of scar formation for drug loaded
scaffolds were observed. The histopathological study showed the advantage of stem cells-loaded scaffolds
through the normal redistribution of collagen in the epidermal layer. In conclusion, rosuvastatin calcium and
stem cells loaded in the tested scaffolds proved their potential effect in enhancing skin healing and regeneration.

1. Introduction

Skin plays an important role as a protective organ that covers all the
body surfaces, being subjected to many damages such as injury, trauma,
severe dehydration, infection and surgery, resulting in acute or chronic
wounds (Zhong et al., 2010). The skin wounds can be naturally repaired
and healed by the body, but in some cases, surgery could be applied in
case of extensive skin loss, by covering and substituting the damaged
area to accelerate healing and regeneration (Clark et al., 2007).

Scaffold is considered to be one of the most promising medications
that are used nowadays in tissue engineering. In particular, porous
scaffold that is prepared by lyophilization method satisfy the require-
ments for tissue engineering. The strength and efficacy of scaffolds

depend on the compatibility of positive and negative charges in poly-
mers which are responsible for strong ionic cross-linking in the scaf-
folds. The ideal scaffold should have stable physical properties, ability
to absorb liquid, free of any infection, ability to be loaded by viable
cells such as stem cells, and finally it should not cause damage to the
targeted tissue (Benders et al., 2013; Madihally and Matthew, 1999).

The mechanical strength of the scaffold is considered as a barrier in
tissue engineering to overcome the rapid degradation by enzymes and
environmental changes, so it can be enhanced by physical or chemical
methods. In the chemical method, researchers use chemical cross-
linking agents such as formaldehyde and glutaraldehyde in order to
form interaction with free hydrophilic groups of the biodegradable
polymers and to reduce their interaction with water. The limitations of
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using chemical cross-linking agents are mainly linked to the toxicity of
aldehyde residues which cause damages to the targeted organ (Speer
et al., 1980; Sung et al., 2001). On the other hand, although physical
treatments are not sufficient to obtain optimum scaffold's strength, it is
still safe to get scaffold for tissue engineering without any damages or
side effects to the targeted organ (O'Brien et al., 2004).

Chitosan is a natural, biodegradable and cationic polymer that is
widely used in the field of tissue engineering, and it does not induce any
inflammation, irritation or any side effects at the applicable area
(Wittaya-Areekul et al., 2006). Recently, many studies applied chitosan
scaffolds for skin and bone regenerations (Croisier and Jérôme, 2013;
Jiang et al., 2010; Liu et al., 2013; Veleirinho et al., 2012). It was re-
ported by D'Mello et al., that incorporating copper ions with chitosan
scaffold showed bone regeneration in rats suffering from calvarial de-
fects (D'Mello et al., 2015). In another study, different molecular
weights of chitosan and its derivatives such as chitosan hydrochloride
were used by Mahmoud and Salama, to prepare norfloxacin-loaded
scaffold for wound healing. Results showed a fast wound healing pro-
cess during a 28-day period compared to normal healing conditions
(Mahmoud and Salama, 2016).

Collagen is a natural protein that presents normally in bones,
muscles and skin. As collagen is the main structure of the skin; it is used
in tissue regeneration in order to increase proliferation of new cells
(Zuber et al., 2015). Collagen revealed cell adhesion properties as it
binds with extracellular integrin receptors through arginine/glycine/
aspartate binding sites (Quirk et al., 2001). The main disadvantages of
collagen-based scaffolds are their low mechanical strength and rapid
biodegradation. As a consequence, they are prepared by incorporating
biodegradable polymers such as chitosan to produce cross-linking net-
works and to enhance the biostability of collagen (Martínez et al.,
2015). Furthermore, the addition of α,β-glycerolphoshphate to chit-
osan/collagen scaffolds revealed an increase in the stability of the
fabricated scaffolds (Dang et al., 2017). Also the addition of hyaluronic
acid to chitosan/collagen scaffolds revealed a decrease in the biode-
gradation time of collagen scaffold (Sionkowska et al., 2016).

Rosuvastatin calcium is classified as a third generation statin that
inhibits hepatic cholesterol synthesis by inhibition of HMG-CoA re-
ductase enzyme, the rate limiting step for mevalonate synthesis which
is followed by cholesterol production (Olsson et al., 2002). Statins drugs
are divided into lipid soluble and water soluble statins. Simvastatin and
atorvastatin are examples for lipid soluble statins (Sasaki et al., 2006),
while pravastatin and rosuvastatin are examples for water soluble sta-
tins (Zaharan et al., 2013). The reported solubility of rosuvastatin in
water is 7.8 mg/mL (AstraZeneca, 2009). The selectivity of rosuvastatin
calcium to liver over the first and second generation statins, is due its
hydrophilicity, which results in minimizing the side effect of statins
such as rhabdomyolysis (Monjo et al., 2010).

Many studies were performed to test the applicability of statins as
bone regenerating and wound healing drugs. Lovastatin-loaded micro-
particles were prepared by emulsion method and lyophilisation process
in order to get free flowing microparticles which were injected twice
weekly into polyurethane scaffold implanted in the defected area.
Lovastatin-loaded scaffold showed sustained drug release up to 14 days
in addition to an increase in bone formation in segmental bone defects
in rats' femurs (Yoshii et al., 2014). In case of wound healing, simvas-
tatin was injected intraperitoneal in diabetic mice to treat incisional
skin wound, and then the mice were sacrificed at different time inter-
vals in order to evaluate the progress in wound healing by measuring
vascular endothelial growth factor and protein expression. The mea-
surements showed increase in vascular endothelial growth factor and
protein expression, as well as increasing nitric oxide at treated area at
day 6, which proves the wound healing effect of simvastatin (Bitto
et al., 2008). Topical application of simvastatin also demonstrated
healing of wounds contaminated with Staphylococcus aureus, with the
authors suggesting to use simvastatin at its minimum inhibitory con-
centration (MIC) for both wound healing and inhibition of bacterial

growth (Wang et al., 2016). In a study made by Laing et al., pravastatin
sodium revealed an improvement in wound healing process in Sprague
Dawley rats by increasing endothelial nitric oxide synthase expression
(Laing et al., 2010).

The aim of this study was to fabricate rosuvastatin calcium-loaded
scaffolds using lyophilization process in order to extend drug release for
enhancing wound healing and skin regeneration process. The fabricated
scaffolds were characterized for their maximum water absorption ca-
pacity, water retention and friability studies as well as in-vitro drug
release study. Selected scaffold was examined for human dermal fi-
broblasts proliferation and compared to that for non-medicated scaf-
fold, drug and control scaffold. Selected scaffold was loaded with me-
senchymal stem cells and was implanted in wounds that were
incisioned in Albino rats. The wound healing process was compared to
that of medicated, non-medicated scaffolds and non-treated control
groups.

2. Materials and methods

2.1. Materials

Rosuvastatin calcium was supplied from Hikma Pharmaceuticals,
Egypt. Chitosan hydrochloride was a kind gift from Zhejiang Chemicals
Import and Export Corporation, China. β-Glycerolphosphate (β-GP) was
purchased from Biotech for Laboratory, Egypt. Carboxymethyl cellulose
(CMC; molecular weight of 250,000 g/mol) was purchased from Sigma
Aldrich, USA. Collagen type I (molecular weight of 50,000 g/mol) was
purchased from Shaanxi Pioneer Biotech Co., Ltd., China. Dulbecco's
modified eagle medium (DMEM), phosphate buffered saline (PBS)
(pH=7.4), trypsin-EDTA, penicillin and streptomycin were purchased
from Lonza Verviers SPRL, Belgium. Ascorbic acid-Na-salt and L-gluta-
mate were purchased from Serva Electrophores, Germany.

2.2. Methods

2.2.1. Preparation of rosuvastatin calcium-loaded scaffolds
Rosuvastain scaffolds were prepared from mixture of chitosan HCl

and cross-linking agents (β-glycerolphosphate, collagen type I and
carboxymethyl cellulose) to prepare scaffolds with weight ratios of
chitosan to cross-linking agent as follows; 40:60, 50:50 and 60:40
(Table 1).

Stock solutions of chitosan HCl and the three cross-linking agents

Table 1
Compositions of rosuvastatin loaded scaffolds prepared using with chitosan and
cross-linking agents.

Formulation code Chitosan
(weight %)

Cross-linking agents (weight %)

β-GPa Collagen CMCb

CB1 40 60 – –
CB2 50 50 – –
CB3 60 40 – –
CC1 40 – 60 –
CC2 50 – 50 –
CC3 60 – 40 –
CM1 40 – – 60
CM2 50 – – 50
CM3 60 – – 40
CBC1 40 30 30 –
CBC2 50 25 25 –
CBC3 60 20 20 –
CCM1 40 – 30 30
CCM2 50 – 25 25
CCM3 60 – 20 20

Total polymer content= 4%.
a β-GP: β-glycerolphosphate.
b CMC: carboxymethyl cellulose.
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(β-glycerolphosphate, collagen type I and carboxymethyl cellulose)
were prepared in concentrations as that shown in Table 1. The solution
containing the cross-linking agent and the dissolved drug was added
portion wise to chitosan HCl solution during stirring on magnetic stirrer
at 200 rpm (IKA® C-MAG HS10 digital, Germany) to avoid formation of
sticky masses. The resulted turbid mixture was poured into circular
moulds (8 mm in diameter), and placed in refrigerator at −80 °C for
48 h. Then the mixture was lyophilized using Christ freeze dryer
(ALPHA 2–4 LD plus, Germany) for 24 h. The amount of the drug in
each scaffold was equivalent to 2.5mg.

2.2.2. Morphological examination of scaffold using scanning electron
microscopy (SEM)

The surface and cross section of the selected scaffold was examined
and pictured using SEM (Quanta 250 FEG microscope, Netherlands).
The samples were coated with thin layer of gold and measured at 50 kV.

2.2.3. Evaluation of water absorption and retention capacity of the
prepared scaffolds

This test was performed at a condition simulating an open wound to
measure the water absorption and water retention capacity of the
prepared scaffolds (Mahmoud and Salama, 2016). The dry scaffolds
were weighted (W0) and placed over sponge saturated with phosphate
saline at pH 7.4. The samples were incubated for a month at 37 °C and
their weight were measured (W1) at definite time intervals.

The water absorption capacity was calculated by measuring the
weight of water absorbed by the scaffold at definite time intervals till
reaching into maximum absorbed weight. The water absorption capa-
city was calculated using the following equation (Han et al., 2014):

=
−

×W (%) W W
W

100S
1 0

0

where, WS is water absorption capacity of the scaffold (%), W1 is the
weight of the swollen scaffold at definite time (g) and W0 is the weight
of the dry scaffold (g)

2.2.4. Scaffolds friability test
All the prepared scaffolds were tested for their physical strength

using friability tester (Pharma Test PTF ERA, Germany). The drum of
the apparatus was adjusted to rotate at a speed of 25 rpm (The United
States Pharmacopoeia, 2016), and the percentage weight loss for the
scaffolds was calculated using the following equations:

=
−

×Weight Loss
Initial weight Final weight

Initial weight
(%) 100

where, weight loss of scaffolds should be<1% to be accepted

2.2.5. Porosity test
The dimensions of the scaffolds were calculated using digital cal-

liper in order to calculate its volume. A gas pycnometer (Ultrapyc
1200e Quantachrome pycnometer, USA) with helium gas was used to
calculate the grain volumes of the scaffolds. The density of the scaffolds
was calculated from the weight and volume of the scaffolds. The por-
osity of the scaffolds was calculated from the grain and true density of
the scaffolds.

2.2.6. In-vitro drug release study
The prepared scaffolds were tested for drug release using Franz

diffusion cell apparatus (Automated Microette Plus™; Hanson Research,
USA). The area of Franz diffusion cells was 1.76 cm2 with receptor
compartment volume of 6.8 mL, and the study was performed using
cellulose membrane with molecular weight cut-off value of 1400 g/mol
(Sigma Aldrich, USA). The scaffolds were placed at the donor com-
partment, while isotonic phosphate buffer solution with pH 7.4 was
placed at the receptor compartment with adjusting temperature at 37 °C
and stirring rate at 200 rpm. Samples (2 mL) were taken at certain time

intervals and diluted to measure the drug concentration by a spectro-
photometer apparatus (Shimadzu, UV-1800, Japan) at 241 nm.

2.2.7. X-ray diffraction study (XRD)
X-ray diffraction patterns of rosuvastatin calcium, chitosan hydro-

chloride, collagen, carboxymethyl cellulose, their physical mixture and
the selected scaffold were performed using X-ray diffractometer (Diano
X-ray diffractometer apparatus, USA). The samples were irradiated
using Ni filtered Cu Kα radiation with operating voltage of 45 kV, a
current of 40mV and diffraction angle (2θ) range of 4–74°.

2.2.8. Differential scanning calorimetry (DSC)
DSC thermogram analysis was carried for rosuvastatin calcium,

chitosan hydrochloride, collagen, carboxymethyl cellulose, selected
scaffold and its physical mixture using a differential scanning calori-
meter (DSC-50, Shimadzu, Japan). The accurate amounts of samples
(10mg) were placed into a pierced aluminum pan and were scanned at
10 °C/min. The DSC thermogram of each ingredient was measured
using a predetermined temperature range (30 to 500 °C).

2.2.9. In-vitro evaluation of human fibroblast cell proliferation
2.2.9.1. HDFa cells culture. Human dermal fibroblasts, adult (HDFa)
(American Type Culture Collection® PCS-201-012™, USA) were
cultivated for 24–27 h in a Fibrolife® serum-free medium under
standard conditions of 37 °C and 5% CO2 in T75 culture flasks
(Corning®, USA)

2.2.9.2. Effect of scaffolds on HDFa by MTT assay. The percentage
viable cell was used to determine the effect of medicated scaffold,
non-medicated scaffold and drug on the proliferation of HDFa by 3-
(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT)
assay (Hansen et al., 1989). Briefly, scaffolds and rosuvastatin calcium
were suspended (three replicates for each scaffold) with HDFa in
Fibrolife® serum free medium at concentration of 5×104 cell/well in
Corning® 96-well tissue culture plates, then they were incubated for
72 h. Vehicle control with DMSO was run for each 96 well plate
(untreated cells). After incubating for 72 h, the number of viable cells
was then determined by adding 10 μL of 12mM MTT stock solution
(5mg of MTT in 1mL of phosphate buffer saline pH 7.4) into each well,
including also the untreated control (Gomha et al., 2015; Mosmann,
1983). The 96-well plates were then incubated at 37 °C and 5% CO2 for
4 h. The cells were periodically viewed under inverted microscope
(Olympus BX63 Life Science, Japan) to detect the presence of
intracellular punctuate purple precipitation. The optical density was
measured at 490 nm with the microplate reader (680 XR reader,
BIORAD, Hercules, CA, USA) to determine the number of viable cells.
Besides, the percentage of viability was calculated from the following
formulation:

= − ×%Viability [1 (ODt/ODc)] 100%

where, ODt is the mean optical density of the wells treated with the
tested samples (drug or the selected formulation) while, ODc is the
mean optical density of the untreated cells.

2.2.9.3. HDFa cells growth pattern and interaction with scaffolds. HDFa
cells were incubated for 3 days with rosuvastatin calcium, medicated
and non-medicated scaffolds in 8-chamber cell culture slides
(5×104 cells/chamber, Life Sciences, USA). The cells were stained
with 100 μg/mL acridine orange in phosphate buffer saline with pH
value of 7.4 which is a specific binding dye to nucleic acid, and the
number of viable cells can be determined by green emission therefore,
yellow and orange emission is an indication of fragments nuclei and cell
death according to the degree of apoptosis (Gohel et al., 1999).

The samples were observed under fluorescence microscope
(Olympus BX63 life science, Japan) with 62HE BFP/GFP/HcRed shift
free filter. Pictures were taken using digital camera (Olympus DP80,
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Japan).

2.2.10. In-vivo study of selected rosuvastatin calcium scaffold
2.2.10.1. Animal model. This study was approved by research ethics
committee, Faculty of Pharmaceutical Sciences and Pharmaceutical
Industries, Future University in Egypt, Cairo, Egypt (REC-FPSPI-5/36).
Male Albino rats with matched age weighting 200–250 g were used in
this study. The rats were placed at Future University's animal house at
separate cages, where the temperature was adjusted at 25 °C. Standard
diets and water were freely available for all tested rats. The artificial
fluorescent light was used to simulate a cycle of night and day every
12 h. The rats were checked daily for any abnormalities to ensure their
health for the experiment.

2.2.10.2. Sterilization. All scaffolds that were used in our in-vivo study
were sterilized by gamma radiation at 10 kGy (1.88 kGy/h) to prevent
any contaminations of the wounds by the implanted scaffold and to
ensure the safety of the stem cells in the loaded scaffolds, as any
contamination of the scaffold before loading with stem cells could
damage it or affect its proliferation. The sterilized scaffolds were re-
tested for their porosity, friability, in-vitro drug release, water
absorption and water retention capacity. No significant differences
were observed regarding the obtained data before and after sterilization
(p < 0.05; data not presented).

2.2.10.3. Mesenchymal stem cells (MSCs) isolation and
proliferation. Male Albino rats were terminated by cervical dislocation
and their skin was disinfected by 7.5–10% Betadine® solution
(povidone-iodine, Mundipharma Ltd., Singapore). Their femurs and
tibias were collected and carefully scraped to completely remove any
remaining soft tissues. They were then transferred to a laminar flow
safety cabinet and washed by dipping them into 70% ethanol solution
followed by washing with phosphate buffer saline solution with pH
value of 7.4.

The bones' heads were then cut and a 24-gauge needle attached to a
5mL syringe filled with complete culture medium ((Dulbecco's mod-
ified eagle medium; DMEM) supplemented with 15% fetal bovine
serum (FBS), 2 mmol/L L-glutamine, 100 U/ml penicillin and 100 μg/ml
streptomycin) was used to flash the bones' cavities until bone marrow
was turned to a pale yellow color.

The collected bone marrow was centrifuged for 5min at 1500 rpm
(Sigma 3-30KS Centrifuge, Germany) and the supernatant was then
discarded. The resulting cell pellets were then reconstituted in a new
complete DMEM media and the cells number was counted by the use of
hemocytometer (Marienfeld Hemocytometer, Germany). The cells
density was adjusted to 25× 106 cells/mL. The final cell suspension
was then cultured in a 50mL T-flasks and the flasks were incubated at
37 °C in a humidified atmosphere and 5% CO2 (CO2CELL incubator,
MMM Medcenter Einrichtungen GmbH, Germany). Mesenchymal stem
cells were inspected daily using phase contrast microscope (CKX41,
Olympus global, Japan) and the culture medium was changed every
3–4 days. Cells were passaged as the flasks reached 70–80% confluence.

2.2.10.4. Loading the scaffolds with mesenchymal stem cells (MSCs). On
the day of surgery, MSCs at the third passage were trypsinized,
centrifuged and reconstituted in new media. The cells number was
adjusted to 10,000 cells per 50 μL of the media. Six pieces of selected
rounded scaffolds having 8× 4mm dimensions were then loaded with
10,000 MSCs by dropping 50 μL of the cells suspension on the top of
each of the sterilized scaffold just before the surgical procedure. The
loading of MSCs was done in aseptic conditions in a laminar flow hood
equipped with UV light (ThermoFisher Scientific, USA).The prepared
scaffolds were called MSCs-medicated scaffolds.

2.2.10.5. Scanning electron microscopy of MSCs-medicated
scaffold. Medicated scaffolds loaded with/without stem cells were

cultured in DMEM media. After 5 days of incubation, scaffolds were
fixed with 10% formalin solution, then washed with phosphate buffer
saline (pH 7.4) and dried with serial concentrations of ethanol
(Yoshimoto et al., 2003). Cross section pictures of fixed specimens
were taken using SEM (Quanta 250 FEG microscope, Netherlands).

2.2.10.6. Surgical procedure. The therapeutic evaluation of MSCs-
medicated, medicated and non-medicated scaffolds was performed
using a full thickness wound model and compared to normal wound
healing (control group). The male Albino rats were anesthetized with
intraperitoneal injection of 10mg/kg xylazine and 75mg/kg ketamine.
After skin shaving, four full thickness rounded skin excision wounds of
8mm in diameter were performed on the sides of the spine using a
sterile biopsy punch needle (No. 8, Kai Industries Co., Ltd., Seki City,
Japan). The treatment of wounds was divided into four groups; the first
group (A) was served as a control group which did not receive any
treatment, the second group (B) was treated with non-medicated
scaffolds, the third group (C) was treated with rosuvastatin-loaded
scaffolds and the fourth one (D) was treated with medicated scaffolds
loaded with MSCs (MSCs-medicated scaffolds). The tested scaffolds
were implanted once in each rat at the surgery day. The wounds were
covered and taped with elastic gauze during the treatment period. The
skin healing process was determined by observing the rate wound
closure.

2.2.10.7. Evaluation of wound healing process. Pictures were captured
using a high resolution camera (D5200, Nikon, Japan) at certain time
intervals during one month of the healing process. During this process,
the wounds were evaluated for changes in wound size, presence of
abscess, blood and inflammation.

2.2.10.8. Histopathological examination by light microscopy. After one
month of injury, the treated wounds were isolated using skin biopsy
needle (no. 8, Kai Industries co., Ltd., Seki City, Japan). The isolated
tissues were soaked in 10% formaldehyde solution for 24 h, then
washed by distilled water and dehydrated by serial dilutions of ethyl
alcohol. Tissues were washed in xylene and firmed in paraffin using hot
air oven at 56 °C. The resulted tissue specimens were scanned using
light microscope (Leica, Wetzlar, Germany) after putting them on glass
slides and deparaffinized in order to get a good staining by Masson's
trichrome stain (MTS). Hematoxylin and eosin stain (H&E) was also
used for tissue examination. A blind fashion was used in the
examination for the tissues that were treated with MSCs-medicated
scaffolds, medicated scaffolds, non-medicated scaffolds and non-treated
wounds.

3. Results and discussion

3.1. Evaluation of rosuvastatin calcium scaffolds

3.1.1. Morphological examination
3.1.1.1. Visual examination of the lyophilized scaffolds. The shape of the

a b

Fig. 1. Pictures of the fabricated scaffolds: (a) chitosan/collagen/CMC scaffold
(CCM), and (b) chitosan/β-glycerolphosphate scaffold (CB).
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scaffolds is one of the important parameter that reflects the strength
between biodegradable polymers used in the fabrication of the scaffolds
especially after the freeze drying process. The ideal freeze dried scaffold
should have a definite 3-dimensional shape, flat surface and spongy
porous structure. The strength of the scaffold is mainly depending on
the molecular weight of the cross-linking agents and the density of
networks that fills the space between cross-links inside the scaffolds
(Van Vlierberghe et al., 2011).

Scaffolds prepared using collagen and/or carboxymethyl cellulose
as cross-linking agents revealed a definite round tablet-like shape with
off-white color and spongy consistency with thickness ranging between
2.80 and 4.00mm (Fig. 1a). On the other hand, replacing the cross-
linking agent or part of it by β-glycerolphosphate in the prepared
scaffolds (CB1, CB2 CB3, CBC1, CBC2 and CBC3) revealed scaffolds
with irregular surfaces and chips-like shape (thickness varied between
0.90 and 2.00mm) and non-spongy consistency (Fig. 1b). Such shapes
can be explained on the basis that collagen and carboxymethyl cellulose
have a large molecular weights (50,000 and 250,000 g/mol, respec-
tively) that succeed to fill the cross-linking voids between the chitosan
molecules in the scaffolds, while low molecular weight of β-glycer-
olphosphate (216.036 g/mol) failed to fill the voids between the chit-
osan molecules in the scaffolds. This in turn resulted in shrinkage and
reduction in the diameter of all scaffolds prepared using β-glycer-
olphosphate during the sublimation process of the freeze drier.

CB1, CB2 and CB3, CBC1, CBC2 and CBC3 formulations did not give
the spongy consistency required for the scaffolds structure, therefore,
they were excluded from further studies.

3.1.1.2. Morphological examination of scaffold using scanning electron
microscopy (SEM). SEM images of selected rosuvastatin scaffold CCM1
(Fig. 2) showed the formation of networks and cross-linking bridges

with interconnected porous structure (50–100 μm) and spongy shape at
both surface and cross-section pictures. The suitable scaffold pore size
for living cells such as stem cells ranges from 10 to 140 μm and such
pore size is suitable for cell proliferation, adhesion and nutrient
exchange (Yang et al., 2004). The formation of highly porous and
spongy scaffold is due to lyophilization process during the preparation
of the scaffold.

a b

Fig. 2. Scanning electron microscopy images for the selected scaffold (CCM1): (a) surface view and (b) cross section view.
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3.1.2. Scaffold friability study
The tablet friability test was done for the fabricated scaffolds to

predict their physical strength during handling, packaging and trans-
portation till they reached the patient. Generally, all the tested scaffolds
(CC2, CC3, CM1, CM2, CM3, CCM1, CCM2 and CCM3) passed the
friability test study (% weight loss< 0.6%). On the other hand, the
addition of collagen in high ratio into the scaffold (CC1) revealed
failure in passing friability test compared to those scaffolds that were
prepared in same weight ratios using carboxymethyl cellulose as a
cross-linking agent. This can be explained by the strong ionic interac-
tion of carboxymethyl cellulose as a cross-linking agent with chitosan
(Wang et al., 2013), which succeeded to retain the integrity of the
scaffold during the friability test. Friable (CC1) scaffold is attributed to

the low mechanical strength of collagen (Martínez et al., 2015), which
was prepared in 40:60 weight ratio of chitosan to collagen.

3.1.3. Evaluation of water absorption and retention capacity of the
prepared scaffolds

The swelling index reflects the ability of the scaffolds to absorb body
fluids and to carry nutrients and metabolites from wounded skin to
living cells inside the scaffolds such as stem cells and fibroblast. Also,
fluid retention in the scaffold is very important for skin reconstruction
and wound healing. Therefore, it is important to study water absorption
capacity and water retention capacity for the fabricated scaffolds.

3.1.3.1. Water absorption capacity. It is known that scaffolds that have

Fig. 5. X-ray diffraction patterns of drug, chitosan hydrochloride, collagen, carboxymethyl cellulose (CMC), physical mixture (Ph.mix) and CCM1 scaffold.

A. Maged et al. European Journal of Pharmaceutical Sciences 127 (2019) 185–198

190



high swelling index allow high cell diffusion into them which
accelerates tissue regeneration and wound healing. Such behaviour
promotes a good medium for cell viability at the treated area, as well as
the ability to provide cell adhesion. On the other hand, the increase in
water capacity may affect the integrity and shape of the scaffolds (Peter
et al., 2010). Therefore, it is important to apply a balance between
water content and the strength of scaffolds according to the implanted
site to get maximum therapeutic effect.

Fig. 3 illustrates the water absorption capacity of the prepared
scaffolds. All the lyophilized scaffolds revealed a maximum water ab-
sorption capacity values ranging between 396 and 2993%. Chitosan/
carboxymethyl cellulose scaffolds (CM1, CM2 and CM3) showed the
maximum water absorption capacity values (2993, 2944 and 2551%,

respectively), followed by those for chitosan/collagen/carboxymethyl
cellulose scaffolds (CCM1, CCM2 and CCM3 with water absorption
capacity values equal to 1554, 1757 and 1474%, respectively) and fi-
nally those for chitosan/collagen scaffolds (CC1, CC2 and CC3 with
water absorption capacity values of 396, 440 and 628%, respectively).
The interaction of carboxymethyl cellulose with chitosan forms a strong
ionic polyelectrolyte complex that has many of the ionized carboxylic
groups, resulting in interaction with hydroxyl group of water and the
ability to absorb a high amount of water. Such interaction with water
enables carboxymethyl cellulose to absorb high amount of water
(Sainitya et al., 2015; Zhao et al., 2009). Therefore, reduction of car-
boxymethyl cellulose content in CCM1, CCM2 and CCM3 scaffolds
compared to that in CM1, CM2 and CM3 scaffolds, resulted in

Fig. 6. DSC thermograms of drug, chitosan hydrochloride, collagen, carboxymethyl cellulose (CMC), physical mixture (Ph.mix) and CCM1 scaffold.
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decreasing water absorption capacity values (p < 0.05). The reduction
in water absorption capacity values in CCM1, CCM2 and CCM3 scaf-
folds is also attributed to formation of hydrogen bond between car-
boxymethyl cellulose and collagen, which resulted in reducing the
presence of free hydrophilic groups in carboxymethyl cellulose that can
interact with water (Wang et al., 2013).

CM1 and CM2 scaffolds prepared with higher amount of carbox-
ymethyl cellulose, had water absorption capacity values higher than
that for CM3 scaffold prepared with lower content of carboxymethyl
cellulose. This can be explained by the hydrophilic nature of carbox-
ymethyl cellulose which in high concentration, forms a hydrogen bond
with high amount of water (Sainitya et al., 2015).

Fig. 3 reveals that increasing chitosan concentration in the scaffold
prepared with weight ratio of 60:30 of chitosan to collagen (CC3) re-
vealed significant increase in maximum water absorption capacity

value (628%) compared to the maximum water absorption capacity
values for scaffolds prepared in 40:60 (CC1) and 50:50 (CC2) weight
ratios of chitosan to collagen (p < 0.05), where their maximum water
absorption values equal to 396 and 440%, respectively. The increase in
water absorption capacity in case of scaffolds prepared with high con-
centration of chitosan is attributed to the presence of free amino group
that is easily attacked by water to form hydrogen bond and increase
scaffold hydration (Bi et al., 2011).

3.1.3.2. Water retention capacity. It is recommended that scaffold's
degradation should be proportional with wound healing and the
growth of the new tissue. At the same time it should preserve the
loaded living cells such as stem cells and fibroblast at the first day of
healing process (Jiang et al., 2008). The mechanical strength of the
scaffold is affected by water absorption capacity during the study at
simulating condition to an open wound, as increasing water absorption
by scaffold, resulting in increasing rupture of polymer chains after
reaching maximum water absorption capacity point. The decrease in
the rate of disintegration of scaffold depends on the strength of cross-
linking polymers in the scaffold after maximum water absorption point
(Ninan et al., 2013).

Most of the fabricated scaffolds were able to retain water in their
structure during month of the study periods, except those prepared with
chitosan:collagen in weight ratios of 40:60 (CC1), 50:50 (CC2) and
60:40 (CC3), where they showed complete disintegration after 5 days of
study period at a condition simulating to skin wound. The rapid dis-
integration of these scaffolds is attributed to the formation of me-
chanically unstable complex (Ma et al., 2003), and thus the cross-
linking between chitosan and collagen was not strong enough to keep
the integrity of scaffolds during the study period.

The water absorption capacity of the scaffold that was prepared in
40:60 weight ratio of chitosan to carboxymethyl cellulose (CM1)
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Fig. 8. Fluorescence microscope images (×100) for HDFa proliferation. (a) control HDFa cells, HDFa cells treated with: (b) drug alone, (c) non-medicated scaffold,
and (d) medicated scaffold.
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showed abrupt decrease in water absorption capacity value form
2993% to 29% after 14 days of the study period at simulating condition
to an open wound, followed by that prepared in 50:50 weight ratio of
chitosan to carboxymethyl cellulose (CM2; 79% after 14 days) and fi-
nally, that prepared in 60:40 weight ratio of chitosan to carboxymethyl
cellulose (CM3; 263% after 14 days) (p < 0.05). A direct proportional
relationship between maximum water absorption capacity values and
disintegration of the fabricated scaffold was found, as increasing con-
centration of carboxymethyl cellulose, resulted in an increase of water
absorption and chance of rupture of cross-linking bridges in the scaffold
by time.

It was found that scaffolds characterized by high water absorption
capacity were subjected to high degree of disintegration after 6 days.
This was not found for scaffold prepared with chitosan, collagen and
carboxymethyl cellulose in weight ratio of 40:30:30 (CCM1). This
scaffold revealed the lowest drop in water absorption capacity from
1554% during the first days into 531% after 14 days of the study
(Fig. 3). Such weight ratio of collagen and carboxymethyl cellulose,
resulted in a strong electrolyte complex, which persist degradation by
water compared to the other tested scaffolds. This could be explained
by the formation of rigid network structure when the amount of car-
boxymethyl cellulose is reduced (Rokhade et al., 2006). The mechanical
strength might be attributed to the extensive hydrogen bond formation
between collagen and carboxymethyl cellulose in addition to the ionic
interaction of both collagen and carboxymethyl cellulose with chitosan
(Wang et al., 2013).

The water absorption capacity of fabricated scaffolds after one
month of water absorption study showed higher values for CCM1
(444%) and CCM2 (422%) scaffolds, while the lowest values were gone
to CCM3 (16%) and CM3 (21%) scaffolds. CCM1 scaffold showed the
higher water absorption capacity and the lowest disintegration during
the study period in simulating condition to an open wound.

3.1.4. In-vitro drug release study
The release profile of rosuvastatin solution (2.5 mg/mL) showed

that> 85% of the drug was released within 2 h (data not presented).
While the drug release profiles for rosuvastatin calcium scaffolds
showed gradual drug release from the scaffolds for up to 60 h without
distinct initial burst release (Fig. 4). Such sustained release profiles
would promote gradual wound healing process. Generally, all the re-
lease data for the scaffolds showed best fitting to Higuchi equation and
the time required for 90% of the drug release (t90) varied between
37.32 and 53.12 h and the mean dissolution time values ranged be-
tween 12.80 and 21.20 h. The scaffolds showed similar release para-
meters (MDT and t90 values; p > 0.05), where scaffolds composition,
generally, did not affect such parameters due to their similar highly
porous structure (88 to 91%).

Rosuvastatin scaffolds were fabricated by lyophilization method by
Ibrahim and Fahmy in order to be used in bone regeneration. The

authors used chitosan as cationic polymer in weight ratios of 1:3, 1:1
and 3:1 of chitosan to anionic polymer such as xanthan gum, poly-
carbophil and sodium alginate. The drug release of rosuvastatin scaf-
folds showed mean dissolution time ranging between 0.391 and 0.695 h
and the drug release was for only 8 h (Ibrahim and Fahmy, 2016). This
would highlight that in our study the formulated chitosan scaffolds with
collagen and carboxymethyl cellulose as cross-linking agents resulted in
scaffolds characterized by pronounced prolonged drug release (MDT
values ranging between 12.80 and 21.20 h)

From the previous studies, CCM1 scaffold was chosen as the best
scaffold for tissue engineering, mainly because it showed suitable water
absorption capacity and gradual decrease in water content compared to
other degradable scaffolds. This was especially noted at day 14 of our
study when an open wound condition was simulated, which is a good
environment to living cells such as stem cells. Furthermore, this scaffold
had acceptable friability value and showed sustained drug release
pattern (53.12 h and 21.2 h for t90 and MDT, respectively).

3.1.5. X-ray diffraction study (XRD)
The x-ray diffraction patterns of rosuvastatin calcium, chitosan,

collagen, carboxymethyl cellulose and physical mixture as well as the
selected scaffold (CCM1) are illustrated in Fig. 5. Rosuvastatin calcium
diffractogram revealed low characteristic peak at 2θ=20°. While
chitosan hydrochloride diffractogram showed a specific peaks at
2θ=10° and 27°. Collagen diffractogram showed a wide peak at
2θ=22°, which was explained by Jayakumar et al., by the presence of
triple helix structure at collagen molecules (Jayakumar et al., 2014).
The XRD patterns of carboxymethyl cellulose revealed a specific peak at
2θ=20°. The absence of sharp peaks in the tested materials is attrib-
uted to their amorphous nature. Physical mixture diffractogram showed
presence of specific peak of chitosan at 2θ=10° in addition to a peak at
2θ=20°. The XRD patterns of CCM1 scaffold showed the absence of
chitosan's peak at 2θ=10° and a decrease of the intensity of the spe-
cific peak at 2θ=20° that appeared in the physical mixture. This result
is an indication of formation of new solid consistency in the fabricated
scaffolds.

3.1.6. Differential scanning calorimetry (DSC)
Fig. 6 illustrates the DSC thermograms of rosuvastatin calcium,

chitosan hydrochloride, collagen, carboxymethyl cellulose and selected
scaffold with its physical mixture. Collagen thermogram revealed two
endothermic peaks at 63 °C and 317.27 °C. The first transition peak is
attributed to water dehydration and the second one is due to decom-
position of collagen molecules (Jose et al., 2009). The DSC thermogram
of chitosan hydrochloride showed two endothermic peaks. The dehy-
dration process is responsible for the first peak (below 100 °C) where
the evaporation of water at low temperature is due to weak hydrogen
bond with molecules of chitosan, while the second one (224.56 °C) is
due to chitosan combustion (Zawadzki and Kaczmarek, 2010).

a b

Fig. 9. Scanning electron microscopy images for cross section view of: (a) Medicated scaffold without MSCs and (b) MSCs-medicated scaffold, after 5 days of
incubation in DMEM medium.
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Carboxymethyl cellulose thermogram showed an endothermic peak at
61.94 °C, followed by an exothermic peak at 290.67 °C. The en-
dothermic peak is attributed to water dehydration, while the combus-
tion of the degradations appeared as an exothermic peak (El-Sayed
et al., 2011). The physical mixture thermogram showed an endothermic
peak at 224 °C and an exothermic peak at 290 °C. The endothermic peak
reflects the presence of degradation in the same position for the chit-
osan peak, while the exothermic peak reflects the degradation of car-
boxymethyl cellulose. The DSC thermogram of the selected scaffold
(CCM1) revealed the disappearance of the characteristic endothermic
and exothermic peaks of chitosan and carboxymethyl cellulose, re-
spectively. The thermogram of the selected scaffold proves the forma-
tion of new cross-linking complex between the ingredients using the
lyophilization process (Mahmoud and Salama, 2016).

3.1.7. Effect of scaffolds on HDFa cell viability
In order to know the role of rosuvastatin calcium in wound healing,

the effect of rosuvastatin calcium and scaffolds on proliferation of HDFa
cells was examined using MTT assay. Fibroblast growth is an important
factor for wound healing; accordingly, the effect of medicated, non-
medicated scaffold and drug on HDFa cells were evaluated for cell
viability and compared to that for control one.

Medicated scaffolds (CCM1) showed significant increase in the
proliferation of HDFa cells after 72 h of incubation, followed by drug,
non-medicated scaffolds and finally the control (p < 0.05) (Fig. 7). The
difference in cell growth rate and cell numbers between medicated
scaffold and non-medicated scaffold proves the role of rosuvastatin
calcium in increasing the proliferation of HDFa cells. The significant
effect on non-medicated scaffold compared to the control regarding cell
growth could be attributed to the ability of the cells to proliferate and
diffuse through the porous structure of the scaffolds.

The images of fluorescence microscope (Fig. 8) demonstrated that
the HDFa cells treated with medicated scaffolds increased in number
and proliferation after 72 h of incubation compared to those for non-
medicated scaffold, drug and control. This could be attributed to in-
crease in cell number after the addition of drug to the non-medicated
scaffold. The fluorescence images for HDFa proliferation also confirmed
the cell viability results by MTT assay and the important role of rosu-
vastatin calcium in increasing HDFa proliferation.

3.1.8. Scanning electron microscopy of MSCs-medicated scaffold cultured
in DMEM media

Fig. 9 illustrates scanning electron microscopy images of the se-
lected scaffolds loaded with/without stem cells after 5 days of incuba-
tion in DMEM media. MSCs-medicated scaffold provoked formation of
new tissues inside the scaffold when compared to medicated scaffold
without MSCs. The proliferation of stem cells into new tissue in the
scaffolds is due to the high surface porosity of the scaffolds (91.64%)
that provided a suitable environment for nutrients exchange, cells ad-
hesion and growth.

3.1.9. In-vivo study
3.1.9.1. Evaluation of wound healing. The synergetic effect of
rosuvastatin and adipose-derived mesenchymal stem cells was studied
by Zhang et al., on the treatment of myocardial infarction. The
combination of both showed an enhanced therapeutic effect of stem
cells in treating myocardial infarction after implantation into infracted
hearts of mice. Rosuvastatin also revealed decrease in fibrosis and death
of cardiomyocytes (Zhang et al., 2013). Several studies revealed the
role of statins in increasing the effect of stem cells as well as protecting
them from hypoxia and apoptosis (Xu et al., 2008; Yang et al., 2009;
Zhang et al., 2012).

There are five wound healing stages arranged according to in-
cidence into: hemostasis, inflammation, migration, proliferation and
finally maturation phases (Boateng et al., 2008). There are many factors
that could affect the time of healing process which may include hy-
poxia, wound infections and exudates. These factors result in con-
tinuous inflammation and delayed healing time, and in some chronic
cases it may even cause failure to complete healing (Mulder and Vande
Berg, 2002).

Fig. 10 shows the steps of surgical procedures for wound incision
and stages of wound healing during the study period and implantation
of MSCs-medicated scaffold, medicated scaffold, non-medicated scaf-
fold and a compared to control group (non-treated group).

After 2 days of hemostasis stage of wound healing, the implanted
scaffolds were diffused through the wound exudates. The presence of
pus and bleeding were absent in wounds treated with scaffolds. Wound
healing for the control group showed formation of white pus and con-
tinuous bleeding. The prevention of contaminations of wounds that
were implanted with scaffold is due to antimicrobial properties of
chitosan (Dai et al., 2011) as well as the ability of chitosan to accelerate
wound healing by increasing fibroblasts (Wiegand et al., 2010), leu-
kocytes (Santos et al., 2007) and macrophages (Ueno et al., 2001).
Medicated scaffolds revealed faster wound closure compared to non-
medicated scaffolds as well as control group during the first week of
wound treatment as shown in Fig. 11. This can be explained by the role
of the drug that increased the proliferation of HDFa cells. MSCs-medi-
cated scaffolds revealed faster wound closure compared to medicated,
non-medicated scaffolds and control groups after 5 days of wound
healing (p=0.045, 0.007 and 0.006, respectively) (Fig. 11). This might
be explained on the basis that stem cells have an important role in
angiogenesis, by increasing both angiopoietin 1 (Ang-1) and vascular
endothelial growth factor A (VEGF-A) (Arnold and West, 1991). Ag-
garwal and Pittenger study showed the anti-inflammatory effect of
human mesenchymal stem cells, showed an increase in the level of
interleukin-4 and interleukin-10, which accelerates healing (Aggarwal
and Pittenger, 2005). The rapid healing at the first 5 days of the study
may be attributed to the dual effect of stem cells and rosuvastatin
calcium in induction of fibroblasts. Rosuvastatin calcium proved to
increase the proliferation of HDFa cells as found in our cell proliferation

Fig. 10. Pictures of surgical procedures for incision of wound and implantation of rosuvastatin loaded scaffolds in the skin of Albino rats: (1) skin wound excision by
biopsy punch needle, (2) wound excision, (3) implantation of scaffold into wound area, 2A, 7A, 12A and 21A represent two, 7, 12 ad 21 days after wound incision in
control group, 2B, 7B, 12B and 21B represent two, 7, 12 ad 21 days after treatment with non-medicated scaffolds, 2C, 7C, 12C and 21C represent two, 7, 12 ad
21 days after treatment with medicated scaffolds, 2D, 7D, 12D and 21D represent two, 7, 12 ad 21 days after treatment with MSCs-medicated scaffolds.
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study.
After 7 days of wound incision, MSCs-medicated and medicated

scaffolds showed a decrease in wound size compared to non-medicated
scaffolds and control groups (Fig. 10; 7D, 7C, 7B and 7A, re-
spectively).The control group wounds started to shrink without clot-
ting, in addition to the infection that appeared at day 2 of the healing
process. This resulted in prolonging the healing stages of such wounds.

After 12 days, the wounds for both MSCs-medicated and medicated
scaffolds were completely closed as shown in Fig. 11. However, wounds
treated with medicated scaffolds (Fig. 10; 12C) revealed larger scar
formation than those treated with MSCs-medicated scaffolds (Fig. 10;
12D). On the other hand, wounds treated with non-medicated scaffolds
and wound healing of the control group revealed incomplete wound
closure after 12 days of the study.

After 21 days of wound incision, the wound groove was still avail-
able in wounds treated with medicated scaffolds (Fig. 10; 21C). The
wound groove showed less intensity in wounds treated with MSCs-
medicated scaffolds (Fig. 10; 21D). This could be explained by the short
period for the remodeling stage of stem cells-loaded scaffold compared
to medicated scaffold. On the other hand, the wound healing of the
control group (Fig. 10; 21A) which was subjected to bleeding, showed

long line scar compared to that for wound treated with MSCs- medi-
cated, medicated and non-medicated scaffolds.

After 30 days, MSCs-medicated scaffolds revealed complete skin
healing and the skin was reconstructed to its normal view before wound
incision with the disappearance of scarring that was observed at day 21.
Medicated scaffold showed complete healing after 30 days with the
presence of slight scar formation. On the other hand, non-medicated
scaffold and wound healing of the control group showed obvious tri-
angular and long line scar, respectively.

3.1.9.2. Histopathological examination by light microscopy. Masson's
trichrome stain was used in this study to easily recognize the
regeneration and reconstruction of collagen fibers at skin layers. The
reconstruction of collagen at dermis layer and regeneration of
epidermis in the group that received MSCs-medicated scaffold,
revealed complete healing process and normally distributed collagen
compared to the images of normal skin before wound incision. On the
other hand, the medicated scaffold treated group revealed regeneration
of collagen at dermis layer with few areas where collagen was not
completely reconstructed as shown in Fig. 12b. The presence of normal
hair follicles at the regenerated area in MSCs-medicated and non-

a

e

b

dc

Fig. 12. Histopathological microscopic sections obtained after 30 days of wound treated with: (a) MSC-medicated scaffold (×10), (b) medicated scaffold (×4), (C)
non-medicated scaffold (×4), (d) control group (×4) and (e) normal skin without wound (×4) (sections are stained with Masson's trichrome). Black arrows show the
area where the collagen was not reconstructed at dermis layer.
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medicated groups was also observed.
On the other hand, non-medicated scaffold treated group and con-

trol group (Fig. 12c and d) showed incomplete reconstruction of col-
lagen fibers at dermis layer. In case of the control group, the re-epi-
thelialization was not completed after 30 days of skin healing.
Hematoxylin and eosin staining of control group revealed abundant
infiltration of lymphocytes and eosinophils that were shown in less
extent in non-medicated scaffold group (figures not presented). The
presence of inflammatory cells is an indication of incomplete process of
healing.

The results of in-vitro evaluation of human dermal fibroblasts cell
proliferation, in-vivo studies and histopathological images show the role
of rosuvastatin calcium-loaded scaffolds in regeneration of skin through
increasing the fibroblasts at the first days of healing and reconstruction
of collagen at the dermis layer. The addition of stem cells to rosuvas-
tatin calcium-loaded scaffolds, resulted in accelerating the formation of
collagen and full regeneration of dermis and epidermis to be re-
constructed into normal skin.

Nowadays, the collagen-based scaffolds are used instead of skin
grafting, because of the high cost of skin grafting which cost above
2000 $ according to the degree of wound due to the high hospital
charges (Gore, 1997; Hop et al., 2014). Collagen-based scaffolds used
for wound healing are available in the market as PriMatrix® (Integra
LifeSciences, USA). This scaffold is used for wound reconstruction and
skin regeneration, and it costs 731 $ per 16 cm2. One of the advantages
of the scaffolds is that they can be loaded with mesenchymal stem cells
which accelerate and improve wound healing without leaving perma-
nent scar or healing mark as shown in our study. Therefore, mesench-
ymal stem cells and rosuvastatin calcium-loaded chitosan HCl/Collagen
scaffolds would be a promising alternative for skin grafting.

4. Conclusion

The selected scaffold that contained 40:30:30 weight ratio of chit-
osan to collagen to carboxymethyl cellulose revealed a suitable max-
imum absorption water capacity as well as gradual decrease in water
content during one month of study at simulating medium to an open
wound. The selected scaffold loaded with stem cells showed enhance-
ment in wound closure and complete reconstruction of skin into normal
condition. The obtained results showed the importance of both of stem
cells and rosuvastatin calcium in enhancing the wound healing process
and thus their role in skin regeneration and tissue engineering.
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