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ABSTRACT
Objective: To develop and formulate doxycycline hydrochloride hydrogels employing various polymers for wound healing application.

Methods: A thermo-reversible gel can transmute from a sol-gel in replication to environmental temperature vicissitudes made up of gallic acid (GA)
and tamarind seed polysaccharide (TSP). An antimicrobial agent (doxycycline hydrochloride) integrated to provide the benefit and efficiently
safeguard the wound from infection. A low temperature causes TSP to aggregate intermolecularly with GA to create a gel network. GA-TSP gel heat
stability increased with increased concentration of GA. Prepared gel formulations were optimized by 23 factorial designs further evaluated for
stability and compatibility, appearance, gelation temperature, gravitational flow simulation, in vitro release, in vivo excision wound model in rats.

Results: A strong viscoelastic gel was formed at body temperature in the GA-TSP mixture containing 0.6% (w/v) GA. The prepared formulation exhibited
absolute stability and compatibility. The formulations indicated a range of 23+1.47 to 50£1.40 °C. The viscosity values were in the range 6628 to 19146 cps.
The optimized gel formulation (DT8) was prepared to analyze the checkpoints and further evaluated for gelation temperature ( °C), viscosity (cps), gelation
time (s), and in vitro release of drugs (percent cumulative release of drugs) up to 12 h reflecting R1=36.5+0.61 °C, R2=12887+11 cps, R3=16.2+1.38
min and R4=94.65+0.59 percent. Formulation DT8 showed significant wound healing property and it is comparable to the control group.
Formulation DT9 treated group showed faster epithelialization and greater rates of wound contraction in rats.

Conclusion: The formulations comprising of TSP with antimicrobial agents demonstrated to be efficient in wound healing. Out of all formulations,
DT8 showed better wound healing ability, which is evident from in vivo studies.
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INTRODUCTION

Over the years, numerous attempts have been made to accelerate
wound healing by improving the nature and functional components
of wound dressings. There are several wound care products
available on the market applied to aid the healing of wounds [1].
Their primary function is to keep the wound moist, clean and
avoiding the entry of harmful bacteria into the wound [2]. In the
past, traditional dressings such as natural or synthetic bandages,
cotton wool, lint and gauzes all with varying degrees of absorbency,
were used for the management of wounds. These conventional dry
dressings provide passive wound protection, and one of their
limitations is the inability to maintain a moist environment for
effective wound healing [3].

Furthermore, other conventional semi-solid formulations such as
creams and gels cannot maintain effective drug concentrations for a
prolonged period at moist wound surfaces due to their short
retention times. They have also associated with leakage and
messiness in highly exuding wounds which leads to inconvenience
and poor patient compliance [4]. Subsequently, there was a desire
for modern wound dressings, which keep the wound moist and
helps more rapid healing of the wound. These modern dressings
offer an optimum microenvironment for healing [5]. In situ gels
consists of a matrix of insoluble polymers with about 96% water
content. These gels can donate water to the wound site and thus
help in maintaining a moist environment, which helps in faster
wound healing. These are used in the formation of drug-delivery
vehicles, wound dressings, contact lenses and as electrodes or
sensors [6].

In response to a change in ambient temperature, a thermo-
reversible in situ gel can change from a liquid to a solid, and vice
versa. As an intelligent material for biomedical applications, this
type of gel has been extensively investigated [7]. Thermo-reversible

materials can be natural or synthetic, exhibiting the sol-gel
transition. Most of these materials, however, lack adequate
viscoelastic behavior at a physiological temperature required for
medical use. Cross-linking strategies for producing the desired
viscoelastic properties were, therefore, used [8]. Two types of cross-
linking generally exist: chemical and physical. Chemical cross-linking
involves covalent bonds, whereas physical cross-linking relies on non-
covalent bonds or interactions such as ionic interaction, hydrophobic
interaction, van der Waals or hydrogen bonds [9]. There is no
reversible property for cross-linked chemical gels [10]. Physically
cross-linked gels can be thermo-reversible and have therefore been
developed more widely for use as biomedical materials.

GA, 3,4,5-trihydroxybenzoic acid, has attracted much attention
because it exhibits significant biological activities such as
antioxidant, cardioprotective, anti-hyperglycemic, antimutagenic
and anticarcinogenic activities [11-13]. GA can form a gel with
melamine [14]. However, gelation of a biopolymer by physical cross-
linking with GA has not been investigated.

TSP is a natural water-soluble polysaccharide, obtained from the
endosperm/kernel of Tamarindus indica L. seeds belonging to the
family Fabaceae. TSP is composed of-@) -B-D-glucan backbone
substituted with side chain of «-D-xylopyranose and (-D-
galactopyranosyl (1-2)-a-D-xylopyranose linked (16) to glucose
residue. The glucose, xylose and galactose units a present in TSP in the
ratio of 2.8:2.25:1. TSP is noncarcinogenic, biocompatible and stable
enough even in acidic pH range. It is used as the binder, gelling agent,
thickener, emulsifier, suspending agent and release modifier in
different pharmaceutical formulations [15]. In this study, novel
thermo-reversible gels consisting of GA and unmodified TSP was
prepared and investigated. Rheological studies determined their
viscoelastic property. Furthermore, the effect of the GA concentration
on the morphology of the GA-TSP system were investigated.
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MATERIALS AND METHODS
Materials

Doxycycline hydrochloride was kindly provided as a gift sample from
Zydus Cadila Health Care Ltd., (Ahmedabad, India). TSP was purchased.
GA was purchased from Sisco Research Laboratories Pvt. Ltd., (Mumbai,
India). All other chemicals and buffers used were of analytical grade

Methods
Experimental design, characterization and statistical evaluation

23 Factorial design for optimization has been implemented. The
independent variables were TSP, GA, sodium chloride (NaCl), and
the temperature of viscosity and gelation were selected as
dependent variables. There were three independent factors at two
different levels. High and low factor levels were coded
respectively+1 and-1. All batches (F1 to F8) were statistically
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evaluated using Analysis of variance (ANOVA) and Design Expert®
8.0.0 to see the selected factor's significant and non-significant effect
on various responses, viscosity and gelation temperature. Design
expert® 8.0.0 was used to graphically represent the factor influence
study with the help of main effect, interaction effect, cube Plot,
response surface plots [16].

Preparation of doxycycline hydrochloride loaded in-situ gels

The required amount of TSP was dispersed through a slow
homogenizing process in hot deionized water using a 50 °C
mechanical stirrer for 5 h. GA solutions were prepared separately by
dissolving the required amount of GA at 40 °C in deionized water. GA
solutions were then added and vigorously stirred into the TSP
solution. A suitable amount of drug has been dissolved into the
above solution for the loading of the drug. Lastly, the required
quantity of sodium chloride was added and the solution was
refrigerated before further studies (table 1) [17].

Table 1: Formulation chart of doxycycline in situ gels

Formulation code Drug GA TSP NaCl
DT1 0.25% w/v 0.6 1 0.5
DT2 0.8 0.8 0.7
DT3 0.6 0.8 0.5
DT4 0.6 1 0.7
DT5 0.8 1 0.7
DT6 0.8 1 0.5
DT7 0.6 0.8 0.7
DT8 0.8 0.8 0.5

Fourier transform infrared spectroscopy (FTIR)

Preformulation studies on drug-polymer interaction are very critical
in selecting suitable polymers. The sample spectra were recorded by
Shimadzu 8400S FTIR (Tokyo, Japan) using the KBr pellets method.
The samples were then placed in the instrument's sample holder.
FTIR analyzed these to study polymer interference for drug analysis.
The integrity and compatibility of the pure drug and polymer were
assessed using the pure drug's IR spectra, and polymer was
performed using the FTIR spectrophotometer [18].

Differential scanning calorimetry (DSC)

DSC study was conducted using DSC 60 instrument (Shimadzu
Corporation, Japan) to check the formation as well as ingredient
compatibility. DSC has been scanned for pure drug thermogram and
optimized formulation. Accurately weighed samples were placed over a
temperature range of 0-300 °C on aluminum plates sealed with
aluminum seals and heated at a constant temperature of 1 °C/min [19].

Visual appearance and clarity

Clarity is one of in situ preparations most important characteristic
features. To check the presence of any particulate matter, the
formulations were examined for visual appearance and clarity through
visual observation against a white and black background [20].

pH determination

The two critical areas are the pH effect on solubility and stability.
The pH of the formulation of in situ gel should be such that the
formulation at that pH was stable. Formulations of in situ gel should
have a pH range between 5.5 and 5.8. Using calibrated digital pH
meter, the developed-in situ gel formulations were evaluated for pH.
Before each use, the pH meter was calibrated with standard buffer
solutions pH 4, 7, and 9.2. The temperature of the formulation was
kept at 25 °C [21].

Gelation temperature

A modified Miller and Donovan technique was used to evaluate the
gelation temperature. Two ml gel aliquots were transferred to
parafilm sealed tubes and immersed in a 4 °C water bath. The bath
temperature was increased by increments of 1 °C and left at each
new setting to balance for 15 min. The samples were examined for

gelation, which was considered to have occurred when the meniscus
no longer moved through 90 °C when tilting. All measurements in
triplicate (n=3) were performed [22].

Gravitational flow simulation

It was determined the influence of temperature on the mixture flow.
In short, a glass slide (2.54 approximately 7.62 cm) was measured. A
liquid-shaped 1-mL aliquot from the refrigerator was loaded onto
the slide and the simulation of gravitational flow at the respective
gelation temperature noted earlier was observed by lifting the glass
slide for 2 or 10 min after balance. The time has been recorded for
the mixtures to flow downwards [23].

Viscosity

Determining the viscosity of the optimized in situ gel formulation
prepared has been determined using Brookfield Digital Viscometer
(LVDV III' U, Brookfield Engineering Labs. USA). The optimized
formulation of in situ gel was taken in a beaker and kept at room
temperature. The measurements were performed with spindle no. 62
and the viscosity was measured at 10 min after the spindle rotation [24].

Drug content

The vials (n=3) containing the preparation were shaken for 2-3 min
and 1 ml of preparation was transferred to 100 ml volumetric flask
with phosphate buffer pH 7.4. Sample liquid was removed and
further diluted with the same phosphate buffer pH 7.4 to 10 ml
Using a UV-visible spectrophotometer, the concentration of
doxycycline hydrochloride was determined at 273 nm [25].

In vitro drug release study

In the donor compartment, 1 ml of the formulation was kept over a
dialysis membrane that was rinsed and soaked in the diffusion
medium for 24 h. In the receptor compartment, the donor
compartment was immersed. The beaker containing the diffusion
medium (receptor compartment) was kept at 37+0.5 °C using the
magnetic stirrer with constant stirring at 22 rpm. For the 8 h and the
same quantity of fresh, diffusion medium was replaced for the
quantity withdrawn, one ml aliquots were removed from the
diffusion medium every hour. Using Shimadzu Double Beam UV-
Visible spectrophotometer, the samples removed were analyzed
spectrophotometrically at 273 nm for doxycycline hydrochloride
[26].
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Mathematical model fitting

Using PCP-Disso-V2.08 software, the release data were fitted into
different mathematical models to know which mathematical model
best fits the obtained release profile. The regression co-efficient

parameters such as ' n ' and ' R ' were determined to know the
release mechanisms.

Sterility studies

According to Indian Pharmacopoeia, the sterility test was done.
Direct method of inoculation has been used. A sterile pipette or a
sterile syringe or needle was used to remove 2 ml of liquid from the
test container. The test liquid was transferred separately to the fluid
thioglycolate medium (20 ml) and the digestive medium of soya
bean-casein (20 ml). The liquid has been mixed with the media. In
the case of fluid thioglycolate medium and 20 °C to 25 °C in the case
of soya bean-casein digest medium, the inoculated media were
incubated for at least 14 d at 30 °C to 35 °C [27].

In vivo studies

The study was carried out after obtaining approval from the JSS
College of Pharmacy's institutional animal ethical committee (Ethical
Committee approval no. JSSCPM/IAEC/217/2017), Mysuru. In the
study, 200-225 g Wister albino rats were used (Source: Biogen
Laboratory Animal Facility, Bangalore, India). All experimental
animals were housed in the cages at a constant temperature (23 °C)
under 12-hour dark and light cycle. All animals will be maintained
by providing standard animal feed and potable water ad libitium
until the commencement of the experiment. The surgical procedures
were performed under general anesthesia under sterile conditions
using diethyl ether. The predetermined area for the injury at the
back of the animal was prepared for surgery. The animals were
anesthetized by open mask method using anesthetic ether and
placed in their natural position on the operating table. Skin excision
wounds of 1 cm x 1 cm were created using a sterile surgical blade
and scissors and the dorsal aspect of the thoracolumbar region of
the rats up to the depth of the dermis, which include a control group
1, group 2 treated with tamarind seed polysaccharide-based
hydrogel, and group 3 doxycycline-tamarind seed polysaccharide-
based hydrogel. The animals were individually housed in their cages,
and were monitored for breathing, color, and temperature. They
were maintained and managed throughout the experimental period
under standard conditions of husbandry and on a uniform diet. For
any infection, animals are closely observed; those showing signs of
infection are separated from the study and excluded [28].

Excision wound model

On either side and 5 cm from the ear, excision wounds were inflicted
on the dorsal thoracic region 1-1,5 cm from the vertebral column.
An area of approximately 1 cm? was marked with a circular marker
using 1 cm x 1 cm circular cardboard cutting on the animals ' rasped
back. The marked area with surgical sterile blade and scissors was
excised in full thickness. The respective therapeutic treatment is
given topically to the animals of the respective groups until complete
epithelialization begins on the day of operation. Estimation of
collagen, percentage of wound contraction, and period of
parameters of epithelialization are studied [28].

Percentage of wound contraction

The gradual reduction in the wound area is monitored
planimetrically by initially tracing the raw wound boundaries on a
sterilized transparency paper sheet in mm?2 without causing any
damage to the wound area, and then measuring the wound area
recorded using a graph paper for a period of 21 d every 4 d interval
The epithelialization period is expressed as the number of days
necessary to remove the remains of the dead tissue without any
residual raw wound is considered the end point of complete
epithelialization [28].

(A-0)-(A-D)

Percentage closure = —-— "

Where, A-O = wound area on day zero, and

A-D = wound area on corresponding days
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The number of days for complete closure was noted and the scar
shape and area were traced and measured on complete closure.

Measurement of the wound area

On foreordained days (4, 8, 12, 16 and 20 d) a camera monitored the
dynamic change in the wound area. Later, the wound area was
measured by tracing the wound on a graph paper of a millimeter
scale [28].

Period of epithelization

The dropping of scab deserting no raw wound was taken as the
endpoint of complete epithelization and the days required for this
were taken as an epithelization period [28].

Histopathology studies

The previously collected and preserved regenerated tissue was used
for histopathology studies in 10% buffered formalin [28].

Preparation of histological studies

After a day or two, the tissue was removed from the buffered
formalin, dehydrated in ascending alcohol grades, cleaned in
chloroform, embedded in paraffin using tissue processor and cut
with rotating microtonal, obtaining sections of 3 to 5 mm in
thickness. The section was dewaxed by xylene and the xylene was
removed to facilitate the staining procedure by decreasing alcohol
levels [28].

The dewaxed section was stained for 5 to 8 min with haematoxylin.
Washed well for 2 to 3 min in running tap water. To confirm a
sufficient degree of staining, it was then examined microscopically.
Remove excess stain in 70 percent alcohol for a few seconds by
decolorizing in 0.5 to 1.0 percent by hydrochloric acid. The acid
action changed the blue stain of haematoxylin to red. Recovered the
color blue and stopped decoloration by washing for at least 5 min in
running tap water. Stained for 1 to 3 min in 1% aqueous eosin.
Dehydrated in alcohol and transparent in xylene. Mounted in a
medium of synthetic resin. Histopathological changes in the
regenerated tissue that occurred in both the test and control during
the wound contraction or healing phase were observed for
"epithelization, fibroblast, collagen, cell infiltration (inflammation)
and neovascularization" [28].

Stability studies

Stability studies aim to predict a product's shelf life by accelerating
the rate of decomposition or degradation; preferably by increasing
temperature and relative humidity (RH) at accelerated conditions.

Optimized in situ gels were packed with nitrogen purging in glass
vials and sealed with rubber stoppers and crimped aluminium. The
stability study of optimized in situ gels was performed by placing the
samples as follows under storage conditions:

e Longterm-5+3 °C for 6 mo
e 2542 °C with 60+5% RH for 6 mo

Samples were taken from 0, 1st, 2nd, 3rd and 6% months and
evaluated for changes or variability in physical appearance as well
as drug content as specified in the guidelines of ICH Q1A(R2)
(256) [16].

RESULTS
FT-IR spectrum

Comparisons of spectra of pure doxycycline hydrochloride, along
with the physical mixture and formulation DT8 shows the absence of
interaction and presence of drug in unchanged form. FTIR spectra of
doxycycline exhibited characteristic peaks of N-H Stretching
vibrations 3268 cm!, C=0 Stretching vibrations 1689 cm, CH3
Stretching vibrations Aromatic CH Stretching vibrations 2764 cm,
0-H and C-H Stretching vibrations 1324 cm-. Correspondingly the
FTIR spectra of physical mixture and formulation DT8 also showed
all these characteristic peaks with minor shifts. FT-IR spectra are
presented in (fig. 1).

223



Gupta et al.

Int ] App Pharm, Vol 13, Issue 3, 2021, 221-232

- TS --.i AV — - -1‘ j‘]j"‘\-'ni-':’l Ir‘!' W ""i.'-."n 'iw
; / W
- e !
2 VTN R LN AP i S
v ‘\‘. /“1 \ llﬁ' W 5” ;r-f'l "‘ﬂﬂ'L lr:\"‘-
: o Wi
v ‘.“t-';
- = == — == — — - == =) — e ) S

Fig. 1: Overlain FT-IR spectra of a. pure drug (Doxycycline hydrochloride) b. Physical mixture of formulation DT8

DSC analysis

The thermogram curve of doxycycline hydrochloride showed an
endothermic sharp peak at 168.5 °C due to melting temperature of
semi crystalline doxycycline. DSC data are presented in (fig. 2). The

DSC curve of physical mixture showed the presence of endothermic
peaks at 171.7 °C which corresponds to the melting of doxycycline.
Comparisons of endothermic peaks of DSC curve of pure
doxycycline, along with the physical mixture shows the absence of
interaction and presence of drug in unchanged form.

0 0]
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T EL ]

T el
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Fig. 2: DSC thermograms of a. Pure drug (Doxycycline) b. Physical mixture of formulation DT8

Optimized method for in situ gel preparation

The use of TSP for the preparation of in situ gel-forming systems is
substantiated by the property of its aqueous solutions to transform into
stiff gels with change in temperature. GA facilitates the gelation of TSP
and by the addition of NaCl to the GA/TSP might reduce the gelation
temperature to the physiological temperature. The phosphate buffer pH
7.4 was used as a vehicle in the preparation of in situ gelling systems.

Experimental design

The use of TSP to prepare in situ forming gels substantiates the
properties of their solutions to convert them into rigid gels with
temperature changes. GA facilitates the gelation of TSP and by the
addition of NaCl to the GA/TSP might reduce the gelation
temperature to the physiological temperature.

Gelation temperature

The formulations indicated a range of 23+1.47 to 50+£1.40 °C. The
equation resulting by best suited mathematical model to share the
response y and factors (GA, TSP and NaCl) was R1 =+123.63-
71.25*%A-18.75*B-36.25*C. The equation recommended the model F
value 62.54 and P value<0.05, suggesting that the model is
significant. The predicted r2 0.9165 compared with adjusted r2
0.9635 showed a good suited response of variables (fig. 3) showed
with an increase in factors GA and NaCl, there is a decrease in the
gelation temperature.

Viscosity

In the range, 6628 to 19146 cps, the viscosity values of all the
formulation were found. R2  =-33187.75+  29215.00*
A+14007.50*B+20832.50*C was the equation extracted from the
best suited mathematical model for R? and the independent
variables. ANOVA proposed model F value 98.66 and P value<0.05,
showing that the model is significant. Also, the r2 0.9467 predicted is
in fair competition with the r2 0.9767 adjusted. Viscosity has a major
impact on GA, NaCl and TSP variables. 3 RZ plot Dimensional
reaction (3D) is shown in (fig. 4) increased viscosity significantly
with a rise in GA and NaCl variables.

Gelation time

Based on 23 factorial designs, the separate response variables for
gravitational flood stimulation (R3) led in distinct combinations of
factors A and B. R3=-80.25+67.50*A+25.00*B+45.00*C was the
equation extracted from the best response R2 fit to the independent
variables. ANOVA showed that model F value-139.76, P<0.05 was
important. Also, the 0.9622 r? predicted was comparable to the
0.9835 r? adjusted. It was observed that the gelation time was
considerably affected by A and B variables. R3's three-dimensional
(3D) reaction surface plot (fig. 5) showed a substantial reduction in
the stimulation of gravitational flow with increased levels of
variables A and C. This connection may be due to enhanced system
viscosity at higher concentrations of A and C variables.
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Fig. 3: Contour plot and 3D response surface plot of factors AB, AC and BC on gelation temperature of doxycycline based in situ gels
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In vitro drug release

The equation derived from the best fit mathematical model for in
vitro drug release (R4) was R4=+120.91-16.08*A-7.77*B-12.70*C
with a predicted r? of 0.8743, which is reasonably in line with the
0.9450 adjusted r2. Compared to the impact of factor A, the impact
of factor C was discovered to be more significant. The resulting
release of Doxycycline from prepared in situ gels reduced
substantially with a rise in factor A. Prolonged release of
Doxycycline from formulations up to 12 h can be attributed to

Int ] App Pharm, Vol 13, Issue 3, 2021, 221-232

influence by factor A. ANOVA showed a model F value of 41.11 for
the equation, with a P value<0.05, indicating the model's
significant (fig. 6).

Checkpoint study and design optimization
The optimized in situ gel formulation (DT8) was obtained using an
overlay plot (fig. 7) by applying limitations such as R1=36.5 °C,

R2=12886 cps, R3= 16.7 min and R4=94.6% on the response, and
these constraints were prevalent to all formulations.

Design-Expert® Software Overlay Plot
Factor Coding: Actual 1
Overlay Plot E i:&l:
R1 R3 167227
& Re 94 6579
X1 0616041
R3 X2 0399586
R4
095 |
H=AA
X2=EB
Actual Factor
G C=0875377
09
0.85
08
T T T
0.6 065 07 075 08
X ATA
Y:B:B

Fig. 7: Overlay plot for optimized doxycycline in situ gel

By implementing DoE, suggested levels of factors from plots with
desirability of 0.9447 with optimum values of chosen variables were

calculated at 0.61 percent for A 9 0.99 percent for B and 0.67 percent
of C as achieved by using DoE (fig. 8)

Design-Expert® Software
Factor Coding: Actual
Desirability

o I :

Xl=MA
K2 =88

Actual Factor
C: C=0675377

Des ra bility 0.944756)

Desirability

0.65 0.7
XA A
Y:B:B

075 08

Fig. 8: Contour plot of optimized doxycycline in situ gel depicting overall desirability functions

The optimized gel formulation (DT8) was prepared to analyze the
checkpoints and further evaluated for gelation temperature ( °C),
gelation time (s), and in vitro release of drugs (percent

cumulative release of drugs) up to 12 h (fig. 9), reflecting
R1=36.5+0.61 °C, R2=12887+11 cps, R3=16.2+1.38 min and
R4=94.65+0.59 percent.
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Cumulative drug release (%)

Time (h)

Fig. 9: In vitro drug release of optimized formulation DT8 (mean+SD N=3)

Visual examination

The formulation was much clear and transparent with good
homogeneity and absence of lumps.

pH determination

Formulations prepared had a pH in the range of 4.40-4.45, which is
then adjusted using 0.2 N NaOH to 5.5-5.8 to avoid discomfort on
application to the skin.

Determination of gelation temperature

DT9 optimized formulation showed gelation temperature at 37
°C. First, the sol-gel transition heat sensitivity is based on the
gelation mechanism. With an increase in GA concentration, the
gelation temperatures were obtained linearly. The formation and
dissociation of hydrogen bonds in the gels may be linked to the
gelling systems network structure. Moreover, in some gelling
systems, the dissociation of hydrogen bonds occurred at 37 °C
temperatures. In this research, increasing of GA molecules may
improve the amount of hydrogen bonds created between GA
molecules and TSP chains, which correspond to a rise in the
number of intersections of gel networks and/or molecular
stability.

Therefore, to split the gel structure comprising more GA
molecules, the greater gel melting temperature is required.
Native TSP chains do not have the coil-helix transforming
property in an aqueous solution. The presence of GA-TSP heat
hysteresis may indicate the existence of a stable network,
potentially due to intermolecular hydrogen bonding that acts as
a cross-link between GA molecules TSP chains.

Gravitational flow simulation

The thermosensitive behavior of the in-situ gel, when applied to the
wound skin, was investigated using gravitational flow simulation at
the relevant gelation temperature as noted before. A glass slide was
used in this study due to its hydrophilic wettability that imitated a
wounded skin. After equilibrating the mixtures to the respective
gelation temperature on the slide, the time taken for the system to
become gel and flow to the bottom was 17.35+0.46 min for
optimized DT8 formulation.

Drug Content details

It was observed in situ gel formulation DT9 showed drug content of
99.32%.

Viscosity

Measurements of viscosity were performed at 25 °C and 37 °C.
Viscosity trials showed a considerable rise in gels viscosity at 25 °C
and 37 °C due to sol transformation as gel with temperature rise. The
viscosity also improved as the GA concentration increased. But the
formulation viscosity was observed to decrease as TSP concentration
increased. Viscosity of optimized formulation DT8 at 25 °C and 37 °C
was 963+3.80 cps and 12982+12.53 cps and 12381+12.53 cps.

In vitro release studies

It was found that drug release was 94.8+2.46% after 12 hr for optimized
formulation DT8. These can be due to the higher concentration of GA and
NaCl. The in vitro release studies data of DT9 was fitted to check best-
suited mathematical models. It is evident from the data that Higuchi
model was the best-suited model for DT8 and "n" value was observed to
be above 0.5 and below 1 which indicates non-fickian diffusion-
controlled mechanism. The obtained data is given in (table 2).

Sterility studies

No appearance of turbidity proving that microbial growth is absence
in the formulation DT8 when incubated for at least 14 d. Therefore,
the formulation DT8 passed in the test (fig. 10).

Percentage of wound contraction

The studies the on excision wound healing model reveal that all the
three groups showed decreased wound area from day to day.
However, on 20t post-wounding day, Group-I animals showed
90.12+0.27% of wound healing, Group II animals showed
93.02+£0.77% of wound healing, where Group-IIl animals showed
99.784£0.11% of healing. All readings are found to be statistically
significant and comparable with control. The epithelization time i.e.
time at which complete scar formation occurs, also suggest that
Doxycycline-TSP based in situ gel treated groups were found to be
significant. On the basis of the results obtained in the present
investigation, it is concluded that Doxycycline-TSP-based in situ gel
has significant wound healing activity (table 3). Wound healing
involves different phases such as contraction, epithelization,
granulation, collagenation, which are concurrent but independent of
each other. Hence in the present study, excision wound model
animals treated with Doxycycline-TSP based in situ gel showed
better and fast healing compared to control group. Also, there was a
significant decrease in the epithelization period (fig. 11, 12).

Table 2: Model fitting for in vitro drug release

Formulation Zero-order First-order Higuchi matrix = Korsmeyer-peppas Hixson-crowell Best fit model
code (R2) (R2) (R2) (n) (R2)
DT8 0.9891 0.7892 0.9928 0.9847 0.7176 0.9367 Higuchi
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Fig. 10: Sterility test for hydrogel in thioglycolate medium and soybean casein medium
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Fig. 11: Percentage wound contraction on 4t day, 8t day, 12t day, 16t day and 20t day (mean+SD N=3)

Fig. 12: Percentage wound contraction on 4t day, 8t day, 12t day, 16t day and 20t day
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Table 3: Effect of formulations on healing of excision wound model

Treatment 4t day 8th day 12th day 16th day 20th days Epithelialization in days
Control 17.32% 3442+ 58.66% 81.06* 90.12+ 22.5+0.92
0.26 0.27 0.28 0.26 0.27
TSP based hydrogel 18.20+ 35.97+ 61.50+ 82.25% 93.02+ 21.52+0.54
0.47 0.36 0.50 0.51 0.77
Doxycycline 33.52+ 67.81+ 82.55+ 93.40+ 99.78+ 16.55+0.46
-TSP 0.49 0.52 0.68 0.55 0.11
based hydrogel

*Values are in mean+SD, N=3
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Histopathological studies

Microscopical examination of the sections prepared from the
wounds are depicted as in (fig. 13).

Group 1-There were no major changes in the appearance of the
dermal matrix in any of the treatment groups relative to the control.

Int ] App Pharm, Vol 13, Issue 3, 2021, 221-232

Group 2-In skin from TSP-based in situ gel treated animals; there
was an increase in the number of blood vessels in the immediate
sub-epithelial dermis as compared with the control group.

Group 3-In skin, the tissue shows dense fibrous tissue with
fibroblasts and collagen fibers. The characters are almost to that of
the normal.

Fig. 13: Histopathology of regenerated tissue of open wounds i. Group 1 ii. Group 2 iii group 3

Stability studies

Optimized in situ gel formulations were subjected to stability studies
at 5+3 °C and 252 °C/60+5% RH conditions for 6 mo each. As the
developed in situ gel is supposed to be stored at refrigerated
temperature, 5+3 °C temperature condition was implied for
assessing long-term storage. No noticeable/significant change in the
physical properties, gelation parameters (temperature, time), and
drug content of the optimized formulation was perceived during the
study period; indicating an exhibit of good stability by optimized in
situ gel formulation during the study period.

DISCUSSION

Infection is a substantial problem in managing wounds.
Antimicrobials can therefore play a significant part in wound healing
processes. Other elements of wound healing mechanism such as cell
migration and proliferation, angiogenesis and collagen synthesis are
also essential, which can contribute to restore damaged tissue.
Therefore, in addition to wound regeneration, a single compound
with  antimicrobial characteristics would be the finest
pharmaceutical product capable of enhancing the wound healing
method by distinct processes. It can boost cell reproduction,
migration, and collagen synthesis, thus stopping complications of the
injury, thereby enhancing the patient’s quality of life. Natural
polymers are commonly used in the sector of regenerative medicine
because of their biocompatibility, biodegradability and resemblance
to the extracellular matrix for wound healing.

Natural polymers are commonly used in the sector of regenerative
medicine because of their biocompatibility, biodegradability and
resemblance to the extracellular matrix for wound healing. Natural
polymers are engaged in repairing damaged tissues and
subsequently in skin regeneration by causing and promoting the
wound healing cycle. These typically consist of a polymeric network
that can comprise up to 96 % or greater water content. As a
consequence, they are referred to as 'hydrogels’, and their growing
capacity in water enables them to display an atmosphere that
resembles the extremely hydrated condition of natural bodies.
Although naturally based polymers are produced by batch-to-batch
differences and bad mechanical characteristics, they are also easily
accessible, cheap and simple to manufacture into hydrogels, making

them attractive decisions. Because of their three-dimensional cross-
linked polymeric networks immersed with water or biological
liquids, biomaterial hydrogels are used in the pharmaceutical and
biomedical region, particularly for wound management.

Tamarind seed polysaccharide indicated that they contain such
chemical components that can be used for rheological alteration and
wound healing applications in pharmaceutical products. There has
always been a quest for such ingredient or excipient that holds wound
healing properties along with the capacity to modify rheology.

The thermo sensitive gels were formulated, characterized and
evaluated for various parameters to confirm its in-situ gel
properties. The drug and excipient mixture showed the
characteristic peaks with no interaction when compared with FTIR
spectra and DSC thermograms. The viscosity and the gelation time of
hydrogel showed to be significant by ANOVA. The release of
doxycycline was prolonged up to 12 h due to the impact of Factor A
with the best fitted Peppas model compared to study a carried out
by Ning L et al considering thermosensitive hydrogel of
methylcellulose modified by stearic acid (MCS) the release studies
revealed that MCS hydrogel could exhibit a control release for 10 h
[28]. The optimized formulation was found to be clear, good
homogeneity with no microbial activity. The wound contraction of
albino rats was recorded at 4, 8, 12, 16 and 20 d. The excision wound
models treated with Doxycycline-TSP hydrogel showed rapid
healing capacity when compared with the control groups over a
period of time. Singh et al. has studied wound healing activity of the
ethanolic extract of leaves of Mimosa pudica Linn. belong to family
Mimisace, the extract-treated animals exhibited 73% and 92%
respective (5% and 10%w/w) formulations, reduction in the wound
area [30]. Budiman et al. results exhibited that their best formulation
of gel consisting of 2 % w/w of carboxymethyl cellulose (CMC) 1.1 %
w/w of Aloe vera extract, and 3 % w/w of Piper betle extract. The
gel preparation of Piper betle and Aloe vera extract could accelerate
burn healing, where the healing percentage on the 9th d (53+1.3 %)
is higher than the control (21+1.2%) as well as the erythema and
eschar, which is lower than the control [31]. Arif et al. experiments
exhibited the formulation containing 1 % of carbomer and 1.2 % of
Gynura segetum (GS) extract had the best physical stability. The gel
increased the rate of the healing process with decreased burn
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wound contraction (5.67 mm after 15 d) and the erythema than the
control (8.50 mm after 15 d) [32]. Our histological studies proved
that the skin of treated rats of group III was normal with fibrous
tissue, fibroblasts and collagen fibers with epithelization in
16.55£0.46 and 99.78+0.11% of healing. This concluded that
Doxycycline-TSP based in situ gel has significant wound healing
activity. The optimized gel was found to be stable at 5+3 °C and 252
°C/60+5% RH conditions for 6 mo without any significant changes
with respect to evaluation parameters.

CONCLUSION

The aqueous solution of TSP was unable to form a gel but GA along
with NaCl was able to induce the gelation of TSP. The GA-TSP gels
are completely thermoreversible. The viscoelastic behavior at
physiological temperature depended on the concentration of GA. A
strong viscoelastic gel was formed at body temperature in the GA-
TSP mixture containing 0.6% (w/v) GA. Formulation DT9 showed
significant wound healing property and it is comparable to control
group. Formulation DT9 treated group showed faster
epithelialization and greater rates of wound contraction. Estimated
quantities of the collagen, an important biochemical agent for wound
healing were found to be higher in treated wounds than the
controlled one as a result faster epithelialization was found with
higher tensile strength. Formulation DT9 showed no appearance of
turbidity and hence no evidence of microbial growth when
incubated for not less than 14 d. The adjustable properties of GA-
TSP gels simply by changing the concentration of GA would most
likely allow them to be developed into biomaterials for biomedical
applications in the near future.
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