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Abstract | Stability and shelf life of commodities are crucial aspect in product development in the field of
pharmaceutics, food, and other consumer goods. In today’s world, non-adherent bandages are essential for
reducing the pain and discomfort of people after surgery. In the present study, Cydonia oblonga mucilage was
used to prepare non-adherent wound dressing and its stability is determined by thermal analysis by using
advanced isoconversional method. Isoconversional method is used to determine kinetic triplet including
activation energy, pre-exponential factor and mechanism of thermal degradation. The prepared dressings were
subjected to thermal analysis. Thermogravimetric analysis showed that the degradation of wound dressing
occurs at 225°C - 400°C. Thus, the dressing was found to be stable up to wide ranges of temperature. Kinetics
of thermal degradation was also studied by model-free isoconversional analysis. Activation energy, pre-
exponential factor and decomposition mechanism model was determined by Starink method. The average
activation energy of Cydonia oblonga wound dressing with and without drug was 111 kJ mol*and 103 kJ mol™
respectively and the pre-exponential factor values are 236751615 s™ and 49975394 s respectively. The wound
dressing shows a distinct behavior of decomposition. Decomposition of wound dressing with drug followed
two-dimensional diffusion mechanism model and wound dressing without drug followed three-dimensional
diffusion mechanism. The value of kinetic parameters of wound dressing shows that both dressings with and
without drug are stable but if these are compared with one another then with drug wound dressing is more
stable as its activation energy is high.
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Introduction reported to be an ideal material to progress in many
fields because of its wide range of pharmacological

donia oblonga (CO) is locally known as a common  (antibacterial, anti-fungal, hepatoprotective, anti-
quince (Sharma ¢z 2/.,2007).Its different parts are  diarrheal, cardiovascular, diuretic, anti-inflammatory,
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hypolipidemic, antidepressant, and hypoglycemic
(Vaugham and Geissler, 1997; Kurian and Sankar,
2007; Rop et al., 2011; Ashraf ez al., 2016), industrial
(super-disintegrant, suspending agent, gelling agent,
binder) and clinical (wound healing property)
applications (Jaladat ez a/, 2015; Usher, 1974,
Komarov, 1968). In order to make its mucilage more
useful for the development in variety of applications,
it is important to study its thermal stability and
degradation behavior at different temperature ranges.
Different approaches exist for investigating thermal
effects, with thermo-gravimetric analysis (TGA) and
differential scanning calorimetry (DSC) standing
out as the prevailing thermo-analytical methods.
Isoconversional thermal analysis is a popular
technique these days to find out the activation energy
and stability of food and pharmaceutical products.

Niu ez al. (2017) isolated a novel heteropolysaccharide
(PMH) from the seed husks of Plantago asiatica.
Their findings indicated that PMH possesses
thermal stability, a unique structural composition,
and antioxidant properties, making it a promising
candidate for use in functional foods. Gozke and
Aciklin (2021) conducted a study on the pyrolysis
properties of sour cherry stalk and flesh using non-
isothermal thermo-gravimetric analysis at various
heating rates. Their findings revealed that the particle
size of the biomass and the obtained activation
energy values play a significant role in pyrolysis
kinetics. Moreover, this research suggested that sour
cherry stalk and flesh could serve as a renewable
resource for alternative energy production. Igbal e7
al. (2013) had determined isoconversional thermal
analysis of hydrogels from functional food for their
application in pharmaceutical industry and results
revealed that all the materials appear to be as stable as
some of the important commercial materials used as
pharmaceutical ingredients. Isoconversional methods
will also be important for biomedical applications
(Nosheen ez al., 2021). A careful survey of literature
reveals that no thermal degradation and stability
study has been reported till to date on CO mucilage
and its wound dressings.

In a previously published paper on wound healing,
a bandage for wound healing was prepared,
characterized, and reported in a publication (Massey
et al., 2022) that was less painful while removing it.
The patients used to bear a lot of pain on removal
of the previously commercially used bandages and

sometimes the patient is given anesthesia to remove
the bandage so that they may not face the painful
process. As compared to the previously used bandages,
the newly prepared bandage could easily be removed.
Surgical dressings and wound bandages are affected
by varying temperature and relative humidity and
moisture (Thomas, 2012). In this paper basically the
effect of varying temperature on different parameters
is considered. However, the gap was identified that
there was a need to determine stability and the shelf
life of that bandage. In this paper basically the effect
of varying temperature on different parameters is
considered. So that gap has been covered and reported
in this paper. The thermal characterization analysis
offers improved insights into the decomposition of
polysaccharide films and provides a means to assess
their stability by determining activation energy. The
highest activation energy Ea is an indicator of the

higher thermal stability (Jamaludin ¢z a/., 2017).

To determine the stability of CO wound healing
bandages, isoconversional method is used, which
demonstrate thermal behaviors and thermal
decomposition kinetics of wound dressings. The study
in this paper focuses on in-depth study of thermal
degradation profile i.e., activation energy (£ ), pre-
exponential factor (4) and degradation mechanism
model g(a) also known as kinetic triplet of the CO
mucilage wound dressing obtained from plant seeds.
These methods are accurate and considered to be
the quickest way to find out kinetic parameters for
complex reactions. By their use, it has become possible
to predict the life expectancy of solid materials under
isothermal conditions. TGA-DSC data obtained at
multiple heating rates is helpful for the determination
of activation energy, thermal stability, kinetic triplet,
thermally activated reactions and shelf life using
model based and model free isoconversional thermal
methods. In Model-based methods, conversions
(@) are reaction dependent and vary significantly in
their consistency and reliability. Numerous model-
free isoconversional methods (Simon, 2004) have
also been reported for the determination of E_from

TGA-DSC data that includes Flynn-Wall-Ozawa
(FWO) method (Niu e# a/.,2017; Mothe and Freitas,
2018), Kissinger-Akahira-Sunosei (KAS) method
and Starink (Starink, 2003).

In this paper Starink method is used for the
determinationof E being the mostaccurate ofallabove
methods. The £ in Starink method is determined
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from the slope of straight-line plot between /n(f/
7'%%) and 1/T. Starink equation (Equation 1) is an
optimized form of KAS equation.

In [i] = (Const- 1.008 Ea (1)
T 182 ' RT

'This method is newly derived and optimized, and its
accuracy is higher than other methods. The Flynn-
Wiall-Ozawa method is highly inaccurate and shows
around 10% deviation in activation energy while
Starink method shows less than 1% deviation in
activation energy.

Materials and Methods

Material

COseeds were procured from alocal market in Lahore,
Pakistan. Chemicals utilized were of analytical grade,
chitin (Sigma-Aldrich), and glutaraldehyde (Sigma-
Aldrich), and acetic acid (DAEJUNG). Ciprofloxacin
was provided by the Department of Pharmacy at
Forman Christian College (A Chartered University)
Lahore, Pakistan. Distilled water was used throughout
this research work.

Preparation of silver nanoparticles

Silver nanoparticles were prepared by Turkevich
method (Massey ez al., 2022; Rashid ez a/., 2013). 50
mL of AgNO, (0.001iM) heated to boiling. Then,
S5mL trisodium citrate (1%) was added dropwise
into it. The solutions were stirred vigorously and
heated until the color changed from colorless to pale
yellow. After color change, the silver nanoparticle
solution was cooled and recorded on UV/Visible

spectrophotometer (UV-1800, Shimadzu, Japan).

Preparation of wound dressings

For the preparation of wound dressings, lyophilization
technique was wused. Different protocols were
tollowed for preparing composite dressings and after
optimization, the finest one was selected, which was

prepared by the following method.

Chitin solution (1%) was prepared in acetic acid
(1%) and stirred for 7 hours at 25°C. Subsequently, a
measured quantity of CO was gently introduced into
the solution while maintaining constant stirring to
achieve thorough mixing and create a homogenized
mixture. Following this, silver nanoparticles were
incorporated into the reaction mixture and stirred

continuously. After that, glutaraldehyde (1%) solution
was added dropwise as crosslinking agent under
constant and fast stirring by using homogenizer.
Ultimately, the blend was transferred into petri
dishes, frozen overnight, and subsequently subjected
to lyophilization at -40°C for a duration of 48 hours.
Water is usually removed from perishable products
by a process called lyophilization, which prolongs
the shelf life of materials. Lyophilized items are
more stable than other products and are less prone to
deteriorate or lose their qualities over time.

To prepare drug-loaded composite dressings, a
0.0005% ciprofloxacin drug solution was introduced
into the aforementioned reaction mixture, followed
by lyophilization using a freeze dryer. Then the dried

wound dressing was subjected to thermal analysis.

Characterization
Thermogravimetric analyzer: Thermal analysis
of composite wound dressings was performed on

SDTQ600 (TAlnstruments, USA) at different

heating rates.

Thermogravimetric analysis

The composite wound dressing was analyzed at 5,
10, 15, 20°C min™ heating rates from ambient to
650°C under nitrogen atmosphere (100cm® min™) by
using alumina crucibles. TGA scans were obtained,
and data was analyzed using Universal analysis 2000

software, version 4.2E (TA Instruments, USA), MS

Excel® 2013 and isoconversional methods.

Isoconversional analysis

Isoconversional thermal analysis was performed using
the data at multiple heating rates. To calculate E
A, g(a) and stability of composite wound dressings,
isoconversional analysis was used along with Starink
equation as it was fast and convenient.

Thermal degradation kinetics

In this study, we examined the thermal degradation
kinetics of composite wound dressings made from CO
using the optimized Starink method. Degradation
mechanism, denoted as g(a) was determined through
the utilization of the master plot method as described
in Equation 2.In this method, straight-line plots were
generated by plotting the /n (6/7%%]) vs. 1/T with a
slope parameter (B) equal to 1.92. From the slope of

these plots, the Ea values were calculated.
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g(a) _ p(x)
5(05) ~pCae) "7

Where, x represents Ea/RT, p(x) = [~ e*/x* dx,
? (x,) and g (0.5) experimental and theoretical
decomposition models at conversion a=0.5,
respectively. The experimental and theoretical master
plots (Table 1) were calculated by plotting p(x)/p(x, )
and g(a)/g (0.5) verses a. P(x) integral was calculated
by using Starink Equation 3.

o (—1.0008%-0.312)

Px) =5 ~(3)

Pre-exponential factor 4 was obtained by use of
Equation 4.

Ind = a + bEa ...(4)

In Equation 4 2 and & are the compensation effect
relationship parameters, which were calculated by
using Coats-Redfern Equation 5 (Simon, 2004).

()5 )| & -

a

g(a) _
T:

In In

In Equation 5, T'is the average temperature. The g(a)
models were used to solve Equation 5 from the plot
of g(a)/T* verses 1/T, a set of kinetic parameters, 4
and E_is obtained. From the straight-line plots, the
parameters 2 and 4 were calculated from the intercept
and slope, between /n4 and E_ values obtained from
Equation 4.

Results and Discussion

'The TGA thermograms of wound dressings with and
without drug at 5,10, 15 and 20°C min™ heating rates
are shown in Figures 1 and 2. The major decomposition
can be observed in the range of 220-405°C apparently
in single step, while it may not be definitively true,
this can be confirmed through isoconversional
analysis, in which the Starink method is employed.
Isoconversional methods are useful for determining
kinetic triplets, comprising activation energy (Ea),
pre-exponential factor (4), and the decomposition
model g(a), which aids in assessing thermal stability.
Ea can be derived from TGA data at various heating
rates, calculated from the Arrhenius plot’s slope
(Figures 5 and 6).
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Figure 1: Thermograms of Cydonia oblonga simple wound dressing.
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Figure 2: Thermograms of Cydonia oblonga drug wound dressing.

The average activation energy for the primary
decomposition stages of CO mucilage wound
dressing, determined using the Starink method,
was found to be 103 k] mol?, while the average
activation energy for wound dressing with a drug was
111 kJ mol! (Table 2). The Ea value for the wound
dressing containing ciprofloxacin drug is 111 k] mol ™,
indicating greater stability compared to the drug-free
wound dressing. The Starink method determines the
activation energy (Ea) at various conversions (a). If
activation energy remains consistent with changes in
conversion (a), the decomposition is termed a single
step. Conversely, if activation energy varies, it signifies
a multi-step process. The gradual change in E was
observed all over the conversion (a). This suggests
that thermal degradation is a multi-step process.
TGA data provided temperature vs. conversion (7-
a) plots, as shown in Figures 3 and 4, illustrating
that conversion is influenced by the heating rate.
Decomposition mechanism models g(a) were
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Table 1: Various models used to describe solid state kinetics
(Igbal et al., 2013).

Chemical process mechanisms

No. Code Description Model Mechanism

1 Fis One-third order - (- Chemical reaction

2 Faa Three-quarter order I-(1- "™ Chemical reaction

3 Fi One and a half order (-2~ 1 Chemical reaction

4 F Second order 1oy -1 Chemical reaction

5 Fs Third order (1-a)y2-1 Chemical reaction

Acceleratory rate equations

6 Pix Mampel power law o’ Nucleation

7 Piz Mampel power law o2 Nucleation

8 Py Mampel power law o' Nucleation

9 Piu Mampel power law o't Nucleation

i rate i ion and growth

10 ALF Avrami-Erofeev equation  —In(1— ) Assumed random nucleation and its growth. =1
11 Ass Avrami-Erofeev equation  [-In(1- o)]** Assumed random nucleation and its growth. n=1.5
12 As Avrami-Erofeev equation  [~In(1- )] Assumed random nucleation and its growth. n=2
13 As Avrami-Erofeev equation  [~In(1-o)]'® A ssumed random nucleation and its growth. n=3
14 Ay Avrami-Erofeev equation [In(1- a)]"* Assumed random nucleation and its growth. n=4
15 A Prout-Tomkins equation Infa /(1- )] Branching nuclei

Decceleratory rate equations/Phase boundary equations

16 Ry, Fo, Py Power law o Contracting disk

17 Ra Fin Power law 1= (1-w)'? Contracting cylinder

18 Rs, Fas Power law 1-(1-a)'"? Contracting sphere

Diffusion mechanism cquations

19 D, Parabola equation o One-dimensional diffusion

20 D, Valensi equation a+(1=a)in(1-a)  Two-dimensional diffusion
21 D; Jander equation [1-(1- )" Three-dimensional diffusion, spherical symmetry
22 Dy Ginstling-Brounstein 1-2a/3—(1- @)**  Three-dimensional diffusion, cylindrical equation symmetry
23 Ds Zhuravlev, Lesokin, [(1= ay =1 Three-dimensional diffusion Tempelman equation
24 Dy Anti-Jander equation [(1+ @) =1 Three-dimensional diffusion
25 D, Anti-Ginstling-Brounstein 1+2a/3~(1+a)**  Three-dimensional diffusion Equation
26 Ds Anti-Jander equation [(+a)y 2177 Three-dimensional diffusion

Table 2: Kinetic triplet data of major decomposition
stage of wound dressings obtained from Cydonia oblonga
mucilage.

Starink E kJ g(o) A(s?)

method (mol™)

Wound dressing 103 k] [(1+a)%-1]* three- 49975394 57!
mol?  dimensional diffusion

Wound dressing 111 k] o+(1-o)ln(1-a) two- 2367516155

dimensional diffusion
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Figure 3: a vs. T(K) plots of Cydonia oblonga wound dressing.

determined through master plots constructed from
experimental data, offering the best correlation
between g(a)/g (0.5) and a. The experimental master
plots were independent of heating rates, confirming

that g(a) varies with a without any effect of heating
rates. A4 of the decomposition stages were determined
by compensation effect relationship and Coats-
Redfern equation. Although activation energy and
reaction kinetics are provided by isoconversional
methods, but they don’t give comprehensive insight
into the intermediate species involved in the process.
It takes experience to analyze the intricate data from
isoconversional method.
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Figure 4: a vs. T(K) plots of Cydonia oblonga drug wound dressing.
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Starink method is an optimized form of Kissinger-
Akahira-Sunose method (KAS). In this method slope
of plots /n(fp/ T%*?) vs.1/T (Figures 5 and 6) was used
to determine activation energy. The plots of £ vs. a
(Figures 7 and 8) shows multi-steps degradation of
both wound dressings. For determination g(a) model
plots of g(a) /g(0.5) vs. a (Figures 9 and 10) were
constructed. The results showed that decomposition
of Cydonia oblonga wound dressing followed three-
dimensional diffusion [(1+0)1/3-1]*> mechanism
and wound dressing with drug followed two-
dimensional diffusion o+(1-0)In(1-a) (Table 1). The
value of A determined by Starink method for CO
wound dressing was 49975394 s and for wound
dressing with drug was 236751615 s. The 4 and
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Figure 6: /n(p/T"") vs. 1000/T(K™) plots of Cydonia oblonga drug

wound dressing.
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Figure 7: Ea vs. plots Cydonia oblonga wound dressing.
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Figure 8: Ea vs. a plots Cydonia oblonga drug wound dressing.

g(a) models of major decomposition stages are given
in Table 2. The high value of pre-exponential factor
236751615 s which shows that the frequency of
molecules collision for wound dressing with drug
is higher as compared to the other wound dressing
of CO mucilage. It means that the wound dressing
with drug is more stable and long lasting. The kinetic
parameters of wound dressings under investigation
show that they can be used for applications where
greater thermal stability is required.
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Figure 9: Experimental and theoretical master plots of Cydonia
oblonga wound dressing.
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Figure 10: Experimental and theoretical master plots of Cydonia
oblonga drug wound dressing.

The expression [(1+a)% - 1]* is used to describe the
rate of reaction in systems where three-dimensional
diffusion plays a significant role. Three-dimensional
diffusion is associated with reactions occurring in
three dimensions of space, which can be important in
systems with diffusion-limited reactions, for example,
in certain catalytic reactions.

In the context of decomposition mechanism models,
such as g(a), a, represents the extent of the chemical
reaction. It’s value ranges from O (indicating no
reaction has occurred) to 1 (indicating complete
reaction or full conversion of reactants into products).
It is a measure of how much the reaction has
progressed (1 - a): This represents the fraction of the
reactant that has not yet reacted.

In the context of a decomposition mechanism
model, the expression a + (1 - a)In(1 - @) represents
a mathematical equation used to describe the
kinetics of a decomposition reaction, specifically
in the context of two-dimensional diffusion. Two-
dimensional diffusion is relevant when chemical
reactions occur in a system with surfaces, interfaces,
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on surfaces. In these cases, the movement of reactant
molecules is confined to two dimensions, and the way
they encounter each other can affect the reaction rate.
Even the two-dimensional diffusion mechanism also
proves that the wound healing bandage with drug is
better. Generally, different diffusion mechanisms in
wound dressings can significantly impact drug release
rates, which in turn affects the healing process. For
instance, a faster diffusion rate might be beneficial for
rapidly treating acute wounds, whereas a slower, more
controlled release could be advantageous for chronic
wounds that require sustained medication delivery
(Catanzano ez a/l., 2021). Recent studies have shown
advances in wound dressings, especially for diabetic
wound healing (Niu ez a/., 2023). Research suggests
that thermosensitive and antioxidant wound dressings
that modulate TGFB pathways may significantly
improve diabetic wound healing outcomes. It is
observed that these dressings reduce oxidative stress
in diabetic wounds by decreasing ROS and improving
antioxidant capacity, even without PTBR2I in the
hydrogel. Even in diabetic wounds with high glucose
levels, such dressings promote keratinocyte, fibroblast,
and endothelial cell migration and proliferation.
(Hawthorne ez a/., 2021).

The E , A and g(a) models of major decomposition
stages prove that both wound dressings with and
without drug are thermally stable and have good
shelf life but in thermal stability wound dressing
with drug is superior. In the context of stability and
shelf life, knowing the activation energy allows you to
predict how quickly degradation reactions will take
place. Products with higher activation energies are
more stable and have longer shelf lives because they
deteriorate more slowly.

Both wound dressings with and without drug were
found to be physically and chemically stable even after
three years of storage at room temperature (25°C). No
change in appearance was observed. Repeating the
TGA after three years, same activation energy and
pre-exponential factors were determined. The stability
of wound dressings, indicated by activation energy, is
a critical factor in their effectiveness. Dressings with
higher activation energies are generally more stable
and can maintain their integrity and therapeutic
effectiveness over a longer period, which is especially
important in settings where long-term storage is
necessary. For dressings containing drugs, the stability
also impacts the drug’s efficacy. A stable dressing

ensures that the drug is released at a consistent rate,
maintaining its therapeutic levels over the required
duration. This can be particularly beneficial in treating
chronic wounds where prolonged drug delivery is
crucial.

Conversely, dressings without drugs, while not
needing to account for drug release kinetics, still
require stability to maintain their physical properties
and protective functions over time. These dressings
might be more suitable in situations where the primary
requirement is physical wound protection or moisture
maintenance, rather than active drug delivery.

Conclusions and Recommendations

Activation energy, pre-exponential factor and
decomposition mechanism model of wound
dressing isolated from CO mucilage was studied by
isoconversional methods. The change in Ea values
at different degree of conversion showing that the
degradation of wound dressing is taking place in multi
steps. The Eavalues suggest that the dressing with drug
is highly stable. Decomposition of wound dressing
follows three-dimensional diffusion and wound
dressing with drug follow two-dimensional diffusion
model. This study shows that the wound dressing of
mucilage with and without drug follows different
decomposition mechanisms. When ciprofloxacin-
loaded wound dressing is compared to CO mucilage-
free wound dressing, the average Ea and pre-
exponential factor are higher. This indicates that the
drug-containing wound dressing is more stable, has a
longer shelf life, and can be used to create commercial
bandages that do not adhere to the wound.
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