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Optimized Teucrium polium topical cream improves wound closure in a rat excisional
model: A D-optimal design and RBF modelling approach
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Abstract: Chronic wounds require topical formulations that combine favorable physicochemical properties with measur-
able biological activity. In this study, a bio-based, oil-in-water cream containing Teucrium polium methanolic extract was
developed and optimized using a D-optimal design and a radial basis function (RBF) modeling approach. Three formula-
tion variables, extract content (X1), cetyl alcohol (X2), and shea butter (X3), were evaluated in relation to two responses:
spreadability (Y1) and wound closure on Day 7 (Y2). Predictive modeling was performed using an RBF network with
leave-one-out cross-validation (LOOCV), which provided an internal estimate of predictive performance (R training =
0.98-0.99; R? test = 0.95-0.96). Multi-response optimization identified an optimal formulation containing 8.0% extract,
1.5% cetyl alcohol, and 1.0% shea butter. Experimental confirmation yielded a spreadability of 54.8+0.9 cm?* and 84.1+1.2%
wound closure on Day 7. In the confirmatory in vivo comparison, a vehicle control, a positive control (Madecassol 1%),
and selected formulations were followed through Day 14. F6, F11, and F18 showed the most favorable macroscopic wound-
closure profiles, whereas F2 displayed a more moderate effect. These findings support the use of a multivariate optimization
strategy for the rational development of bio-based topical creams, while the biological interpretation remains limited to
wound closure under the tested conditions.
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INTRODUCTION symptomatic relief, phytochemicals may influence
inflammatory mediators, fibroblast activity, colla-
gen organization, and epithelial regeneration, all of
which are critical determinants of wound-healing
outcomes [4,5]. Within this context, the genus Teucrium
(Lamiaceae) has received growing interest in both
traditional medicine and modern pharmacological

research for its dermatological relevance [6].

Skin wound healing is a highly coordinated biological
process involving overlapping phases of hemostasis,
inflammation, proliferation, and remodeling. Effective
repair depends on the synchronized regulation of im-
mune responses, fibroblast activation, extracellular ma-
trix deposition, angiogenesis, and re-epithelialization.
Disruption of these events may result in delayed healing,

chronic wounds, or excessive scar formation [1-3].

Plant-derived bioactive compounds continue to
attract considerable attention in dermatological and
pharmaceutical research because of their structural
diversity and potential to modulate multiple pathways
involved in tissue repair. In addition to providing
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Teucrium polium L. is a Mediterranean and North
African aromatic plant widely used in folk medicine.
Available evidence indicates that T. polium contains
flavonoids, phenolics, and other bioactive constituents
supporting its relevance for topical pharmaceutical
development [6,7]. Experimental studies have provided
direct evidence of its wound-oriented biological activity,

How to cite this article: Melakhessou MA, Marref SE, Nadia K, Becheker I. 131
Optimized Teucrium polium topical cream improves wound closure in a rat

excisional model: A D-optimal design and RBF modelling approach. Arch Biol Sci.
2026;78(2):131-41.


https://orcid.org/0000-0002-9571-5484
https://orcid.org/0000-0001-7702-7461
https://orcid.org/0000-0003-1223-8297
https://orcid.org/0000-0002-2746-1312

132

including improvement of wound healing in diabetic
rats and additional support from phytochemical and
toxicity investigations [8,9].

Although clinical evidence remains limited, trans-
lational data are beginning to emerge. A randomized
triple-blind clinical trial reported improved episiotomy
wound healing with T. polium ointment compared with
control treatment, reinforcing the therapeutic promise of
this species and justifying further formulation-oriented
investigations [10]. However, despite this encouraging
pharmacological background, important gaps remain
in the pharmaceutical development of standardized and
stable semisolid formulations containing T. polium.

From a pharmaceutical development perspective,
semisolid topical formulations benefit from quality-by-
design approaches in which formulation variables are
systematically related to critical quality attributes and
intended product performance [11,12]. Recent work
has emphasized that the rational design of semisolid
dosage forms should integrate composition, micro-
structure, spreadability, texture, rheological behavior,
and cutaneous performance rather than rely solely on
empirical adjustment [13].

Accordingly, the present study aimed to develop
and optimize a bio-based, oil-in-water topical cream
containing Teucrium polium methanolic extract and
to evaluate its main pharmaceutical characteristics
together with its exploratory wound-healing perfor-
mance in a rat excisional wound model. We hypoth-
esized that a rationally optimized formulation could
improve wound closure while maintaining acceptable
spreadability and physical quality attributes. At the
same time, mechanistic interpretation was deliberately
kept cautious because macroscopic wound closure
alone does not fully establish the quality or mechanism
of tissue repair without complementary endpoints
such as histology, collagen remodeling, inflammatory
profiling, angiogenesis-related markers, and oxidative
stress assessment [2,14,15].

MATERIALS AND METHODS

Ethics statement

All animal procedures were conducted in accordance
with the ARRIVE 2.0 guidelines and the Guide for the
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Care and Use of Laboratory Animals. Ethical approval
was obtained from the Ethics Committee of the Pasteur
Institute, Algiers, Algeria, under approval voucher
number VB09887.

Plant material

Aerial parts of Teucrium polium L. were collected from
the Timgad area (Batna Province, northeastern Algeria).
The plant material was authenticated by a botanist from
the Department of Organism Biology, University of
Batna (Batna, Algeria). A voucher specimen was de-
posited in the herbarium of the same institution under
reference number UB-HB-TP-2024-001. The harvested
aerial parts were shade-dried at ambient temperature,
ground into a fine powder, passed through a 1.0 mm
sieve, and stored in sealed bags at 4°C until extraction.

Extraction of Teucrium polium

The extraction procedure was adapted from previously
published methods for Teucrium polium [19]. Briefly,
5 g of dried powdered aerial parts were mixed with 50
mL of methanol (1:10, w/v) and extracted by magnetic
stirring for 10 h at room temperature (25+1°C). The
mixture was filtered through Whatman No. 1 filter
paper, and the solvent was removed under reduced
pressure using a rotary evaporator to obtain the crude
dry extract. The dried extract was stored in airtight
containers at 4°C until phytochemical analysis and
formulation.

Phytochemical characterization of the extract

The methanolic extract was characterized by determin-
ing total phenolic content (TPC) and total flavonoid
content (TFC). Total phenolic content was measured
using the Folin-Ciocalteu colorimetric method, with
gallic acid as the reference standard, and the results
were expressed as mg gallic acid equivalents per gram
of extract (mg GAE/g extract). Total flavonoid content
was determined by the aluminum chloride colorimetric
method, using quercetin as the calibration standard,
and the results were expressed as mg quercetin equiva-
lents per gram of extract (mg QE/g extract) [20-22].
All measurements were carried out in triplicate and
are reported as mean+standard deviation.
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Formulation of the bio-based wound-healing cream

The composition of the bio-based, oil-in-water (O/W)
wound-healing cream is summarized in Table 1. Within
the experimental design, three formulation constituents
were treated as independent variables: X1, methanolic
T. polium extract; X2, plant-derived cetyl alcohol; and
X3, organic shea butter. All other ingredients were
kept constant across the experimental runs so that the
measured responses could be attributed specifically to
variations in X1-X3. The constant ingredients were
organic Aloe vera gel (5.0%), organic extra virgin olive
oil (4.0%), plant-derived stearic acid (3.0%), glyceryl
stearate citrate (2.0%), organic vegetable glycerin (3.0%),
tocopherol (0.5%), a COSMOS-compatible preserva-
tive system (1.0%), and purified water quantum satis
to 100% (w/w).

Table 1. Phytochemical characterization of the methanolic extract
of Teucrium polium.

Parameter Value
Total phenolic content (TPC) | 88.6+3.1 mg GAE/g extract
Total flavonoid content (TFC) 39.8+2.4 mg QE/g extract

TPC - total phenolic content; TFC - total flavonoid content; GAE - gal-
lic acid equivalent; QE - quercetin equivalent; SD — standard deviation.

Experimental design and optimization

A D-optimal design was used to evaluate the effects
of the three independent variables on formulation
performance. A total of 19 experimental runs (F1-
F19) were generated to investigate the influence of
extract concentration, cetyl alcohol, and shea butter
on the selected responses [23,24]. The investigated
factor ranges were as follows: X1, T. polium extract
(4-8%); X2, cetyl alcohol (1.5-2.5%); and X3, shea
butter (1.0-2.0%). Two dependent responses were
evaluated: Y1, spreadability (cm?), and Y2, wound
closure at Day 7 (%).

Determination of spreadability (Y1)

Spreadability was measured using the parallel-plate
method [25,26]. Briefly, 0.5 g of cream was placed
at the center of a glass plate, covered with a second
plate, and subjected to a 250 g load for 1 min. The
diameter of the spread circle (d, cm) was measured,
and the spreadability area (S) was calculated according
to Equation (1):
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S=nd?*/4 (1)

where S is expressed in cm®.
Animals and housing

Adult male Wistar rats (Rattus norvegicus), weighing
180-220 g, were obtained from the animal facility of the
University of Batna 2 (Batna, Algeria). Animals were
acclimatized for at least 7 days before the experiment
and housed under standard laboratory conditions
(22+2°C, 12 h light/dark cycle, controlled humidity)
with free access to standard diet and water ad libitum.

Animal study design and excisional wound model

The in vivo biological evaluation was organized as a
two-stage study. In accordance with the prespecified
outcome structure, Day 7 wound closure was used as the
primary optimization endpoint for the D-optimal/RBF
workflow. In the confirmatory stage, six experimental
groups were compared: vehicle control (base cream),
positive control (Madecassol 1%), and four selected
formulations (F2, F6, F11, and F18). Each group con-
tained six animals (n = 6), giving a total of 36 rats for the
confirmatory comparison. The selected formulations
were chosen to represent informative regions of the
formulation space: F2 as a lower-extract comparator,
F6 as the predicted optimum, and F11 and F18 as
high-extract formulations with different structuring-
excipient balances. Animals were allocated to groups
by simple randomization before wound induction, and
wound-area measurements were performed by an as-
sessor blinded to treatment allocation. Wound closure
was evaluated using a full-thickness excisional wound
model. Wounds were photographed on Day 0, Day 3,
Day 7, and Day 14 using a standardized imaging setup
with fixed camera-to-wound distance, perpendicular
orientation, constant illumination, and a calibration
scale placed in the same plane as the wound. Wound
area (WA, mm?) was quantified by digital planimetry
using Image] after scale calibration. Each wound area
was measured at least in duplicate, and the mean value
was retained for analysis [27].

The percentage of wound closure was calculated
according to Equation (2):
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% Wound closure = (WA, — WA)/WA,)x100 (2)

where WA, is the wound area at baseline, and WA, is
the wound area at time t [27].

Model development and validation

Model development and optimization were performed
using an RBF network applied to the D-optimal da-
taset (F1-F19). LOOCYV was used to assess predictive
performance on the available dataset. This approach
was used to maximize the use of the available observa-
tions and to obtain an internal estimate of predictive
performance [24,28]. The predictive performance of
the RBF model was evaluated using the coefficient of
determination (R?), root mean square error (RMSE),
and mean absolute error (MAE) for both training
and test conditions. Residual analysis was also used
to assess model adequacy. For validation of the op-
timized formulation, the predicted response values
were compared with experimentally observed means
obtained from triplicate preparations. RBF networks
were selected because they are well-suited for modeling
nonlinear relationships in relatively small experimental
datasets. Compared with traditional polynomial re-
gression models commonly used in response surface
methodology, RBF models can capture complex fac-
tor response interactions without requiring explicit
specification of the functional form. This flexibility
makes them particularly appropriate for formulation
optimization problems involving multivariate and
potentially nonlinear relationships.

Statistical analysis

All data are presented as meantstandard deviation
(SD). Statistical analyses were performed using IBM
SPSS Statistics 26, with the significance threshold set
at a = 0.05. For validation of the optimized formula-
tion, experimentally observed values were compared
with predicted values using a two-sided one-sample
t-test. For the confirmatory wound-closure experiment,
one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparison test was used to compare
treatment groups at each selected time point. Before
ANOVA, normality and homogeneity of variance were
assessed using the Shapiro-Wilk and Levene tests,
respectively. Day-7 wound closure was treated as the
predefined primary optimization endpoint, whereas
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Day-14 wound closure was interpreted as confirma-
tory follow-up in the selected groups.

RESULTS

Phytochemical characterization

The methanolic extract of T. polium showed relatively
high levels of phenolic and flavonoid compounds. The
total phenolic content was estimated at 88.6+3.1 mg
GAE/g extract, whereas the total flavonoid content
reached 39.8+2.4 mg QE/g extract. These data are
presented in Table 1.

RBF model performance and predictive ability

The RBF model showed high explanatory and predic-
tive performance for both responses within the studied
design space. For Y1 (spreadability), the error metrics
remained low and comparable between the training
and test sets (RMSE: 0.67 vs. 0.95 cm?; MAE: 0.53 vs.
0.76 cm?). For Y2 (wound closure at Day 7), the in-
crease in test error (RMSE: 0.90 vs. 2.02%; MAE: 0.72
vs. 1.61%) remained limited in absolute terms. The
detailed predictive performance metrics are provided
in Supplementary Table S2. Residual plots (Fig. 1)
showed an approximately random scatter around zero,
particularly for Y2, with no marked funnel-shaped pat-
tern, indicating a satisfactory model fit for prediction
within the investigated formulation domain.

Response-surface analysis

The response-surface contour plots (Fig. 2) illustrate
the combined effects of the three formulation factors
on Y1 and Y2. For Y1 (Fig. 2a, ¢), the highest spread-
ability values were observed at higher extract levels
(X1) combined with lower levels of the structuring/
lipidic components (X2 and/or X3). For Y2 (Fig. 2d,
f), the main response gradient was associated with X1
across the explored range, whereas X2 and X3 provided
a secondary non-linear modulation, particularly in
the X2-X3 interaction map (Fig. 2f). These patterns
indicate that both responses were influenced by the
combined variation of the formulation variables.
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Fig. 1. Predictive performance and residual diagnostics of the RBF model for Y1 (spread-
ability) and Y2 (wound closure on day 7). Panels (a-b) show observed versus predicted
values with the identity line; panels (c-d) show residuals versus predicted values.
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Experimental confirmation of
the optimum

The optimized formulation
(X1=8.0%, X2=1.5%, X3=1.0%)
was prepared in triplicate (n=3)
and experimentally evaluated for Y1
and Y2. The experimental means
were in close agreement with the
RBF predictions. For Y1, the pre-
dicted value (54.6 cm?) was close
to the observed value (54.8+0.9
cm?; p=0.88), corresponding to
a relative error of approximately
0.37%. For Y2, the predicted value
(84.4%) was close to the observed
value (84.1+1.2%; P=0.91), cor-
responding to a relative error of
approximately 0.36%. The detailed
predicted-versus-observed compar-
ison is provided in Supplementary
Table S3. Taken together, these find-
ings support the reliability of the
RBF-based optimization within the
investigated factor ranges.
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Fig. 2. Response surface contour plots of (Y1) spreadability and (Y2) wound closure at day 7 as functions of formulation factors.
Panels (a-c) show Y1 as a function of the factor pairs (X1, X2), (X1, X3), and (X2, X3) while holding the remaining factor constant;
panels (d-f) show the corresponding plots for Y2 (fixed-factor values indicated on each panel).
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Table 2. Wound closure percentages on Days 3, 7, and 14 in the control, positive control,
and selected Teucrium polium cream groups.

Arch Biol Sci. 2026;78(2):131-141

Table 3. Final product specifications of the opti-
mized cream.

Formulation Day 3 (%) Day 7 (%) Day 14 (%) Parameter Result
Control (base cream) 28.5+4.2° 52.0+5.1¢ 80.0+4.0° Appearance Homogeneous cream
Positive control (Madecassol 1%) 38.5+3.5° 74.0+2.8° 94.0+1.6° Odor Mild herbal odor
F2 (4% extract) 31.0+4.0° 60.5+3.6° 86.0+3.5 pH 5.6+0.1
F6 (8% extract) 45.5+3.2° 84.0+2.1* 97.0£1.1° Spreadability 54.8+0.9 cm?
F11 (8% extract) 43.0+3.6® 83.5+2.4* 96.5+1.2° Physical stability .
. . Compliant

F18 (8% extract) 41.043.8% 80.5+2.6" 95.0+1.5* (centrifugation, 24 h)

Values are expressed as mean+SD (n=6 per group). Values with different superscript letters within Wound closure (Day 7) 84.1£1.2 %

the same column are significantly different at p < 0.05 according to one-way ANOVA followed
by Tukey’s post hoc test.

Positive control
(Madecassol 1%) F2 F6 F1 F18

Control
(base cream)

Day 0

Day 3

Day 7

Day 14

Fig. 3. Representative macroscopic photographs illustrating wound healing progression
across different treatment groups at days 0, 3, 7, and 14. Rows correspond to time points,
while columns represent experimental groups (control, positive control, F2, F6, F11,
and F18). A progressive reduction in wound area is observed over time; the treated
groups, particularly the positive control (Madecassol 1%) and extract-based formula-
tions show enhanced wound contraction and tissue regeneration compared to the
base cream control. The most pronounced healing effects are evident at days 7 and 14.

(28.5+4.2%, c). By Day 7, the ranking be-
came more pronounced: F6 (84.0£2.1%),
F11 (83.5+2.4%), and F18 (80.5£2.6%)
formed the highest-performing group (a),
exceeding the positive control (74.0+2.8%,
b), F2 (60.5+3.6%, c), and the vehicle control
(52.045.1%, d). By Day 14, F6, F11, F18, and
the positive control reached similarly high
wound-closure values (group a), whereas
F2 remained intermediate (86.0+3.5%, b)
and the vehicle control remained the least
effective (80.0+4.0%, c). Overall, these data
indicate that the optimized high-extract for-
mulations, particularly F6 and F11, provided
the most favorable macroscopic wound-
closure response under the tested conditions

These results show that wound closure
remained formulation-dependent through-
out the confirmatory follow-up. Among
the tested creams, F6 and F11 consistently
showed the strongest performance, whereas
F18 remained intermediate, and F2 showed

Wound-healing kinetics and formulation ranking

Wound closure percentages for the vehicle control,
positive control, and selected formulations are presented
in Table 2. Day-7 wound closure was retained as the
predefined primary optimization endpoint, whereas
Day-14 measurements were collected as confirmatory
follow-up in the selected groups. At Day 3, F6 showed
the highest wound closure (45.5+3.2%, a), whereas
F11 (43.043.6%, ab) and F18 (41.0+3.8%, ab) occu-
pied an intermediate position. The positive control
(Madecassol 1%) reached 38.5+3.5% (b), while F2
(31.0+4.0%, c) remained close to the vehicle control

only moderate activity despite containing the botanical
extract. Representative photographs of wound appear-
ance at Days 0, 3, 7, and 14 are presented in Fig. 3 to
complement the planimetric assessment.

Final product specifications of the optimized cream

The optimized cream was homogeneous, had a mild
herbal odor, and met the centrifugation-based phys-
ical stability criterion over 24 h. Its pH (5.6£0.1),
spreadability (54.840.9 cm?), and Day 7 wound closure
(84.1£1.2%) were consistent with the experimental
confirmation of the optimized formulation. The final
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physicochemical characteristics of the optimized cream
are presented in Table 3.

DISCUSSION

This study supports a structured and resource-efficient
strategy for optimizing a bio-based T. polium topical
cream by jointly targeting a user-relevant attribute,
spreadability, and an efficacy-oriented endpoint, wound
closure at Day 7. This development logic is consistent
with quality-by-design principles applied to topical
semisolid products, in which formulation variables are
linked to critical quality attributes and intended in-use
performance rather than adjusted empirically [15-17].

From a formulation perspective, the simultaneous
optimization of spreadability and wound closure is justi-
fied because the performance of semisolid systems de-
pends strongly on microstructure, internal consistency,
yield behavior, film persistence, and physical stability
after application. These properties are influenced by
the balance between the dispersed and continuous
phases as well as by structuring excipients such as cetyl
alcohol and shea butter, which can modify rheological
behavior and practical spreading characteristics. In
topical emulsion-based semisolids, even relatively small
changes in excipient composition may alter stability,
sensorial properties, and in-use performance, which
supports their interpretation as critical material at-
tributes within a QbD framework [15,16,29].

Spreadability measured by parallel-plate methods
remains widely used in topical formulation studies be-
cause it provides a simple approximation of application
behavior. However, meaningful interpretation requires
careful reporting of protocol variables, including load,
time, plate geometry, and testing conditions, since
these parameters can substantially affect the measured
response. Accordingly, the spreadability values reported
in the present study should be interpreted within the
limits of the selected protocol rather than as universal
formulation constants [24,25].

The phytochemical characterization of the metha-
nolic extract showed appreciable total phenolic and
flavonoid contents, indicating that the selected botanical
material was chemically rich in classes of compounds
commonly associated with antioxidant and bioactive
potential. This observation is consistent with previous
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reports describing T. polium as a source of pheno-
lics, flavonoids, and related secondary metabolites
with possible pharmacological relevance [9,10]. At
the same time, these measurements provide only a
preliminary level of extract standardization. Because
no chromatographic profiling of the tested batch was
performed, the individual compounds responsible for
the observed activity remain undefined, and batch-
to-batch reproducibility cannot yet be discussed in
greater chemical detail [9,10].

Biologically, the improved wound closure observed
for the optimized and high-extract formulations is
plausible in light of prior work on T. polium. In par-
ticular, topical methanolic extract-based formula-
tions have previously been associated with improved
wound-oriented outcomes in experimental models,
and at least one study combined biological assessment
with polyphenolic profiling, thereby strengthening
the link between composition and activity [11,12].
Complementary evidence also exists for other T. polium-
based topical systems, including honey-based formula-
tions that improved wound repair-related parameters
in rats [13]. In the present study, the inclusion of both
a vehicle control and a positive control improved the
interpretability of the confirmatory in vivo comparison.

The optimization results also suggest that biological
performance was not governed by extract concentration
alone. Although the highest-performing formulations
contained 8% extract, differences among F6, F11, and
F18 indicate that excipient balance contributed to the
final wound-closure response. This interpretation is
supported by the response-surface analysis, which
showed that X2 and X3 exerted a secondary but non-
negligible modulation of Y2. Such behavior is expected
in semisolid formulations, where the vehicle does not
merely carry the active substance but also influences
residence time, film formation, hydration behavior,
and local availability at the wound surface [16,17].
The observed superiority of F6 and F11, therefore,
supports a multivariate optimization logic rather than
a simple single-factor maximization strategy [22,23].

Methodologically, the use of an RBF model with
LOOCYV is reasonable for a relatively small DoE da-
taset because it permits efficient use of the available
observations while providing an internal estimate of
predictive performance [23,27]. The close agreement
between predicted and experimentally observed values
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at the optimum further supports the utility of the
optimization workflow within the investigated fac-
tor ranges. However, internal validation should not
be interpreted as equivalent to independent external
validation. From a modeling standpoint, the robustness
of the optimization could be further strengthened by
confirming results on additional nearby formulations
or independent batches, ideally with uncertainty esti-
mates reported alongside predicted responses [23,27].

Despite these strengths, the biological interpreta-
tion of the present findings should be approached with
caution. Wound closure is a useful screening endpoint,
but in rodent excisional models, it may partly reflect
contraction rather than complete regenerative repair
[26]. Current wound-healing literature emphasizes
that a more informative biological assessment should
include re-epithelialization, collagen deposition and
remodeling, inflammatory cell infiltration, angiogen-
esis-related parameters, and oxidative stress markers
[30-34]. Without such complementary endpoints, the
present study supports improved wound closure under
the tested conditions, but does not fully establish the
quality or mechanism of tissue repair [26,32,33].

This point is important because current wound-
care research increasingly evaluates not only whether
wounds close, but also how they close. Biomaterial-
based and advanced wound-healing studies now place
considerable emphasis on immune regulation, redox
balance, vascularization, and matrix remodeling as
complementary indicators of repair quality. In that
broader context, the T. polium cream may be viewed
as a promising optimized prototype, but not yet as a
fully characterized mechanistic wound-healing system
[31,34,37].

Another limitation concerns the scope of the in
vivo design. The confirmatory arm was intentionally
focused on a selected subset of formulations and used
Day 14 as an extended follow-up endpoint rather than
as a second optimization target. This staged strategy is
appropriate for exploratory formulation optimization
because it allows the primary screening endpoint to
remain anchored to Day 7 while providing additional
biological confirmation in the most informative groups.
Even so, the in vivo study remains limited by the ab-
sence of histological analysis, mechanistic biomarkers,
and a broader external validation framework for the
predictive model.
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From a translational standpoint, the present for-
mulation strategy also fits within a broader movement
toward multifunctional wound-care systems that com-
bine bioactive plant-derived compounds with rational
carrier design. Recent reviews on plant extracts, natural
biomaterials, and smart wound platforms suggest that
future formulations will increasingly be expected to
integrate not only application quality and efficacy, but
also stability, responsiveness, and mechanistic trace-
ability [35,38-40]. In that sense, the present study may
serve as a useful intermediate step between empirical
herbal formulations and more advanced evidence-
based topical systems.

Overall, the workflow adopted in this study is
consistent with established multivariate optimization
practice in formulation development, where DoE sup-
ports efficient mapping of factor-response relationships
and facilitates multi-response decision making under
practical experimental constraints [22,23]. Within the
limits of the measured endpoints, the optimized T.
polium cream combined acceptable physicochemical
characteristics with improved wound-closure perfor-
mance in vivo. The study, therefore, provides a useful
formulation-development framework while also iden-
tiftying the phytochemical and biological extensions
needed for stronger mechanistic and translational
positioning [12,15,35].

CONCLUSIONS

The present study demonstrates that a bio-based, oil-
in-water topical cream containing Teucrium polium
extract can be successfully developed and optimized
using a data-driven strategy combining D-optimal
design and radial basis function modelling. The opti-
mized formulation showed satisfactory physicochemi-
cal characteristics, good spreadability, and improved
wound closure in a rat excisional wound model. The
confirmatory comparison against both a vehicle control
and a positive control strengthened the interpretation
of the selected formulations, and the Day-14 follow-up
supported the persistence of the wound-closure re-
sponse in the best-performing creams. The preliminary
phytochemical characterization of the extract indicated
appreciable levels of phenolic and flavonoid compounds,
but no chromatographic profiling was performed.
Because the biological assessment was limited mainly
to macroscopic wound closure, further investigations,
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including histological evaluation, collagen remodeling,
inflammatory markers, angiogenesis-related param-
eters, and oxidative-stress assessment, are required
to better elucidate the mechanisms underlying the
observed effects. Overall, the proposed multivariate
optimization workflow provides a practical framework
for the rational development of plant-based semisolid
topical formulations.
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SUPPLEMENTARY MATERIAL
Supplementary Table S1. Composition of the wound-healing cream used as the base formulation for the experimental
design (w/w). X1-X3 were varied as design factors; all other components were fixed; purified water was added g.s. to 100%.
No. |Ingredient (INCI/common) Function Content (% w/w)
1 | Teucrium polium extract (methanolic) Wound-healing active Variable (X1)
2 | Aloe vera gel (organic) Soothing; healing support 5.0
3 | Extra virgin olive oil (organic) Emollient; occlusive 4.0
4 | Cetyl alcohol (plant origin) Consistency agent Variable (X2)
5 | Stearic acid (plant origin) Co-emulsifier 3.0
6 | Shea butter (organic) Barrier repair; occlusive Variable (X3)
7 | Glyceryl stearate citrate Natural O/W emulsifier 2.0
8 | Vegetable glycerin (organic) Humectant 3.0
9 | Tocopherol (vitamin E) Antioxidant (oil phase) 0.5
10 | COSMOS-compatible preservative system Microbiological safety 1.0
11 | Purified water q.s. to 100% q.s.
Supplementary Table S2. Experimental variables and objectives
Independent variables Level 1 | Level2 | Level 3
X1: Teucrium polium extract (%) 4 6 8
X2: Cetyl alcohol (%) 1.5 2.0 2.5
X3: Shea butter (%) 1.0 1.5 2.0
Dependent variables Constraints
Y1: Spreadability (cm?) Maximum
Y2: Wound closure at Day 7 (%) Maximum
Supplementary Table S3. Experimental matrix and responses (F1-F19)
X1 | X2 | X3 Y1(cm?) | Y2 (% Day?7) X1 | X2 | X3 Y1(cm?) | Y2 (% Day?7)
F1 4.0 2.0 2.0 41.2 62.0 F11 8.0 2.0 1.5 51.0 83.5
F2 4.0 1.5 2.0 48.6 60.5 F12 4.0 1.5 1.0 56.1 61.4
F3 6.0 2.0 1.0 53.1 71.2 F13 4.0 2.5 1.5 49.1 59.8
F4 8.0 2.5 2.0 39.4 82.8 F14 4.0 2.5 1.0 55.0 60.9
F5 6.0 2.0 1.5 42.3 74.0 F15 4.0 2.0 1.0 47.6 61.0
F6 8.0 1.5 1.0 54.4 84.0 F16 4.0 1.5 1.5 49.6 60.7
F7 6.0 1.5 1.5 50.2 75.5 F17 8.0 2.0 2.0 51.2 81.0
F8 6.0 2.5 2.0 42.0 73.0 F18 8.0 1.5 2.0 50.6 80.5
F9 6.0 2.5 1.0 49.8 76.8 F19 8.0 2.5 1.5 50.1 82.2
F10 6.0 1.5 2.0 43.4 72.2
Supplementary Table S4. RBF model performance indicators
Response R” (training) | R? (test) | RMSE (training) | RMSE (test) | MAE (training) | MAE (test)
Y1 (Spreadability, cm?) 0.98 0.96 0.67 cm? 0.95 cm? 0.53 cm? 0.76 cm?
Y2 (Wound closure, Day 7, %) 0.99 0.95 0.90 % 2.02 % 0.72 % 1.61 %

Supplementary Table S5. RBF-predicted versus observed values for the optimized formulation

Response Predicted (RBF) Observed (n=3) P
Y1 (cm?) 54.6 54.84+0.9 0.88
Y2 (% Day 7) 84.4 84.1+1.2 0.91




