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Abstract
Background: The study aimed at the formulation of atorvastatin-loaded chitosan-hydroxyapatite composite
bioscaffolds and determination of its wound-healing activity on animals. Hydroxyapatite was prepared from the
biowaste eggshell cross-linked with calcium chloride and loaded with atorvastatin. The prepared bioscaffold was
characterized for physicomechanical properties, morphological studies, differential scanning calorimetry, and in vitro
drug release study. In vitro antibacterial activity was determined using the agar diffusion method, and in vivo
wound-healing activity was evaluated using the excision wound-healing model.
Results: Results exhibited that bioscaffold containing 1:1 ratio of chitosan to hydroxyapatite (Hac1) with calcium
chloride of 1.5 g (Hbc3) and loaded with atorvastatin (Hcc3) showed effective physicomechanical properties, i.e.,
thickness (60 μm), swelling behavior (68%), folding endurance (101), tensile strength (0.0283 Mpa), and burst time
(1.9 s). Hcc3 scaffold was highly effective and exhibited the highest zone of inhibition against Bacillus subtilis (3.2
cm), Staphylococcus aureus (3.0 cm), Escherichia coli (3.5 cm), and Pseudomonas aeruginosa (2.7 cm). The group
treated with Hcc3 scaffold was significant in healing wounds by showing 100% wound contraction.
Conclusion: It can be concluded from the study that atorvastatin-loaded chitosan-hydroxyapatite composite
bioscaffolds may be a significantly more effective scaffold in healing excision wounds.
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Background
A wound can be defined as a disruption in the normal
function and structure of the cell that occurs due to internal or external injury in the organs [1]. Acute wound
is converted into chronic if not treated or failed to get
the orderly reparative process for producing functional
integrity within 3 months [2]. Chronic wounds are a socioeconomic problem around the globe characterized by
infections through microbial attack, slow healing, and
spreading of germs [3]. Non-healing chronic wounds
cause substantial economic loss to the country and possess a healthcare burden. The conditions also reduce the
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quality of life and increase diseases like diabetes and
obesity [4]. Pathophysiologically, diabetes causes deterioration of wound healing by affecting the release of vascular endothelial growth factor (VEGF) that altered
angiogenesis and delays the healing of wounds [5].
Skin-wound healing is a complex process that involves a
series of events including hemostasis, inflammatory responses, proliferation, deposition of extracellular matrices,
epithelialization, fibroplasia, contraction, and remodeling
[6]. Topical delivery of drugs healing wounds has shown a
magnificent role in clinical practice due to reduced systemic side effects and controlled drug delivery [7]. The
topical use of cellular embryonic stem cell extracts in diabetic wounds is endowed with immunoregulatory and
anti-inflammatory properties with improved wound healing in diabetic wounds [8]. However, the skin barrier is a
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major challenge for the bioactive compounds to cross the
stratum corneum. Bioscaffolds are the novel delivery system that facilitates the regrowth of injured or wounded
tissues by applying topically as a combination of bioactive
compounds, biomaterials, and cells [9]. They create inductive microenvironments to improve cell infiltration
and vascularization for fast chronic wound healing. As the
healthcare system seeks precision medicine-based strategies, there is a need for the application of bioscaffolds as
tunable treatment modalities for chronic wounds [10].
Natural biodegradable polymers have been gaining much
attention for the fabrication of bioscaffolds because they
provide a suitable environment for the growth of cells and
tissues. Chitosan is a natural polymer derived from chitin
that is widely used in the preparation of bioscaffolds due
to its biological properties like biodegradability, biocompatibility, and bioactive nature [11]. Hydroxyapatite
[Ca10(PO4)6(OH)2] is a natural bioactive ceramic material
obtained from a mineral source in the form of calcium
phosphate that possesses agricultural and biological importance. Bioceramics are used in the preparation of bioscaffolds to restore defects or repair damaged tissues [12].
Several studies have been conducted earlier and
screened lots of bioactive molecules using experimental
and clinical models for the treatment of topical wounds.
During this period, statins have emerged as a novel drug
therapy for healing and repairing of wounds independent
of their lipid-lowering property. It has reported that statins play a role in the regulation of angiogenesis by increasing the release of VEGF and thus ameliorating
wound [13]. Atorvastatin is a prototype drug of statins
that is employed for reducing low-density lipoprotein
cholesterol levels [14]. Researchers found that
atorvastatin accelerates tissue repair by modulating the
expression of cytokines and proteins associated with
cell-growth pathways [15]. Thus, based on the above literature, the present study was aimed at the preparation
of atorvastatin-loaded chitosan-hydroxyapatite bioscaffold, characterization of its physicomechanical and morphological properties, and evaluation of its effect against
wound.

Methods
Drug, chemicals, and polymers

Atorvastatin was obtained as a gift sample from Dr. Reddy’s
laboratories in Hyderabad, India. Chitosan was procured
from Himedia Pvt. Ltd. Mumbai, India. Calcium chloride
and other chemicals were purchased from Molychem Pvt.
Ltd. Mumbai, India. Bacterial strains used in the study were
Bacillus subtilis (ATCC 6633), Staphylococcus aureus
(ATCC 6538), Escherichia coli (ATCC 25922), and Pseudomonas aeruginosa (ATCC 27853). All other chemicals and
reagents were of analytical grade and used without further
purification.
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Preparation of hydroxyapatite from biowaste eggshell

The uncrushed eggshell wastes were collected from local
areas of the city and washed with tap water to remove
the cuticle layer and other impurities present in the
shells. The shells were then crushed and boiled in water
for half an hour in an oven with a heating rate of 5 °C/
min. The shells were dried at room temperature and
powdered by using simple mill grinder (U-Tech, Semiautomatic, Ball Mill, India). The eggshell powder (2 g)
was dissolved in 1 M hydrochloric acid (38 ml) with
regular stirring at 40 °C. The deionized water (150 ml)
was added to this solution after 1 h and stirred for further 15 min followed by centrifugation at 6000 rpm for
90 min. The pH of the resulting solution was adjusted to
9 with NaOH solution and then filtered to collect the
precipitate (hydroxyapatite) and dried for 24 h. FTIR
analysis of the prepared product was performed for confirmation [16].
Preparation of different composite bioscaffolds

In situ co-precipitation and the solvent casting method
were used for the preparation of different composite
bioscaffolds. Table 1 shows the composition of different
bioscaffolds.
Chitosan-hydroxyapatite composite (Hac) bioscaffolds

Hac bioscaffolds were prepared by dissolving chitosan
aqueous solution (2%) in distilled water containing acetic
acid (1%), and then it was added to the phosphoric acid
solution (8.5%). The ratio of chitosan to phosphoric acid
was ranging from 20:80 to 80:20 for the final composition of chitosan/HAp composite. The solution of chitosan/phosphoric acid was added gradually to the HAp
suspension and stirred thoroughly for 1 h, and propylene
glycol (1 ml) was added as the plasticizer to the above
mixture. The pH of the solution was adjusted to 9 by
the addition of NaOH. Five different compositions
(Hac1 to Hac5) of chitosan/HAp composite bioscaffolds
were prepared by taking 1 part of chitosan and different
parts of HAp. The mixing was performed at room
temperature, and dropping speed was controlled at 3.2
ml/min using a tube pump. The resulting slurry was
poured in Petri plates and kept in an oven at 60 °C.
Then, the dried scaffolds were collected [17]. Table 1
shows the composition of different composite
bioscaffolds.
Cross-linked composite bioscaffolds

The cross-linking agent was used in scaffolds to improve mechanical strength and degradation properties
of biopolymers [18] needed to elicit better biological activity with ease of application on the living system.
Hence, cross-linked composite bioscaffolds were prepared by adding calcium chloride to the Hac1, which
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Table 1 Composition of prepared different composite bioscaffolds
Formulations

Ratios of chitosan to HAp

Cross-linking agent
Calcium chloride (g)

Atorvastatin (mg)

1

-

-

2

-

-

1

3

-

-

1

4

-

-

1

5

-

-

Chitosan (2%)

Hydroxyapatite

Hac1

1

Hac2

1

Hac3
Hac4
Hac5

Composite bioscaffolds

Cross-linked composite bioscaffolds
Hbc1

1:1

0.5

-

Hbc2

1:1

1

-

Hbc3

1:1

1.5

-

Atorvastatin-loaded composite bioscaffolds
Hcc1

1:1

1.5

250

Hcc2

1:1

1.5

500

Hcc3

1:1

1.5

750

was the best scaffold among blank composite bioscaffolds as it has the highest OD, i.e., 1 (Table 2). Calcium
chloride was added in three different concentrations
(0.5 g, 1 g, and 1.5 g) as per the method described by
Yamaguchi et al. [19]. A total of three cross-linked
composite bioscaffolds were prepared, i.e., Hbc1 to
Hbc3, by keeping a 1:1 ratio of chitosan and hydroxyapatite in Hac bioscaffolds.

Atorvastatin-loaded composite bioscaffolds

Atorvastatin-loaded composite bioscaffolds were prepared by solubilizing atorvastatin in methanol, and the
solution was added to the cross-linked Hac bioscaffolds
before the addition of plasticizer (1 ml). A total of three
atorvastatin-loaded composite bioscaffolds were prepared, i.e., Hcc1 to Hcc3, containing 1.5 g of calcium
chloride with 250, 500, 750 mg of atorvastatin,

Table 2 Physicomechanical properties of prepared composite bioscaffolds
Bioscaffold Thickness
(μm)

Folding
Swelling
endurance behavior
(%)

Tensile parameters

Texture parameters

OD
value

Max. force
(N)

Max. elongation Tensile strength
(s)
(Mpa)

Burst strength
(kg)

Burst time
(s)

Hac1

75 ± 0.73

300 ± 1.15

212.8 ±
1.2

0.0038

3.0

0.0037

0.0058

2.6

1

Hac2

74 ± 0.57

300 ± 1.15

188 ±
0.57

0.0056

2.1

0.0054

0.0056

2.5

0.0410

Hac3

66 ± 1.52

280 ± 1.23

170 ±
0.58

0.0057

2.1

0.0055

0.0054

2.4

0.0021

Hac4

64 ± 1.1

231 ± 2.30

113 ±
1.52

0.0060

1.2

0.0058

0.0053

2.3

0

Hac5

60 ± 2.64

100 ± 10

94 ± 2.08

0.0203

1.2

0.0198

0.0053

2.3

0

Calcium chloride cross-linked bioscaffolds
Hbc1

43 ± 0.81

241 ± 0.76

57 ± 1.15

0.0165

0.6

0.0161

0.0056

1.1

0

Hbc2

52 ± 1.15

269 ± 0.61

43 ± 0.57

0.0301

0.2

0.0294

0.0058

0.8

0.0065

Hbc3

54 ± 1.06

275 ± 1.1

60 ± 2.08

0.0764

1.1

0.0748

0.0062

0.95

1

Atorvastatin-loaded cross-linked bioscaffolds
Hcc1

51 ± 0.57

65 ± 0.52

66 ± 1.0

0.0177

0.4

0.0173

0.0056

1.8

0

Hcc2

56 ± 0.6

80 ± 1.1

63 ± 1.52

0.0228

0.5

0.0223

0.0057

1.8

0.21

Hcc3

60 ± 1.41

101 ± 1.41

68 ± 2.0

0.0289

0.56

0.0283

0.0061

1.9

1

Data are represented as mean ± S.D. (n = 3)
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respectively, by keeping a 1:1 ratio of chitosan and hydroxyapatite in Hac bioscaffolds. Figure 1 shows the
schematic representation of the preparation of
atorvastatin-loaded composite bioscaffolds.
Characterization of prepared bioscaffolds
Physicomechanical properties of prepared bioscaffolds

The physicomechanical properties of prepared bioscaffolds
were evaluated based on thickness, folding endurance,
swelling behavior, tensile, and texture parameters. All parameters were evaluated in triplicate by a random selection
of scaffold from three different sites of the prepared scaffolds. The thickness of the scaffolds was measured using a
screw gauge in triplicate, and the average value was determined. Folding endurance was determined by repeatedly
folding one scaffold at the same place until it breaks. The
number of times the scaffolds could be folded at the same
place without breaking gives the value of folding endurance.
The tensile strength of the scaffolds was determined by
using a texture analyzer (TA-XT PLUS stable system
analyzer), and then maximum force (N), maximum elongation at break (s), and tensile strength (Mpa) were calculated. The strength of a scaffold was quantified using a
texture analyzer by a penetration test using a 5-mm
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cylinder probe, and the burst strength (rupture point) and
burst time (time at which burst) were determined.
The swelling behavior of scaffolds was investigated at
room temperature by exposing them to the PBS solution. A known weight of scaffold (Wd) material was
placed in the PBS solution for 30 min. The wet weight of
the scaffold (Ww) was determined after blotting the scaffold surface with filter paper, to remove excess PBS. The
percentage of water absorption (WSW) known as the degree of swelling of the scaffold was calculated from the
below Eq. 1:
W sw ¼

Ww − Wd
 100
Wd

ð1Þ

Calculation of overall desirability factor

Overall desirability factor was used for the selection of
the best-desired bioscaffold combining all the responses
to get the desired characteristics. The best scaffold
should have a high thickness, swelling behavior, folding
endurance, and tensile strength. The desirability functions of these responses were calculated using Eq. 2:

Fig. 1 Method of preparation of atorvastatin-loaded composite bioscaffolds
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ð2Þ

where ID1, ID2, ID3, and ID4 are the individual desirability of thickness, swelling behavior, folding endurance,
and tensile strength, respectively. The overall desirability
values (OD) for each scaffold were calculated from the
individual desirability values by using Eq. 3:
OD ¼ ðID1 ID2 ID3 … IDn Þ1=n

ð3Þ

where n is the number of desirable responses of the
experiment.
The best bioscaffolds were selected by calculating OD
from the results obtained from the physicomechanical
parameters. The bioscaffold with the highest OD, i.e., 1
was selected as the best scaffold.
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external medium (2 ml) was withdrawn from the beaker
for analysis at a certain time interval (every 10 min) and
replaced with the fresh medium. The concentration of
drugs in the samples was estimated using a UV/visible
spectrophotometer at a wavelength of 246 nm which is
the λmax of the drug.
In vitro antibacterial activity of bioscaffolds by agar disc
diffusion method

In vitro antibacterial activity of the selected bioscaffolds
was determined against four different bacterial strains
(two gram-positive (Bacillus subtilis and Staphylococcus
aureus) and two gram-negative (Escherichia coli and
Pseudomonas aeruginosa) bacterial strains) with agar
plate diffusion method by measuring the zone of growth
inhibition of bacteria after incubation of 24 h. It was
done in triplicate with each bacteria, and the average
diameter was noted.

Morphological studies of bioscaffolds

The morphological characteristics of selected (Hac1 and
Hbc3) bioscaffolds were determined by scanning electron microscope (SEM; Zeiss Ultra-60) to find the effect
of cross-linking on morphology. Briefly, the scaffolds
were taken and mounted directly on the SEM stub using
a sticking tape. The samples were scanned in a highvacuum chamber with a focused electron beam, and
SEM photomicrographs of the selected composite bioscaffolds were obtained.
Differential scanning calorimetry

Differential scanning calorimetry (DSC) thermograms of
pure atorvastatin drug and atorvastatin-loaded composite bioscaffolds (Hcc3) was performed on a DSC-1 (Mettler Toledo, Switzerland) to find compatibility of
atorvastatin with hydroxyapatite and chitosan on the application of thermal energy. Briefly, samples were placed
in the aluminum pan of DSC and sealed hermetically.
Scanning was performed with a rate of 10 °C/min under
a temperature range of 40–240 °C with a constant supply
of nitrogen (50 ml/min) for the phase study of the test
compound [20].
In vitro release of atorvastatin from atorvastatin-loaded
bioscaffolds

In vitro, a drug diffusion study of atorvastatin-loaded
composite bioscaffolds (Hcc3) was performed using the
conventional dialysis sac method. The dialysis bag with a
surface area of 16.68 ± 1.34 cm2 containing a definite
size of a scaffold consisting an equivalent to 750 mg of
the drug (Hcc3) was inserted in a beaker (200 ml) containing phosphate buffer saline (pH 7.4). The
temperature of the assembly was maintained at 37 °C
with constant stirring until the completion of the experiment. The experiments were performed thrice. The

Inoculum preparation

The selected bacteria were incubated overnight by plating on nutrient agar, and the bacterial colonies were
emulsified in saline (3 ml) to give the concentration of 3
× 107cfu/ml bacterial colonies. This suspension of bacterial colonies was employed in the agar disc diffusion
method.
Agar disc diffusion test

The agar plates inoculated with respective cultures were
maintained at a depth of approximately 5 mm. One
centimeter square size of selected scaffolds was placed
on inoculated agar media and incubated at 37 °C. The
zone of inhibition was calculated by measuring the
diameter of inhibited growth after 24 and 48 h of
incubation.
In vivo wound-healing activity of prepared bioscaffolds

In vivo wound-healing activity was performed for the
bioscaffolds that have shown a promising effect in vitro
antibacterial test. The excision wound albino rat model
was used to determine the efficacy of selected
bioscaffolds.
Experimental animals

Pathogen-free adult female albino rats weighing 150–
200 g were selected for the study. Animals were obtained
from the central animal house of the institute. The study
was approved by the Institutional Animal Ethical Committee (IAEC) with approval no. 1677/PO/Re/S/2012/
CPCSEA. The animals were housed in polypropylene
cages under standard laboratory conditions of
temperature (25 ± 2 °C) and relative humidity (75–85%)
with 12-h light and dark cycle. The rats were fed with
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standard laboratory chow (Hindustan Lever Limited,
Mumbai) and water ad libitum.
Experimental protocol

The animals were divided into 3 groups each containing
six animals. Group 1 was the control group untreated.
Groups 2 and 3 were treated with 2 cm2 size of blank
calcium chloride cross-linked scaffolds (Hbc3) and
atorvastatin-loaded calcium chloride cross-linked scaffolds (Hcc3), respectively.
Excision wound albino rat model

The animals were anesthetized using ether and placed
on the operation table in a normal position. The dorsal
fur of the animals was shaved with an electric clipper,
and the anticipated area (2 × 2 cm) of the wound to be
created was outlined on the back of the animals on the
interscapular region (5 mm away from the ears). Fullthickness skin from the demarked area was excised to
get a wound area of 2 cm2, and the wound was blotted
with sterile gauze achieving homeostasis. The animals
were treated for 28 days as mentioned in the experimental protocol. Wound contraction was measured every
week as percent contraction after wound formation [21].
The specimen samples of healed wound tissues from
each group were collected for histopathological analysis.
The reduction in wound area was determined by the
graphical method by counting several squares of retraced
wound area on graph paper. The degree of wound healing was calculated as percent closure of the wound area
from the original wound using the following Eq. 4:
Closure ð%Þ ¼ 1 −

Ad
 100
A0

ð4Þ

where Ad is the wound area on corresponding days
and A0 is the wound area on day zero
Biochemical estimation

Granulation tissue was collected from all the animals on
days 0 and 11. It was washed with cold saline (NaCl,
0.9%) to remove blood clots and stored in normal saline
solution at − 200 °C for biochemical estimation.
Determination of hydroxyproline

Hydroxyproline content present in the collagen fibers of
granulation tissue was determined in the connective tissue of the wound according to the method of Ponrasu
et al. [21, 22]. Briefly, granulation tissues (300 mg) were
homogenized in HCl (6 N, 10 ml) and then transferred
to the test tubes. The test tubes were then sealed and
hydrolyzed by heating at 130 °C for 3 h. The contents of
the test tubes were collected in the graduated measuring
cylinder followed by the addition of methyl red (2 ml)
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and then shaken thoroughly. The solution was further
shaken after the addition of NaOH (2.5 N) until the pink
color changes to yellow. The pH of the mixture was adjusted to 6–7 by the addition of HCl (0.01 N). The sample was diluted to 50 ml with distilled water, and 2 ml of
the above sample was added with 1 ml of chloramine–T
solution. The contents were mixed and allowed to stand
for 20 min at room temperature followed by the addition
of 1 ml per chloric acid then allowed to stand for 5 min
at room temperature after gentle mixing. pDimethylaminobenzaldehyde (PDAB) in the volume of 1
ml was added to each test tube and shaken till no color
was observed. All the tubes were heated in a hot water
bath at 60 °C for 20 min then cooled under running tap
water. The absorbance of the purple-colored solution
was measured at 557 nm by using a calorimeter. The
standard curve was prepared, and the amount of hydroxyproline was expressed as mg/g wt. of the tissue.
Determination of hexosamine

Hexosamine content in the body tissues was determined
according to the method of Blix [23]. Briefly, granulation
tissues (300 mg) were homogenized in HCl (6 N, 10 ml)
and then transferred to the test tubes. The test tubes
were then sealed and hydrolyzed by heating at 98 °C for
8 h. The contents of the test tubes were collected in the
graduated measuring cylinder, and the pH of the mixture was adjusted to 7 by the addition of NaOH (4 N).
The sample was diluted to 50 ml with distilled water,
and 2 ml of the above sample was added with 1 ml of 2%
acetylacetone. The mixture was heated at 96 °C for 40
min then cooled under running tap water, and 5 ml of
96% ethanol was added followed by the addition of 1 ml
of Ehrlich’s reagent. The solution was thoroughly mixed
and kept at room temperature for 1 h. The absorbance
of the pink color solution was measured at 530 nm, and
the amount of hexosamine was determined by comparing it with a standard curve. Hexosamine content was
expressed as mg/g wt. of the tissue.
Histopathological analysis

Histological tissues from wounded animals were collected on the zeroth and seventh day of treatment. It
was fixed with 10% buffered formalin. They were processed by routine paraffin embedding technique, i.e., 5–6μ-thick section were cut and stained with hematoxylin
and eosin [24]. The slides were seen under a light microscope, and the effect of test drugs on wounded tissues
was analyzed [25].
Gross studies

Gross study was performed by taking photographs of
wounds from different groups for visual comparison.
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Statistical analysis

The results are expressed as mean ± S.D. Statistical analysis was performed by two-way analysis of variance
(ANOVA) using Bonferroni’s multiple comparisons test.
Statistical significance was set accordingly at *p < 0.05, **p
< 0.01, and ***p < 0.001 in comparison to control group.

Results
Physicomechanical properties of prepared bioscaffolds

Table 2 shows the physicomechanical properties of calcium chloride and drug-loaded bioscaffolds. The ratio of
chitosan and hydroxyapatite in Hac1 was 1:1 showing
the highest thickness (75 μm), folding endurance (300),
and swelling behavior (212.8%) among other ratios with
hydroxyapatite. Therefore, this group was selected for
cross-linking with calcium chloride. The cross-linked
composite bioscaffold containing 1.5 g of calcium chloride (Hbc3) showed better physicomechanical properties
as compared to the other two concentrations of calcium
chloride. Hbc3 formulation was loaded with atorvastatin
in three concentrations, i.e., 250 mg, 500 mg, and 750
mg, in which Hcc3 formulation containing 750 mg of
atorvastatin exhibited the best physicomechanical properties including thickness (60 μm), folding endurance
(101), swelling behavior (68%), tensile strength (0.0289
Mpa), burst strength (0.0061 kg), and burst time (1.9 s)
with an overall desirability (O.D) value of 1 among other
formulations.

Page 7 of 14

method are shown in Fig. 2a and b, respectively. SEM
images revealed that the porosity of bioscaffold was
decreased due to cross-linking with calcium chloride.
The chitosan-hydroxyapatite bioscaffolds synthesized
using 2% of chitosan was found to be highly porous
with various irregular segregated structures as shown
in Fig. 2a. Cross-linking with calcium chloride limited
the porosity and showed irregular structures along
with broken surfaces as shown in Fig. 2b. Thus,
cross-linked bioscaffold (Hbc3) with 2% chitosan was
selected for further studies.
DSC thermograms

DSC thermograms of pure drug and atorvastatin-loaded
chitosan-hydroxyapatite composite bioscaffolds are
shown in Fig. 3a and b, respectively. A sharp exotherm
peak at 156 °C was observed in the thermogram of pure
atorvastatin, which indicates the melting point of the
atorvastatin. The broad peak for the formulation Hcc3
was observed at 123 °C.
In vitro drug release studies of prepared bioscaffolds

Diffusion studies were conducted for atorvastatin-loaded
chitosan-hydroxyapatite composite bioscaffolds to find
the time taken to release the total drug. Results exhibited that half of the drug released up to 50 min in which
95% of drug released up to 90 min (Fig. 4).
In vitro antibacterial activity of prepared bioscaffolds

Morphological studies through scanning electronic
microscopy (SEM)

The morphological characteristics of bioscaffolds
(Hac1 and Hbc3) by scanning electronic microscopic

Figure 5 shows the in vitro antibacterial activity of the
selected bioscaffolds. Results showed that atorvastatinloaded bioscaffolds were effective in preventing the
growth of microorganisms in a dose-dependent manner.

Fig. 2 SEM images of prepared bioscaffold. a Chitosan-hydroxyapatite bioscaffold. b Chitosan-hydroxyapatite calcium chloride
cross-linked bioscaffold
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Fig. 3 DSC thermogram of prepared bioscaffold. a Pure drug atorvastatin. b Atorvastatin-loaded chitosan-hydroxyapatite bioscaffold

Hcc3 (750 mg of drug) showed the highest zone of inhibition against Bacillus subtilis (3.2 cm), Staphylococcus
aureus (3 cm), Escherichia coli (3.5 cm), and Pseudomonas aeruginosa (2.7 cm) among all other groups.
However, lower dose groups (Hcc1 and Hcc2) also
showed antibacterial activity against all microorganisms.

wounding day. Results exhibited that atorvastatin-loaded
bioscaffolds (Hcc3) were effective in healing wounds on
the 14th day onwards. Hcc3 group showed significant
wound-healing activity in comparison to the control
group. However, complete healing in Hbc3 group was
seen on day 28. Photographs of wounds of all the groups
are shown in Fig. 6.

In vivo wound-healing activity of prepared bioscaffolds

Table 3 shows the efficacy of prepared bioscaffolds on
the excision wound-healing model. Wound contraction
was observed on the 7th, 14th, 21st, and 28th post

Biochemical Estimations

Granulation tissue was collected from the treated groups
of animals on the 0th and 11th to determine
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Fig. 4 In vitro drug release profile of prepared atorvastatin-loaded chitosan-hydroxyapatite composite bioscaffolds (Hcc3). Data are represented as
mean ± S.D. (n = 3)

hydroxyproline and hexosamine contents. Table 4
shows the efficacy by bioscaffolds on hydroxyproline
and hexosamine contents. Results exhibited that Hcc3
group significantly raised hydroxyproline (11.257 mg/
gm) and hexosamine (10.524 mg/gm) levels in animals
on day 11 in comparison to the control group. Hbc
was less effective in restoring hydroxyproline (4.581

mg/gm) and hexosamine (3.664 mg/gm) levels in animals on day 11.

Histopathological studies

Biopsy specimens for histopathological examination
were collected on the 7th and14th day of treatment from

Fig. 5 In vitro antibacterial activity of prepared bioscaffolds. Data are represented as mean ± S.D. (n = 3). Hac1 containing 1:1 ratio of chitosan
and hydroxyapatite; Hbc3 containing 1.5 g of calcium chloride cross-linked with Hac1; Hcc1 to Hcc3 containing 250 to 750 mg of atorvastatin
loaded on Hbc3. Data are expressed as mean ± S.D., statistically different at *p < 0.05, **p < 0.01, and ***p < 0.001 in comparison to the
control group
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Table 3 Percentage of wound contraction at different time intervals in different groups
Groups

Wound contraction (%)
7th day

14th day

21st day

28th day

Control

18 ± 2.64

45 ± 1.41

70 ± 0.57

91 ± 2.16

Hbc3

52 ± 1.25 **

64 ± 1.15 *

85 ± 0.95 **

Completely healed

Hcc3

70 ± 0.95 ***

Completely healed

Completely healed

Completely healed

Data are represented as mean ± S.D. (n = 6). Significantly different at *p < 0.05, **p < 0.01, and ***p < 0.001 in comparison to control group. Hbc3 containing 1.5
g of calcium chloride cross-linked with Hac1; Hcc3 containing 750 mg of atorvastatin loaded on Hbc3

all the groups, and photomicrographs are shown in Fig. 7.
Hbc3 group showed complete healing on day 14th.

Discussion
Skin-wound healing is an important process that
comprised of several events including the collaboration of cells and their products [26]. It is a complex
process that is critical to maintaining the barrier
function of the skin [27]. The prime preventable challenge for healing wounds is a topical infection by microbes. In the present study, atorvastatin-loaded

bioscaffolds cross-linked with calcium chloride were
prepared and evaluated for antimicrobial and woundhealing activities. Initially, five scaffolds (Hac1–Hac5)
were prepared with five different concentrations of
Hydroxyapatite (0.5–2.5 g) to determine in vitro physicomechanical parameters like thickness, folding endurance, swelling behavior, tensile, and texture
parameters. Hydroxyapatite gives denser structure
with lower porosity when observed microscopically as
supported by Kong et al. and Escobar-Sierra et al.
[28, 29]. So, decreased porosity and dense inorganic

Fig. 6 Treatment of wounded animals with prepared bioscaffolds. Hbc3 containing 1.5 g of calcium chloride cross-linked with Hac1; Hcc3
containing 750 mg of atorvastatin loaded on Hbc3
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Table 4 Effect of bioscaffolds on hydroxyproline and hexosamine contents in animals
Groups

Hydroxyproline content (mg/gm)

Hexosamine content (mg/gm)

Day 0

Day 11

Day 0

Day 11

Control

1.312 ± 0.035

0.828 ± 0.062

0.584 ± 0.050

0.123 ± 0.056

Hbc3

2.024 ± 0.069

4.581 ± 0.23 *

2.718 ± 0.63

3.664 ± 0.27 *

Hcc3

3.381 ± 0.151

11.257 ± 0.079 ***

0.767 ± 0.32

10.524 ± 0.203 ***

Data are represented as mean ± S.D. (n = 6). Significantly different at *p < 0.05, **p < 0.01, and ***p < 0.001 in comparison to control group. Hbc3 containing 1.5
g of calcium chloride cross-linked with Hac1; Hcc3 containing 750 mg of atorvastatin loaded on Hbc3

nature of hydroxyapatite made the scaffolds with decreased folding endurance and swelling behavior with a
slight increase in tensile parameters. Results exhibited that
in vitro parameters were decreasing with increase in the
concentration of hydroxyapatite. It made scaffolds more
brittle due to its ceramic and non-film forming nature
[17]. Present results were in agreement with the studies of
Chhabra et al. who reported that chitosan in 2% concentration showed an effective scaffold for tissue engineering
with minimum porosity [30]. The minimum porosity
proved the improved cell attachment, a higher degree of
proliferation, and well-spread morphology during healing
process [31]. Physicomechanical studies showed that the
prepared bioscaffolds have appropriated tensile strength
for fast wound healing through close adherence with the
skin for a long time.

Fig. 7 Histopathological slides of treated animals

Overall desirability was calculated for all five scaffolds
in which Hac1 had the highest OD value, i.e., 1. Thus, it
was selected as the best scaffold for further study. Calcium chloride was added to Hac1 in three different concentrations, i.e., 0.5 g, 1 g, and1.5 g, because cross-linking
increases the molecular mass of a polymer and the stability of film and also influences the porosity of the film.
It resulted into a significant rise in tensile strength and
burst strength along with other parameters with an increase in the concentration of the cross-linking agent.
Hbc3 was selected as it possessed the highest OD for
loading atorvastatin with three different doses, 250 mg,
500 mg, and 750 mg, and evaluated for in vitro physicomechanical parameters. No significant changes were
found in the results of all physicomechanical properties
except folding endurance and tensile parameters with
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drug loading. The decrease in folding endurance, tensile,
and texture parameters with an increase in drug loading
(Table 2) may be due to the decreased effect of the crosslinking agent on polymers. The best drug-loaded crosslinked scaffold (Hcc3) has the highest OD value, i.e., 1.
SEM microphotographs of the chitosan-hydroxyapatite
scaffold (Hac1) and cross-linked scaffold (Hbc3) are
shown in Fig. 2a and b, respectively. The decreased porosity and reduced free space between molecules are visible in Hbc3 (Fig. 2b) and thus confirmed the crosslinking effect in Hbc3 [32] and the particles of hydroxyapatite embedded and dispersed along with chitosan
[33]. The compatibility of atorvastatin with other excipients in the scaffold was evaluated by DSC analysis. DSC
thermogram of pure atorvastatin depicted an exothermic
peak at 156 °C; however, the Hcc3 has shown an exothermic peak at 123 °C, this shift might be due to decreased crystallinity of drug [34] and became amorphous
led to uniform loading of the drug at the molecular level
in the scaffold [35].
In vitro, drug release studies were conducted for the
best drug-loaded bioscaffolds Hcc3 for 90 min that exhibited 95% of drug release within 90 min. The 95% release of drug found might be due to the role of chitosan
in bioadhesion and as a permeabilizer [36] or in absorption enhancement [37].
In vitro, antibacterial studies were carried out for
the best-selected scaffolds (Hac1, Hbc3) and all drugloaded scaffolds by Agar disc diffusion technique
using two gram-positive bacteria Bacillus subtilis and
Staphylococcus aureus and two gram-negative bacteria
E. Coli and Pseudomonas aeruginosa. Results exhibited that zone of inhibition for the best bioscaffolds
was similar for all four organisms. It may be due to
the same concentrations of hydroxyapatite in all selected formulations. Drug-loaded bioscaffolds have
shown significantly increased zone of inhibition compared to blank scaffolds (Hac1 and Hbc3). Statins
may inhibit biosynthesis pathway important for membrane stability as the statins have double effects to
kill bacteria either by direct action or by decreasing
the availability of host lipid for the growth of bacteria
which is a new way to kill bacteria [38]. The significant antibacterial effect of statins against gramnegative bacteria was proved as the statins inhibit the
enzyme HMG-CoA reductase, which plays an important role in the synthesis of isoprenes; additionally, it
also hindered the production of cholesterol in bacteria
[38, 39]. Results also showed that gram-negative bacteria E. Coli and Pseudomonas aeruginosa were more
susceptible to the drug-loaded bioscaffolds compared
to gram-positive bacteria. It might be due to the thin
wall of gram-negative bacteria than the gram-positive
bacteria [40]. The permeability of Ca2+ ions of HAP
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is more in gram-negative bacteria due to thin cell
walls. Ca2+ ions showed their effect on the oxygen
consumed by the bacteria along with the production
of free oxidative radicals that caused damage of cell
membrane of the bacteria [41]. Among gram-negative
bacteria, E. Coli has shown more susceptibility than
P. aeruginosa (Fig. 5) due to synergistic effect of both
drug and calcium on E. coli, whereas the effect of the
drug on P. aeruginosa is less as suggested by earlier
reports [38].
In vivo results exhibited that the prepared bioscaffolds were effective in healing excision wounds. Drugloaded bioscaffolds significantly contracted the wound
size and bacterial zone of inhibition compared to
blank scaffolds (without drug) (Table 3) [10]. Based
on the results shown in Table 3 and Fig. 5, there is a
direct relationship between wound contraction and
the zone of inhibition against all bacteria. Other
wound healing studies involved different atorvastatinloaded formulations and reported significant woundhealing activity in both animal and human models
[42]. However, low solubility and bioavailability of
atorvastatin may limit its maximal beneficial effect in
wound healing [11]. Therefore, bioscaffold formulation enhanced the effectiveness of the drug and thus
significantly healed the excision wound. The present
study indicated that atorvastatin bioscaffolds significantly decreased wound area from day 8 onward
which indicated early healing of wounds.
The response of skin in healing wounds is due to its
interaction with several binding proteins [43]. During
the repair process, the inflammatory cells help in the
proliferation of endothelial cells that leads to neovascularization and synthesis of collagen; it resulted in reepithelialization of wounded tissue [44]. Hydroxyproline
and hexosamine are matrix molecules that help in the
synthesis of the new extracellular matrix. Earlier studies
reported that an increased level of these molecules helps
in wound healing of tissues [45]. Based on the
histopathological photomicrographs, control wounds exhibited moderate inflammatory reaction and neovascularization on the seventh day whereas, Hbc3-treated
wounds showed inflammatory reaction with fibrovascular proliferation on the seventh day and exhibited early
epithelialization and fibroblastic proliferation on wound
surface on the seventh day and slight appearance of normal skin at wound area. The early proliferation of fibroblasts was more evident in Hcc3 treated wounds
suggesting accelerated wound healing (Fig. 7). Histopathological studies also revealed healing of wounds
with normal epithelization, restoration of tissues, and fibrosis within the skin in Hcc3-treated animals. Similar
results were reported by Murthy et al. in the excision
wound-healing model [46].
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Conclusion
The prepared formulation of atorvastatin-loaded
chitosan-hydroxyapatite bioscaffolds promotes remarkable wound-healing activity. It exhibited significant
wound-healing activity and may be suggested as an alternative drug therapy in treating the cutaneous wound.
The present study may provide a novel approach for the
efficient healing of wounds using atorvastatin
bioscaffolds.
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