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ARTICLE INFO ABSTRACT

Keywords: Scaffold development is a nascent field in drug development. The scaffolds mimic the innate microenvironment

Bi""scaffC‘ld of the body. The goal of this study was to formulate a biocompatible and biodegradable scaffold, loaded with an

ghim_san analgesic drug, aceclofenac (Ace). The bioscaffold is aimed to have optimum mechanical strength and rheology,
elatin

with drug released in a sustained manner. It was prepared via chemical cross-linking method: a chitosan (CS)
solution was prepared and loaded with Ace; gelatin (GEL) was added and the mixture was cross-linked to get a
hydrogel. 20 formulations were prepared to optimize different parameters including the stirring speed, drug
injection rate and crosslinker volume. The optimal formulation was selected based on the viscosity, drug solu-
bility, homogeneity, porosity and swelling index. A very high porosity and swelling index were attained. In vitro
release data showed sustained drug delivery, with effective release at physiological and slightly acidic pH. SEM
analysis revealed a homogeneous microstructure with highly interconnected pores within an extended polymer
matrix. FT-IR spectra confirmed the absence of polymer-drug interactions, XRD provided evidences for efficient
drug entrapment within the scaffold. Rheological analysis corroborated the scaffold injectability. Mathematical

models were applied to in-vitro data, and the best fit was attained with Korsmeyer-Peppas.

1. Introduction

Scaffold development is comparatively a new research field offering
solution to the ailments involving degeneration or atrophy of the body
organs due to any acute or chronic cause. The repair mechanism aims to
stimulate body's own innate microenvironment [1]. In this study, a
scaffold was prepared, loaded with aceclofenac (Ace) as analgesic drug
for targeted effects, with intended use in defected bone tissue. Bone
defects are one of the major factors causing disability not only in elderly
and female population, but in young population as well. These include
brittle bones due to loss of bone density, susceptibility to acute frac-
turing, severe pain in the bones, leading to functional disability and
immobility. Age is one of the biggest contributing factors to fractures.
Men above 80 are at a higher risk of such traumas while in the west,
three out of four hip fractures occur in women [2]. European and Asian
population are at greater risk to develop such osteopathies. Rickets
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affects children who are of around eighteen months of age. Osteomye-
litis affects 50 % of children under the age of 5, with incidence in males
twice as much as in females [3,4]. Generally, females are at a greater risk
to develop bone diseases owing to variation in hormonal levels and
reduced testosterone levels in their body. However, malnutrition,
smoking, sedentary lifestyle, and low vitamin D levels are also major
contributing factors. Risk of fracture is also associated with these bone
defects. Several treatment plans that are associated with degenerative
bone diseases include administration of bisphosphonates, calcium,
vitamin D and calcitonin etc. [5,6], with concomitant administration of
analgesics like acetaminophen, aspirin, ibuprofen and naproxen to
manage the pain. These drugs besides their analgesic action, impart side
effects of their own. The prolonged use of NSAIDS causes gastric irri-
tation, leading to ulceration. Excessive use of acetaminophen can cause
hepatotoxicity. Both side effects can significantly compromise the effi-
cacy, especially due to the susceptibility of the elderly population, thus
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reducing the usefulness of the drug.

The development of a “bio-scaffold” to be implanted in the body to
serve as a support system for tissues is the base of this research study.
The most important characteristic of the scaffolds is their ability to
mimic the extra cellular environment forming a three dimensional
structure around the damaged tissue [7,8]. The use of a scaffold in
combination with stem cells has been under research for some time, but
the preparation of a scaffold in combination with a drug, thus acting as a
carrier for drug delivery is relatively an unexplored area.

A similar study has been discussed by Vahedi et al. [9] which aims at
using ‘Infrapatellar Fat Pad-Derived Mesenchymal Stem Cells’ for the
regeneration of articular cartilage in conditions like osteoarthritis.
Another study explores the tissue healing properties of curcumin loaded
in nano-scaffolds as a new type of drug delivery system to improve its
biological activities as well as the scaffold functionality and efficiency
[10].

The aim of this study was to develop a bio-scaffold, in injectable
form, loaded with Ace. The polymers used were chitosan and gelatin,
both of which are biocompatible and biodegradable. They are metabo-
lized into non-toxic metabolites to be excreted out of the body [11-13].
Chitosan and gelatin have already been used to prepare scaffolds in the
form of bone implants. Both polymers have been proved to be bioactive
by helping in regrowth of bone and tissues [14,15]. Besides, gelatin has
also been shown to increase the accumulation of fibroblasts and increase
the bone mass density [16,17].

The selection of Ace was carried out based on several parameters. Its
side effect profile for inducing peptic ulcer and gastrointestinal bleeding
is much better than its counterparts. Besides it is chondroprotective in
nature and inhibits effect of degrading metalloproteinases [18]. Ace
belongs to biological classification system (BCS) class II, which means
that it has low solubility and high permeability profile.

The prepared scaffold is in injectable hydrogel form. Hydrogels can
be prepared by several methods, depending on the nature of the in-
gredients used and the application of the hydrogel. For instance, phys-
ical methods include hydrophobic interactions, complex coacervation,
ionic interactions, hydrogen bonding and so forth. Conversely, chemical
methods include chemical cross linking, enzyme cross linking, free
radical polymerization etc. [19]. ,Chemical cross linking method was
utilized herein. With its shear-thinning properties, the gel is expected to
be injectable when external pressure is applied and revert to its original
form when pressure is removed. This could be achieved by using a
suitable syringe system. Deformities of irregular shape can also be easily
accessible. The polymer, drug and cross linker concentration were
modified to achieve an optimal formulation with the required amount of
drug loaded and the optimum rheology. The characterization performed
on the optimized formulation proved the lack of interactions between
the drug and the polymers, with sustained drug release in the required
period.

2. Materials and methods
2.1. Materials

Chitosan (CS), CigH3sN30;3, with a medium molecular weight
(190,000-310,000 Da) and degree of deacetylation in the range of
75-85 %, polyethylene glycol sorbitan monooleate (Tween 80),
Cg4H124026, with a micellar average molecular weight of 79,000 Da,
glutaraldehyde (GTA) solution (25 % w/v in water), CsHgO> with a
molecular weight of 110.12 g/mol and gelatin (GEL) C;02H151N31039,
Type A (300 Bloom), with an average molecular weight of 220 kDa, were
obtained from Sigma Aldrich. Aceclofenac (Ace), [(2-{2,6-dichlor-
ophenyl) amino} phenylacetooxyacetic acid], C16H;3Cl2NO4, was gifted
by Global Pharmaceuticals, Islamabad. Methanol, KHPO4 (Potassium
hydrogen phosphate), NagHPO4 (disodium hydrogen phosphate), NaCl
(sodium chloride) and HCl (hydrochloric acid) were purchased from
BDH laboratories supplies. NaOH (Sodium hydroxide) was obtained
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from local suppliers.

2.2. Methods

2.2.1. Preparation of the blank scaffold

The required amounts of chemicals were weighed using an analytical
balance (Ohaus PA214C). 2.5 mL of 2 % CS solution was prepared in 1 %
acetic acid, by stirring for 12 h using a hotplate multi stirrer (MAGIK-
MG-855). 3 % (v/v) Tween 80 solution was added and stirred for 1 h.
Separately, 2.5 ml of 4 % gelatin solution was prepared in distilled water
and added slowly to the CS solution, followed by stirring for 12 h at
37 °C. A homogeneous solution of transparent pale-white color was
obtained. Then, 0.2 % v/v GTA was added as a cross linker and allowed
to stir for 3 h. A pale white to pale yellow hydrogel was obtained.

2.2.2. Preparation of the drug loaded scaffold

The drug-loaded scaffold was prepared following the same process,
with 15 mg of the drug being first solubilized in 0.5-1 mL of methanol
and then added dropwise to the CS-Tween 80 solution, keeping the rest
of the procedure the same. Sonication of the sample was performed
using a Elma Sonic E-60H bath sonicator (Elma GmbH, Singen, Ger-
many) when it was necessary to enhance the dissolution.

2.2.3. Optimization of the process parameters

Multiple parameters that influence the rheology and extent of drug
dissolution in the formulation were investigated and optimized. The
stirring speed was modified from 2000 to 4000 rpm. Similarly, the rate
of addition of the drug solution was varied from 0.01 to 0.05 mL/min.
Different percentages of the cross linker were tested, including 0.1, 0.15,
0.2, 0.25 and 0.3 %. The formulation was optimized based on the ho-
mogeneity, viscosity, and the extent of drug dissolution.

2.3. Characterization of the scaffold

2.3.1. Physical examination
The hydrogel (5 mL) was inspected visually and rubbed between the
fingers to check for homogeneity and absence of grittiness [20].

2.3.2. Moisture loss, porosity and swelling ratio

The moisture content of the scaffold was determined by taking a
measured amount of sample in a pre-weighed petri dish and placing it in
a Memmert UN110 heating oven (Memmert GmbH, Schwabach, Ger-
many) at 50 °C and then weighed at intervals of 12 h until the weight
became constant [20]. Eq. (1) was used to determine the moisture loss.

W, W,

1
w2 x 100

Moisture loss (%) =

€9)

Where W; and W, are the weight of the sample before and after im-
mersion, respectively.

The liquid displacement method was used to determine the porosity.
A scaffold weighing from 0.5 to 1.18 g was immersed in a graduated
cylinder filled with 25 mL of distilled water for 24 h. The sample was
then freeze dried and the final weight and volume were recorded
[21,22]. Porosity was calculated using Eq. (2).

W,_ W,

s

x 100

Porosity (%) = (2)

Where W; and Wy are the weight of the sample before and after im-
mersion, p is the density of distilled water and V; is the volume of the gel
after lyophilization.

The swelling index was calculated by taking a pre-weighed sample of
1.18 g and immersed in PBS 7.4 and 6.8 at 37 °C for 48 h. Excess of water
was removed from the sample and weighed again [22]. Eq. (3) was used
to determine the swelling ratio.
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Where Wy is the dry weight of the scaffold (before immersion) and
Wy is the wet weight of the scaffold (after immersion). All the experi-
ments were performed in triplicate and the mean values are reported.

2.3.3. pH and rheology

2.5 g of the prepared formulation were placed in a beaker containing
25 mL of distilled water. pH was measured using a pH meter (ST Series
Pen meter, IP 67 Waterproof) [23].

The rheological properties were determined using a DV-1Brookfield
cone and plate viscometer (Brookfield Engineering Laboratories, MA,
USA). The shear rate was set at 4, 8, 12, 16, 20, 24, 28 and 32 rpm, to
determine the thixotropic behavior of the scaffold [19].

2.3.4. Drug content uniformity test

Drug content uniformity test was carried out in order to make sure
about the uniform dispersion of the drug. For such purpose, 2 mL of the
formulation were transferred to a beaker with 20 mL of methanol, and
the mixture was stirred for 2 h. The volume was made up to 100 mL and
filtered with a 0.45 pm Multipore filter [24]. The absorbance was
measured at 275 nm with a Halo DB-20 UV-Vis double beam spectro-
photometer (Dynamica Scientific Ltd., Livingston, UK) and the drug
content was determined using a standard curve with R? value of 0.999.
The experiment was repeated three times and the mean value was
calculated. Eq. (4) was used to determine the percentage of drug
content.

Amountofdrugdetected

100
Amountofdrugloaded x

4

Drugcontent (%) =

2.3.5. Polydispersity index (PDI) and zeta potential

To determine the homogeneity of the formulation, PDI was measured
by diluting 10 pl of the formulation in 1 mL of distilled water, using a
Nano ZS-90 Zeta Sizer (Malvern, Worcestershire, UK). Zeta potential
was measured to assess the extent of dispersion and the absence of
agglomeration in the formulation.

2.3.6. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR was used to confirm the absence of interactions between the
polymers and the drug molecules. A Spectrum100 FT-IR Spectropho-
tometer (Perkin Elmer, Waltham, MA, USA) was used to perform trans-
mission measurements on CS, GEL, Ace and the lyophilized form of the
final formulation, in the wavenumber range of 4000-5000 cm ™.

2.3.7. X-ray diffraction (XRD)

The crystalline structure of the samples was analyzed via XRD
technique with a PW1730 diffractometer (Philips, Eindhoven,
Netherlands). XRD of the lyophilized final formulation was recorded in
the 26 range between 10 and 80°, at a scan speed of 0.5°/s, to check the
conversion of the drug from the crystalline to the amorphous form.

2.3.8. Scanning Electron Microscopy (SEM)

The surface morphology and pore size of the samples were analyzed
by SEM using a VEGA3 high-performance analytical microscope (Tes-
can, Brno, Czech Republic). Prior to the analysis, 10 pl of the formula-
tion were diluted 100 times and sonicated for 15 min. A small volume of
the diluted formulation was deposited on a glass slide, dried thoroughly
and then coated with gold using a sputter coater to avoid charging
during electron irradiation.

2.3.9. Invitro drug release

In vitro drug release was performed on the prepared scaffold and the
formulation at pH 7.4 and 6.8, using dialysis bag diffusion technique.
Phosphate buffer solutions (PBS) were used to mimic the physiological
environment of the body under both normal and inflammatory
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conditions. Each formulation containing the same amount of drug was
placed in a dialysis bag and immersed in the beakers containing PBS (pH
7.4 and 6.8). All the beakers were placed in a Memmert SV-1422 shaking
bath (Memmert GmbH, Schwabach, Germany) at 100 rpm and 37 °C.
The dialysis bag acted as the donor compartment, while the beaker
containing the PBS as receptor compartment. At specified time intervals
of 0.25, 0.5, 0.75, 1, 2, 3, 4, 6, 8, 12, 18, 24, 48 and 72 h, 1 mL of the
samples was separated to measure the drug release. The sample volume
removed was continuously replaced with fresh PBS, to maintain the sink
conditions. Identical procedure was applied for the formulation, at pH
7.4 and 6.8. The absorbance of the samples was measured on a UV-Vis
spectrophotometer (Dynamica Scientific Ltd., Livingston, UK) and the
percentage of cumulative release was calculated at each pH.

2.3.10. Drug release kinetics

The data collected from the in vitro drug release assay was analyzed
to determine the mechanism of drug release from the formulation.
Several mathematical models including zero order, first order, Higuchi,
Hixon Crowell and Korsmeyer Peppas were applied to calculate the
amount of drug released as a function of time. The correlation coefficient
(R?) was obtained for each model and that with the highest value was
selected in order to explain the drug release behavior.

2.3.11. Stability of the scaffold

Accelerated stability studies were carried out using ICH guidelines,
at 40 £ 2 °C and relative humidity of 75 + 5 % [25]. The scaffold was
examined by physical parameters (color, homogeneity, and grittiness),
pH, extent of sedimentation and drug content.

3. Results
3.1. Optimization of the scaffold

For optimization, a total of 20 formulations were developed
(Table 1), and were examined for physical appearance and rheological
properties. The CS:GEL ratio was fixed at 1:2. Increasing amounts of
drug were loaded in the scaffold to determine the maximum amount that
can be loaded. The percentage of cross linker added was a crucial
parameter. As can be concluded from Table 1, F11 shows the most
promising characteristics in terms of physical appearance, drug solubi-
lity and rheological properties.

3.2. Impact of the parameters on the final formulation

The CS:GEL ratio is crucial to attain an optimum swelling and
porosity of the scaffold. It is also an important parameter that de-
termines the final viscosity and thus the mechanical properties of the
scaffold. Similarly, the amount of cross linker used is a key parameter
since it determines the rheology and hence the injectable nature of the
final formulation. The use of a cross linker percentage higher than the
optimum turned the formulation into semi solid form, thus reducing its
ease of injection. The drug loading capacity of the scaffold was deter-
mined by gradually increasing the amount of drug from a minimum
value of 5 mg to maximum of 20 mg at which sedimentation occurs, and
the drug is insoluble in the scaffold. Thus, 15 mg was chosen as the
optimum amount of drug loaded in the scaffold.

3.3. Optimization of the process parameters

During the preparation of the formulations, several parameters that
influence the viscosity of the scaffold and the extent of drug dissolution
were studied (Table 1). These parameters include the stirring speed, the
drug injection rate and the cross linker volume. Different values for
these parameters were tested in order to obtain the most suitable
formulation (Table 1).
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Table 1
Optimization of Ace loaded scaffold.
Formulation Stirring Speed (rpm) Injection rate (mL/min) Drug Concentration Cross Linker Viscosity at 50 rpm (cp) Physical
(mg) (% v/v) Appearance
F1 2000 0.01 5 0.1 39.69 Liquid
F2 2000 0.01 10 0.1 35.4 Liquid
F3 2000 0.01 15 0.1 40.7 Liquid
F4 2000 0.01 20 0.1 42.8 Liquid + Sedimentation
F5 2500 0.02 5 0.15 50.1 Semi liquid gel
F6 2500 0.02 10 0.15 55.7 Semi liquid gel
F7 2500 0.02 15 0.15 60.2 Semi liquid gel
F8 2500 0.02 20 0.15 61.8 Semi liquid gel + Sedimentation
F9 3000 0.03 5 0.2 80.6 Homogenous gel+ no Sedimentation
F10 3000 0.03 10 0.2 85.7 Homogenous gel+ no Sedimentation
F11 3000 0.03 15 0.2 87.61 Homogenous gel+ no Sedimentation
F12 3000 0.03 20 0.2 85.1 Homogenous gel+ Sedimentation
F13 3500 0.04 5 0.25 110.6 Viscous gel
F14 3500 0.04 10 0.25 115.21 Viscous gel
F15 3500 0.04 15 0.25 120.5 Viscous gel
Fl6 3500 0.04 20 0.25 110.4 Viscous gel + Sedimentation
F17 4000 0.05 5 0.3 120.8 Semi solid gel
F18 4000 0.05 10 0.3 120.4 Semi solid gel
F19 4000 0.05 15 0.3 115.7 Semi solid gel
F20 4000 0.05 20 0.3 125.4 Semi solid gel + Sedimentation

3.3.1. Stirring speed

Stirring speeds slower than the optimum led to reduced drug and
cross linker solubility, thus resulting in non-homogeneous formulations
(Table 1). On the other hand, stirring speeds faster than the optimum led
to frothing, which influenced the solubility of the drug and the cross
linker.

3.3.2. Injection rate

The drug was dissolved in 1 mL of methanol and slowly injected into
the CS and Tween 80 solution. An injection rate of 0.03 ml/min was
found to be optimal (Table 1).

3.3.3. Cross linker volume

The cross linker volume was found to be the most important
parameter (Table 1). A small cross linker volume led to reduced viscosity
while a high cross linker volume turned the formulation into semi-solid
form. Based on the final physical appearance, rheological properties,
and the drug solubility, F11 was chosen as the optimal formulation.

3.4. Characterization of the scaffold

3.4.1. Physical examination
The color of the scaffold ranged from off-white to pale yellow. It was
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Comparison of the moisture loss (a), porosity (b) and swelling index at pH 6.8 and 7.4 (c) of the 0.1, 0.2 and 0.3 % cross linked scaffolds.
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in semi-solid gel form and was viscous in nature. Upon rubbing between
the fingers, the consistency was found to be smooth and non-gritty.

3.4.2. Moisture loss, porosity and swelling ratio

The mean percentage of moisture loss calculated following Eq. (1)
was found to be 152.77 + 2.76 % for the 0.1 % cross linked sample,
while for the 0.2 and 0.3 % cross linked samples, the moisture content
was 150.17 + 2.59 % and 142.89 + 1.42 % respectively, as shown in
Fig. 3.1(a). The highest moisture loss was for the 0.1 % cross linked
sample while the lowest for the 0.3 % one, in agreement with previous
studies on CS/GEL/PVA hydrogels [22].

Porosity is an important evaluation index for tissue-engineered
scaffold materials. The mean porosity of the samples containing 0.1,
0.2 and 0.3 % cross linker calculated using Eq. (2) was found to be
101.46 + 2.08, 101.76 + 1.93, and 86.22 % + 3.16 %, respectively, as
shown in Fig. 3.1(b). Interestingly, both 0.1 and 0.2 % cross linked
scaffolds show very close percentages of porosity: also, there is a clear
overlap of their error bars, which indicates that the difference is not
statistically significant. However, the 0.2 % cross linked one was
selected due to its superior rheological behavior. It is worthy to note that
the values obtained herein are higher than those reported for polymer
hydrogel-based scaffolds whose porosity is typically below 85 % [26].

The mean degree of swelling was calculated using Eq. (3), and the
results are compared in Fig. 3.1(c). The samples prepared herein showed
very good swelling behavior since CS and GEL are hydrophilic polymers.
The highest swelling percentages (140.16 % in PBS at pH 6.8 and
131.93 % in PBS at pH 7.4) were found for the 0.2 % cross linked sample.
The 0.1 and 0.3 % cross linked formulations showed somewhat less
degree of swelling i.e., 105.83 and 111.37 % in PBS at pH 6.8 and 95.15
and 108.92 % in PBS at pH 7.4, respectively.

International Journal of Biological Macromolecules 224 (2023) 223-232

3.4.3. pH and rheology

The pH of the scaffolds was measured in triplicate and the mean
value was found to be 7.16 + 0.12. This value is close to the physio-
logical pH, with a slight shift towards acidic range, which may be due to
the acidic nature of CS solution. Fig. 3.2(a) shows the injectable nature
of the scaffold and Fig. 3.2(b) reveals that the scaffold reverts to its
original gel like viscosity after the external pressure is removed.

The room temperature rheological properties of the optimized
formulation were determined, which showed shear thinning behavior, i.
e., a decrease in viscosity with the increase in shear rate, as can be
observed in Fig. 3.2(c). It has been reported that shear thinning is caused
by the disentanglement of polymer chains during flow. At rest, the
polymeric chains of the hydrogel are entangled and randomly oriented.
However, when undergoing agitation at a high enough rate, these highly
anisotropic polymer chains start to disentangle and align along the di-
rection of the shear force, leading to less interaction and a larger amount
of free space, exhibiting subsequent decreased viscosity [19].

3.4.4. Drug content uniformity

Drug content uniformity test was performed to get a more reliable
measurement of the amount of drug in the solution. The mean drug
content of three samples was calculated to be 81.63 + 0.06 %.

3.4.5. Polydispersity index (PDI) and zeta potential

Polydispersity characterization is essential since it is difficult to
control sample-wide uniformity for the successful design, formulation
and development of nanosystems for pharmaceutical applications. The
drug loaded scaffold showed a unimodal peak with a mean particle size
of 272.5 nm and a PDI value of 0.399, as shown in Fig. 3.3(a). This
corroborates the homogeneity of the formulation. The value obtained
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lies within the accepted range for biological polymers.

The zeta potential shows the surface charge of particulate formula-
tions, and is related to their colloidal stability. Higher zeta potential
values prevent aggregation due to electrostatic repulsion between
similarly charged particles, thus conferring stability to colloidal

dispersions. The value of zeta potential for the formulation was found to
be 24.4 mV, with a unimodal peak as shown in Fig. 3.3(b), indicating the
electro kinetic stability [27,28].
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3.4.6. Fourier Transform Infrared spectroscopy (FT-IR)

The neat polymers (GEL and CS), the pure drug and the final
formulation were analyzed using FT-IR, and their spectra are compared
in Fig. 3.4(a). The characteristic peaks of all the materials used were
observed in the final formulation. N—H and O—H stretching vibrations
were observed at 3273 em ™!, and C—H stretching vibrations were found
at 2929 and 2873 cm ™}, which can also be observed in the spectra of the
neat polymers and the drug. Peaks for GEL were observed at 2324 cm ™!
(amide A band), 1539 cm-! (N—H bending of amide II) and 1402 cm!
(CHy bending) [29-31]. The peak observed at 1633 em! (C=0
stretching of amide I) is common for both GEL and CS. Besides, the peak
at 1317 cm ™! in the spectrum of CS corresponds to the C—N stretching
of amide III, the absorption band at 1153 cm ™! can be attributed to the
asymmetric stretching of the C-O-C bridge and the bands at 1066 and
1028 cm™! correspond to C—O stretching vibrations. Similarly the
characteristic peaks of Ace were observed, including the C—N stretching
of aromatic amines at 1281 ecm ™, and that at 1452 cm ™! due to C—C
stretching vibrations of the aromatic ring [32]. The minor shifts in the
wavenumbers observed could be attributed to the cross linking between
the polymers. Overall, FT-IR spectroscopy confirmed the presence of the
characteristic functional groups of each component in the final formu-
lation and the absence of interactions among them.

3.4.7. Scanning electron microscopy (SEM)

The SEM image of the scaffold shown in Fig. 3.4 (b) reveals a ho-
mogeneous microstructure with highly interconnected pores within an
extended polymer matrix, in agreement with observations from previous
works on biopolymer hydrogels [26]. The addition of Tween 80 sur-
factant avoided polymer aggregation. The absence of delamination in
the gel matrix indicates the lack of interactions between the drug mol-
ecules and the polymer matrix [33,34]. The pore size, as observed in the
image, lies in the range of 10-20 pm. These characteristics are reported
to be optimum to provide the required mechanical stability and viscosity
to allow the proliferation of cells [14].

3.4.8. X-ray Diffraction (XRD)

peaks of the drug.
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3.4.9. Invitro drug release

The in vitro drug release data at pH 7.4 showed a significant drug
delivery from the optimal scaffold formulation developed herein, i.e.,
near to 20 % in a sustained release fashion in 72 h, while almost the
entire drug was released from the marketed formulation in around 5 h,
as shown in Fig. 3.5(a). At pH 6.8, the amount of drug released by the
scaffold formulation was around 30 %, while for immediate release
marketed formulation, nearly all the drug was released within 4-5 h, as
shown in Fig. 3.5 (b). Calibration curves of the experimental data at both
pH 7.4 and 6.8 yield R? values of 0.999.

3.4.10. Kinetic models

The drug release data from the scaffold at pH 7.4 and 6.8 were
analyzed using mathematical models. Among zero order, first order,
Higuchi, Korsmeyer-Peppas and Hixon Crowell, the best fit model was
selected based on the value of the correlation coefficient (R%). The
maximum value of R?> was 0.8528 and 0.9851 for pH 7.4 and 6.8,
respectively, for Korsmeyer-Peppas model. The value of the release
exponent (n) was 0.467 and 0.559 for pH 7.4 and 6.8, respectively,
which reveals that the drug delivery follows a non-Fickian diffusion
mode. The deviation from the Fickian behavior may be attributed to the
drug release controlled not only by a single mechanism but by both the
degradation and swelling of the polymers [35].

3.4.11. Stability studies

Stability studies were carried out to ensure that the developed
formulation remains stable throughout the requested shelf life, and that
it does not undergo any major physical or chemical change. The results
of the stability studies are shown as in Table 2.

Table 2
Accelerated stability studies of the developed scaffold.

Time Phase Color Grittiness  pH Drug

XRD of the final formulation showed reduced intensity of the peaks (months)  Separation change content
of the drug at 20 values of 18.5, 19.1, 22, 23.9, 25 and 26°, as shown in 0 No No color No 7.23 + 81.98 +
Fig. 3.4(c). The most plausible explanation is the entrapment of the drug change 0.05 1.68 %
molecules within the polymer matrix, along with its conversion from 1 No No color No 7.2+ 81.05 &
crystalline to amorphous nature by size reduction, thus masking the change 01 0.95 %
3 No No color No 7.06 + 80.77 +

change 0.05 1.36 %

a b

-+ Scaffold at pH 7.4

N 100 mg)atpH 7.4

o~

% Cumulative drug relase

"?:

Time (h)

+- Marketed formulation (Airtal

=+ Scaffold at pH 6.8

Marketed formulation (Airtal
100 mg) at pH 6.8

% Cumulative drug relase

Time (h)

Fig. 3.5. Comparison of the percentage cumulative release of drug from the scaffold formulation developed and the marketed formulation (a) at pH 7.4 (p < 0.0001);

(b) at pH 6.8 (p < 0.0001).
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4. Discussion

The scaffold has been designed to be injectable with shear thinning
property. The polymers employed are biocompatible and biodegradable.
Less dose of Ace is used than oral, thus aimed at reducing side effects of
oral intake. The release of Ace from the scaffold in sustained manner can
be interpreted as prolonged effect.

The scaffold is of gel like consistency with homogeneity throughout.
Its uniform and smooth nature indicates the equal distribution of the
drug in the formulation. The high moisture content of the scaffold cor-
roborates its large capacity to hold water, which is important to attain
the optimum viscosity and mechanical properties. The porosity per-
centage was found to be near 100 % [36]. Such high water content and
porosity are crucial for the diffusion and degradation of the polymer,
and enable the sustained drug release from the scaffold.

The pH of the scaffold is within the physiological range, though
slightly shifted towards to the acidic side. This pH shift results in
improved drug release, given that in osteopathic conditions, the pH of
the tissues is somewhat acidic. Besides, this lowering of pH aids to
attract the inflammatory mediators and mesenchymal stem cells at the
site of injury [37]. Additionally, Ace shows improved release profile at
pH 6.8 compared to 7.4 [38]. This is also corroborated by the release
data, which demonstrated that the drug delivery from the scaffold is
better at acidic pH than at physiological pH.

The scaffold shows shear thinning behavior, i.e., becomes liquid
when a external pressure is applied, and is reverts to its gel form when
the external pressure is removed. This rheological behavior aids in
making the formulation “injectable” when the viscosity of the scaffold is
reduced by applying an external pressure and reverts to its original
viscosity when the external force is removed.

The zeta potential and PDI corroborate the homogeneity and stability
of the system. The PDI value obtained of 0.399 confirms the minimum
aggregation of the polymer particles, ascribed to the presence of the
surfactant. Similarly, the zeta potential value of 24.4 mV indicates the
electro-kinetic stability of the scaffold. This demonstrates the absence of
floccules in the gel matrix, and thus the stability of the developed
system.

The XRD of the scaffold corroborates the amorphous nature of the
drug due to the decreased intensity of the peaks. This suggests encap-
sulation of the drug in the hydrogel matrix. The presence of the char-
acteristic peaks of the polymers and the drug in the FT-IR spectrum of
the final formulation indicate that the molecular structures of the
polymers and the drug are intact. This indicates that the drug and the
polymers will not lose their therapeutic and physicochemical effects,
respectively. However, minor shifts in the position of the peaks can be
observed, which could be attributed to cross linking between the chi-
tosan and the gelatin.

SEM images of the scaffold showed a homogeneous microstructure
with highly interconnected pores within an extended matrix of polymers
in gel, The pore size was estimated to be around 10-20 pm, as stated in
the results section, which falls in the category of microporosity. Both are
very important for the efficient functioning of the scaffold [39]. Pores
are important for the interaction of the extracellular fluid with the
scaffold, thus facilitating the drug release. Besides, micropores <10 pm
are useful for ion exchange and protein adsorption. Former studies
[40-42] have shown that pore sizes of <100 pm are helpful in forming
non-mineralized osteoid tissue. A study carried out by Kong et al. [43]
has also shown that a pore size in the range of 15-40 pm helps in
increasing the mechanical strength of the bone. Besides, porosity also
has the role of providing optimum rheological properties to the scaffold.

The in vitro drug release of the developed scaffold and an immediate
release marketed formulation were investigated both at 7.4 (physio-
logical pH) and at a slightly acidic pH (6.8), which mimics the acidic
environment in inflammatory conditions. The drug release from the
marketed formulation was almost immediate for both pH, while the
delivery from the scaffold was slow and in a sustained manner, and was
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significantly higher at an acidic pH compared to the physiological pH,
thus indicating the efficiency of the scaffold.

The mathematical models applied to the release data show that the
best fit was obtained using Korsmeyer-Peppas, which yield to the highest
R2 value (0.8528 and 0.9851 for pH 7.4 and 6.8, respectively). The value
of ‘n’ (0.467 and 0.559 for pH 7.4 and 6.8, respectively) show that the
drug release from the scaffold follows a non-Fickian behavior, occurring
by both diffusion and degradation.

5. Conclusions

The current study focused on the development and in vitro evalua-
tion of a bioscaffold comprising gelatin and chitosan polymers loaded
with an analgesic drug (Ace), with the aim to attain optimum physical,
mechanical and rheological properties. Numerous formulations were
prepared, which were evaluated for different parameters including the
stirring speed, the drug injection rate and the cross linker volume. The
optimal formulation was chosen based on the viscosity, drug solubility,
homogeneity, porosity and swelling index. In vitro studies showed drug
release in a sustained manner, which was effective both at physiological
and slightly acidic pH. Different theoretical models were applied to
describe the experimental data, and the best fit was attained with
Korsmeyer-Peppas.

SEM analysis revealed a uniform microstructure with highly inter-
connected pores within an extended polymer matrix. FT-IR, XRD and
rheological analyses corroborated the absence of interactions between
the biopolymers and the drug, the successful drug entrapment within the
scaffold and its injectability, respectively. The optimal formulation
developed herein is suitable to be used in various anatomical sites due to
its flexible rheological properties. Besides, the preparation method is
simple, straightforward and thus easily reproducible. Another benefit is
its cost effectiveness, due to the use of cheap components for the
synthesis.

6. Future prospects

The work reported herein proposes an innovative formulation of a
hydrogel scaffold loaded with a drug. It is a pilot study with a complete
analysis of the pharmacological kinetics of the novel formulation.
However, with a view to use the developed scaffold for drug delivery
applications, it is of crucial importance to test it in living systems; that is,
in order to testify the safe reliability and drug delivery ability of the
developed hydrogel for clinical applications, a series of biological
studies need to be carried out. These evaluations would follow the
guidelines and harmonized practices reported in previous studies that
investigated novel hydrogel drug delivery systems [44-46]. In this re-
gard, animal experiments including magnetic resonance imaging, in
vivo photothermal assay and in vivo biodistribution analysis would be
performed. Besides, the potential chronic toxicity of the developed
formulation needs to assessed, in order to characterize potential adverse
effects following its repeated administration. Therefore, future prospects
of this study include the ex vivo and in vivo analysis to evaluate toxi-
cological concerns and pharmacokinetic profile.

In addition to gelatin and chitosan, a number of natural and synthetic
polymers with low toxicity and high biodegradability are available to
develop hydrogel scaffolds. Collagen, alginate, methylcellulose, poly-
dopamine and hyaluronic acid are good candidates as natural products
[47], while poly lactic acid (PLA), polyglycolic acid (PGA), poly(lactic-
co-glycolic acid) (PLGA), polycaprolactone (PCL), polyacrylic acid
(PAA), polyethylene glycol (PEG), poly vinyl alcohol (PVA), poly(2-
hydroxyethyl methacrylate) (pHEMA) and poly (N-vinylcaprolactam)
(PNVCL) are some biodegradable synthetic agents [48,49]. Novel per-
spectives focus on the research of new biopolymers compatible with
hydrogel technology [50]. In this regard, bacterial biopolymers show
great potential including bacterial polyesters like poly-
hydroxyalcanoates, and bacterial polysaccharides including xanthan
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gum, scleroglucan, gellan gum, curdlan, bacterial alginate, dextran,
pullulan, bacterial cellulose and so forth. In addition to polypeptides and
polysaccharides being capable of forming hydrogels, a mixture of them
can also be used to design new gel compounds [51]. For instance, the
extracellular matrix (ECM) comprises both fibrous proteins and a poly-
saccharide called glycosaminoglycans, and can form scaffolds with
adjustable gelation kinetics. Besides, DNA crosslinked hydrogels are a
key tool for drug delivery due to their porosity, biocompatibility, and
ability to lay out the DNA sequence via customized programmes [51].
DNA-based hydrogels are an effective solution since they are an
affordable, programmable, and sensitive platform for biosensing. The
ability of DNA hydrogels to biosense, scaffold, and drug deliver makes
them a superior candidate for novel cancer therapeutics [52].

Despite the present study focuses on the macromolecular aspects of
the scaffold, for future research, it can be modified to incorporate novel
aspects of nanomedicine to attain more efficiency. In this regard, poly-
meric NPs, dendrimers, micelles, liposomes and niosomes are being
considered in designing targeted drug delivery systems [53]. The
aforementioned nanostructures can effectively encapsulate and release
various hydrophobic/hydrophilic therapeutic molecules including drugs
and prodrugs in a sustained manner. Since they show nanoscale di-
mensions, they can enhance the therapeutic efficacy of bioactive mole-
cules, allowing them to accumulate preferentially at the target site. In
particular, drugs with poor solubility and low absorption ability can be
tagged with these nanostructures. Furthermore, these nanomaterials can
protect the encapsulated drug from degradation, thereby increasing its
therapeutic value and reducing systemic toxicity. However, the NP ef-
ficiency depends on many factors including the size, shape, and other
inherent biophysical/chemical properties. For instance, synthetic poly-
meric NPs of PVA, PEG, PLA, PGLA, and so forth with diameters in the
range of 10 to 1000 nm show ideal characteristics to be used as efficient
delivery vehicles due to their high biocompatibility and biodegrad-
ability [54]. The incorporation of such NPs in the scaffold developed
herein can be a potential subject for further investigations. This study
opens new horizons for future research in lesser explored areas using
drug loaded scaffolds.
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