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ABSTRACT

ARTICLE INFORMATION

Gelatin-based films modified to contain thymol represent an exciting new bioactive
material class designed for advanced wound dressing applications. Thymol provides
favorable antioxidant and antimicrobial activity; however, we need a quantitative
understanding of its effect on the ability of gelatin films to bear a load, which will
enable the rational design of these products. The goal of this work was to develop a
physics-informed probabilistic modeling framework to predict and analyze the
mechanical properties (tensile strength (TS), elongation at break (EAB), and Young’s
modulus (E)) of thymol-loaded gelatin films as a function of thymol concentration (0—
8% w/w), using published experimental data. We fit exponential decay and saturating
functions to capture the concentration dependent trends, and used a Monte Carlo
simulation (5,000 trials) to quantify the uncertainty in the parameters and to estimate
the probability of meeting functional mechanical thresholds (TS > 1.5 N/m?, EAB >
155%, E > 2.0 MPa). Our work shows a fundamental trade-off effect: thymol provides
an increase in flexibility (EAB), yet at the same time diminishes the strength and
stiffness. The best range of thymol for the balance of performance is 2-4%, at which
the likelihood of meeting all three criteria is highest. This work offers a solid data-
backed foundation to modify the mechanical characteristics of bioactive gelatin films,
making it easier to create an effective nano wound dressing with antimicrobial
properties and structural stability.
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1. Introduction

Gelatin, a natural biopolymer, is obtained by controlled
hydrolysis of a fibrous insoluble protein called collagen, which is
found in an abundance of animal skin and bones. Gelatin is being
proposed as a promising biomaterial for a wound dressing because
of'its natural biocompatibility and biodegradability and capacity to
absorb wound exudates while providing a moist wound healing
environment [1]. An ideal moist wound dressing should have
several functional attributes: to protect against microbial infection;
control and absorb wound exudate and blood; keep the wound
hydrated; allow gas exchange; protect against thermal injury; and
be non-toxic, non-allergenic, comfortable to wear, and easy to
remove [2].

Although these beneficial characteristics exist, native gelatin
has no inherent antimicrobial activity, restricting its capability to
offer protection against wound infection. To enhance this
limitation, a variety of antimicrobial agents (for example, silver
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nanoparticles [3] and zinc oxide nanoparticles [4]), have been
added to gelatin matrices. More recently, natural bioactive
compounds, especially phenolic monoterpenes from medicinal
herbs, are gaining interest as safe and effective candidates for
boosts in antimicrobial activity in biopolymer-based dressings.
Thymol (2-isopropyl-5-methylphenol), a major component of
essential oils from plants in the genera Origanum, Thymus,
Coridothymus, Thymbra, Satureja, and Lippia, has long been used
as a natural food preservative [5]. Its broad-spectrum biological
activities, including antioxidant [6], antibacterial [7, 8], antifungal
[9, 10], and antiparasitic properties [11], are well documented.
Nevertheless, the full potential of thymol in advanced biomedical
applications, particularly in wound care, remains underexplored.
Mechanical performance is a key consideration for handling,
adhesion and durability in clinical settings of gelatin-based wound
dressings. Kavoosi and colleagues [12] assessed three important
mechanical properties (tensile strength [TS], elongation at break
[EAB] and Young's modulus [E]) based on ASTM D638-02a, and
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showed that cross-linking with glutaraldehyde (2%, w/w)
improved the mechanical properties of at least a subset of gelatin
films. For example, TS was increased from 2.9 N/m? (non-cross-
linked) to a more robust 4.0 N/m?; EAB increased from 57% to a
more favorable 125%; and Young's modulus was reduced from
10.7 MPA to a softer 8.7 MPA (P < 0.05). Thus, cross-linking
clearly improves gel strength and flexibility while also reducing
stiffness, all attributes desirable in conformable wound dressings.

The addition of thymol (1-8% w/w) to cross-linked films
resulted in a significant, concentration-dependent change in
mechanical behavior: TS was significantly reduced from 4.0 N/m?
(0% thymol) to 1.2 N/m? (8% thymol); EAB increased from 125%
to 170%; and Young's modulus decreased from 8.7 MPa to 1.8
MPa. This behavior is likely a function of thymol’s ability to
disrupt intermolecular bonding, such as hydrogen bonding and
hydrophobic interactions, between gelatin chains, potentially
reducing, or interfering with glutaraldehyde-mediated cross-
linking as well. Overall, the resulting network has less cohesion
(lower TS and E) but greater extensibility (higher EAB), an
apparent trade-off also observed in other essential oil-formulations
involving biopolymers (e.g., citrus oil in gelatin; [13]). However,
while the TS is reduced, the films maintained adequate mechanical
strength for use in the lab setting, but particularly at lower
concentrations of thymol (1-2%) while attaining increased
flexibility to accommodate the dynamic nature of wounds.

To facilitate rational design of such materials, this work
provides a computational modeling framework for predicting the
mechanical properties tensile strength, elongation at break, and
modulus of gelatin films loaded with thymol, as a function of
thymol concentration. By combining physics-informed empirical
models with Monte Carlo simulations, we quantify uncertainty in
model parameters, and we assess the likelihood of meeting
mechanical performance targets. Using a probabilistic approach,
we identify a desirable thymol concentration range that provides
some degree of antimicrobial function while maintaining the
mechanical properties necessary for viable nano wound dressing
applications.

where v is thymol concentration (% w/w), a (a’) represents the
initial contribution from the cross-linked network, b (b’) governs
the rate of decay due to thymol-induced disruption, and ¢ (¢’) is
the asymptotic residual strength/stiffness at high thymol loading.

The elongation at break (EAB) increases with thymol
concentration, indicative of greater chain mobility and flexibility
of the films. This saturating behavior is encapsulated by:

EAB =a" — b'e~" 3)

where a’’ is the maximum achievable elongation, b’ is the
initial deficit relative to the saturated state, and ¢’ controls the rate
of approach to the asymptote.

With the limited dataset of the experiment (five data points per
property), parameter estimates from the nonlinear regression
cannot reflect true uncertainty in estimates. To carefully track
uncertainty, we take a residual based Monte Carlo simulation
approach:

1. From the initial fit, we calculate the residual standard
deviation which offers an estimate for measurement
error and model error.

2. A synthetic dataset is created by adding Gaussian noise
to the original measurements (scaled by the residual
standard deviation).

3. The model is fitted to each synthetic dataset to produce
a distribution of estimates of the parameters {a, b, c, a’,
b’,c’.a”’, b, ¢’’}. These parameter ensembles are used
to produce prediction bands (95% intervals) and
probability maps to evaluate if the measurements exceed
user-defined threshold opportunities (e.g. TS > 1.5
N/m2, EAB > 155%, E > 2.0 MPa).

This probabilistic approach allows for sparse experimental
measurements to emerge as a design tool that provides useful
background risk towards defining optimal thymol concentration to
a balance of antimicrobial efficacy and mechanical reliability for
nano wound dressing applications. The approach mirrors modern
ideas about biomaterials engineering where uncertainty
quantification is necessary for operability.

2. Materials and methods

The mechanical characteristics of wound dressings prepared
with biopolymer-based polymers are determined by the
interactions of polymer chains and the crosslinking density of the
polymer, in combination with the addition of bioactive additives.
In the case of gelatin films, the scaffolding within the material has
a native network stabilized by weak noncovalent interactions,
specifically hydrogen bonding and hydrophobic interactions.
Consequently, the material has lower overall mechanical
properties. Using crosslinking agents like glutaraldehyde
introduces covalent bonds between gelatin chains, which improves
mechanical properties. However, the addition of a hydrophobic
bioactive like thymol disturbs both the native gelatin network and
the glutaraldehyde crosslinking, and this results in an alteration
within the mechanical properties of the gelatin film.

In order to quantify these effects we will use physics-informed
empirical models that are built off of observations from
experimental data [12]. Tensile strength (TS) and Young's
modulus (E) both monotonically decrease with increasing thymol
concentration. This is in accordance with the loss of cohesive
strength within the polymer matrix. This can be modeled using the
following exponential decay function:

TS(v) = ae™® 4+ ¢ Q)

b'v

EWw)=a*" "+ 2)

3. Results and discussion

The mechanical behavior of gelatin films loaded with thymol
was quantitatively modeled using physics-informed empirical
functions fitted to experimental data from [12]. The resulting
models predict, with high fidelity, the concentration-dependent
evolution of tensile strength (TS), Young's modulus (E), and
elongation at break (EAB):

TS(v) = 2.73e~181 + 1.26 @)
EW) =671¢""" + 1.98 ()
EAB = 170.268 — 43.84¢~041% (©6)

where v is thymol concentration (% w/w). TS and E both
showed that, overall, they decline rapidly in an exponential manner
as more thymol is added (Fig. 1A, 1C). Knowing that at 0% thymol
the model estimated TS to be approximately 4.00 N/m? and E ~
8.70 MPa is an appropriate approximation to the experimental
values for cross-linked gelatin films found in the literature [12].
Yet, with just 1% thymol, TS is reduced by almost 50% to ~ 1.7
N/m? and ~ 70% to ~ 2.4 MPa. This change may be explained by
thymol interfering with cross-linking via glutaraldehyde and acting
to disrupt hydrogen bonding and hydrophobic interactions between
gelatin chains. The smaller b factor of E, (b=2.720) compared to
TS (b=1.801) likely indicates to the stiffness of the film being more
sensitive to the incorporation of thymol than ultimate strength, and
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is consistent with the expected plasticizing behavior of
hydrophobic phenolic compounds within biopolymer matrices. In
contrast, EAB increases monotonically with thymol concentration,
from =126% at 0% thymol to ~170% at 8% (Fig. 1B). The
saturating model demonstrates a finite upper limit of chain
extensibility, likely dictated by the inherent flexibility of the
gelatin-thymol network, which correlates with the diminishing
intermolecular cohesion: once thymol permeates the rigid cross-
linked structure the polymer chains experience greater flexibility
and thus greater ductility. Thymol continued to enhance flexibility
at a slow saturation rate (c = 0.419), resulting in greater flexibility
at higher thymol loadings and the films being more conformal for
wound coverage. In summary, these results present an evident
mechanical tradeoff: thymol increased flexibility (increase in
EAB) at the detriment of mechanical integrity (decrease in TS and
E). This corroborates reports from the literature referring to
essential oil-biopolymer film [13]. For wound dressing
applications, there needs to be a balance to take into account
comparable strength for handling qualities, stiffness to maintain
shape, and high elongation for the mobility of someone's tissue.
Based on the models developed we define 2-4% thymol as the
optimum window whereby TS is above 1.3 N/m? (sufficient to
handle), and E is at or above 2.0 MPa (approximately no structure
rigidity). E stays at or above 2.0 MPa (allowing little structural
rigidity), and if EAB surpasses 150% (indicating excellent
conformability). Once thymol is too high (greater than 4%), E
drops sharply (<2.0 MPa) which may relate to the structural failure
of the film during application, rather than further enhancements in
flexibility.

The fitted models reproduce all experimental data points [12]
with overall coefficient of variation of 8%, confirming their
validity, therefore providing evidence for the model's credibility.
Further, all functional forms are physically meaningful: the
exponential decay represents the continual fracture of the gelatin
network, while the saturating EAB curve model captures the limit
where molecular chains cannot further contribute to an increase of
EAB. These models provide a predictive means for modifying
mechanical properties with respect to thymol concentration and
facilitate the targeted design of gelatin-based nano wound
dressings with desired mechanical properties. Collectively, thymol
functions as a dual-use additive, imparting both antimicrobial and
antioxidant properties [12] while altering mechanical properties.
The quantifiable relationships established in this chapter will allow
for multi-objective optimization of future bioactive wound
dressings.

The Monte Carlo simulation framework was used to measure
uncertainty in the prediction of the mechanical properties of
thymol-loaded gelatin films and to assess the probability of
exceeding unknown thresholds of each mechanical property in
order to exhibit helpful function as a wound dressing material.
Across factors of concentration, we can see clear differences for
tensile strength (TS), Young's modulus (E), and elongation at
break (EAB), which shows a tradeoff between integrity and
flexibility of the films as desirable properties for WDs.

Fig. 2 shows the probability of exceeding a TS threshold of 1.5
N/m? as a function of the concentration of thymol in gelatin.
Initially at 0% thymol, the model predicts nearly 100% probability
(P > 0.99), which aligns with our experimental observation that
cross-linked films with 0% thymol had the highest TS as measured
(4.0 £ 0.4 N/m?). This probability quickly declines after 1.2%
thymol, becoming almost negligible by 1.6% Thymol. However,
across all parameters measured we see that the addition of thymol
disrupts the gelatin network disrupting intermolecular cohesion
and crosslinking functionality. Therefore, if a mechanical property
requires strong handling strength, we suggest that thymol loading
should be limited to below 1.2% concentration.

The probability of E exceeding 2.0 MPa is illustrated in Fig. 3.
Similar to TS, at low thymol concentrations (< 1.5%) the
probability asserted high (>0.95) and decreased steadily with
increased thymol loading. At 8% thymol, the probability leveled
off to around 40%, suggesting that when most films will have E
<2.0 MPa there are still significant number of films that may
demonstrate sufficient rigidity in certain contexts. This means that
some formulations for applications may still hold some structural
rigidity with greater thymol loadings.

(a) Tensile Strength vs Thymol (Cl)
4.0 ® Data
= Best fit
35 95% Cl
£
zZ
30
=)
8
525
°
2
8 20
15
Py
®

o

2 3 4 5 6 7 8
Thymol concentration (% w/w)

b Young's Modulus vs Thymol (Cl)
( ) ° @ Data
8 = Best fit
95% ClI
g7
<
X
=
3
=5
»
=
S4
2
3
2 = ?
0 1 2 3 4 5 6 7 8
Thymol concentration (% w/w)
EAB vs Thymol (Cl)
(c) ® Data
1701 | Best fit
95% ClI
= 160
=
]
4
@ 150
]
<
S
S 140
2
S
w
130
120
0 1 2 3 4 5 6 7 8

Thymol concentration (% w/w)

Fig. 1. (a) Tensile strength (TS), (b) Young’s modulus (E), (c), Elongation
at break (EAB) of cross-linked gelatin films as a function of thymol
concentration (% w/w). Experimental data (mean + SD, n > 3) [12] are
shown as black circles. The red solid line represents the best-fit
exponential decay model.

Probability of TS exceeding threshold

Jo]

0.8

0.6

P(TS>1.5)

0.4

0.2

WIS

o 1 2 3 4 5 6 7 8
Thymol concentration (% w/w)

Fig. 2. Probability of tensile strength (TS) exceeding 1.5 N/m? as a
function of thymol concentration (% w/w).
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Fig. 3. Probability of Young’s modulus (E) exceeding 2.0 MPa as a
function of thymol concentration (% w/w).

Different from TS and E, Fig. 4 demonstrates that the
probability of EAB exceeding 155% increases rapidly as thymol
concentration increases, and is nearly certain (P > 0.99) by 2.5%
thymol. Experimental data corroborate this result, with EAB
increasing from 125% at 0% thymol to 170% at 8% thymol.
Thymol increases chain mobility and plasticity which make the
films more extensible, position them well for conforming to
irregular wound surfaces.
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Fig. 4. Probability of elongation at break (EAB) exceeding 155% as a
function of thymol concentration (% w/w).

The probabilistic curves generated in the above create a
powerful method for rational design. For example, if a wound
dressing seeks: High tensile strength (TS > 1.5 N/m?) and moderate
stiffness (E > 2.0 MPa), then a concentration of thymol would be
optimal at ~1.0 — 1.2%. If high flexibility (EAB > 155%) with
adequate strength, a concentration of thymol can be maintained at
~2.0 — 3.0%, while if there is a premium on maximum
antimicrobial properties (moving higher with increasing amounts
of thymol), a concentration >4% is required, but with a lowered
amount of both TS and E. This research shows that thymol was a
strong modifier of mechanical behavior, allowing tunable film
properties by controlling dosage. The Monte Carlo method reduces
few experimental data to effective guidelines to keep in mind when
designing. This work provides a consideration for the design of
next-generation nano wound dressings, with a focus on the trade-
off between bioactivity and mechanical performance.

4. Conclusion

This study presents modeling and probabilistic evaluation of
the mechanical properties of thymol-loaded gelatin films, based on
data reported exclusively by Kavoosi et al. [12]. Physically-
informed empirical models scientifically collected and fitted, and
which decay exponentially for both tensile strength and Young’s

modulus, and saturating, with respect to elongation at break,
indicate how thymol affected the mechanical properties of the
films. Monte Carlo simulation supported a clear mechanical trade-
off: thymol improved gum films flexibility (increased EAB) at the
same time reduced structural strength (decreased TS and E), by
dislocating interaction between gelatin chains and partially
inhibiting glutaraldehyde crosslinking. The probabilistic analysis
of the films further quantified a range for which ~2-4% (w/w)
thymol concentration provided the greatest likelihood of tensile
strength > 1.2 N/m’, elongation > 150%, and stiffness > 2.0 MPa.
The 2-4% (w/w) range also provides for maximum bioactive
properties of thymol and its reportedly antioxidant and
antimicrobial properties, whilst also having requisite mechanical
properties for functional wound dressing. Overall, the results
developed through this modeling and probabilistic analysis form a
risk-aware, quantitative design method to further gelatin-based
nano wound dressings.

The probabilistic analysis identified an ideal range of thymol
concentrations (2-4% w/w) that maximizes the chances of
achieving mechanical target values for tensile strength (> 1.2
N/m?), elongation (>150%) and stiffness (> 2.0 MPa) concurrently.
This concentration range is a balance of the bioactivity of thymol
and its demonstrated antioxidant and antimicrobial activity with
the mechanical performance needed to take the form of a
functional wound dressing.

These findings provide a quantitative, risk-informed design
framework for the formulation of gelatin-based nano-wound
dressings. By designing the mechanical performance with a
predictable dose of thyme essential oil, it expresses the basis for
rational engineering of bioactive films with therapeutic effect and
mechanical robustness. Future work should use these mechanical
models in tandem with in vivo performance models to ascertain
their clinical translatability.
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