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Abstract

Purpose Periorbital dark circles and edema are frequent cosmetic concerns that contribute to an older and fatigued appear-
ance, thereby diminishing self-esteem and overall quality of life. Conventional topical regimens are often limited by the
low stability, poor aqueous solubility, and insufficient epidermal penetration of many active compounds. To address these
problems, we developed and characterized nanoemulgel (NEG) formulations utilizing standardized extracts of Glycyrrhiza
glabra (G. glabra) and Aesculus hippocastanum (A. hippocastanum). These formulations were designed as multifunctional
topical platforms with potential relevance to both pigmentation-related and edema-associated periorbital concerns.
Methods Oil-in-water nanoemulsions (NEs) were prepared by ultrasonication using Quillaja saponin alone or combined
with Kolliphor® P188 and subsequently gelled with xanthan gum. Physicochemical properties (droplet size, polydispersity
index (PDI), zeta potential, pH, viscosity, and conductivity) and stability were evaluated. Antioxidant (DPPH, ABTS), anti-
inflammatory (lipoxygenase inhibition), and anti-tyrosinase activities were assessed.

Results Among the generated NEGs, two formulations exhibited distinct physicochemical profiles. The saponin-based for-
mulation F3P2 exhibited a droplet size of 142.70+1.90 nm, a PDI 0f 0.184+0.01, and a markedly negative zeta potential of
—59.0+3.3 mV, signifying strong electrostatic stabilization. In contrast, the hybrid formulation F6P2, which integrates sapo-
nin with Kolliphor® P188, demonstrated a reduced droplet size of 136.48+ 1.8 nm, a decreased PDI of 0.102+0.00, and a
zeta potential of —46.8+2.5 mV, indicating improved size uniformity. Both formulations exhibited stability at the nanoscale
(<200 nm) throughout accelerated and three-month stability evaluations. F6P2 showed the most favorable overall biologi-
cal profile among the tested formulations, demonstrating pronounced antioxidant properties (DPPH ICso = 22.65 pg/mL;
ABTS ICso = 10.42 pg/mL), along with 80.11+0.04% inhibition of lipoxygenase and 76.9+0.03% inhibition of tyrosinase
at a dosage of 20 pg/mL.

Conclusion The developed NEGs loaded with G. glabra and A. hippocastanum demonstrated robust nanoscale stability
together with notable antioxidant, anti-inflammatory, and anti-tyrosinase activities. The findings indicate that both biosur-
factant-based and hybrid surfactant systems can be strategically tailored to balance colloidal stability and biological perfor-
mance. Their potential as innovative dermocosmetic platforms for periorbital concerns is supported by their multifunctional
relevance to pigmentation- and edema-associated pathways, warranting further in vivo evaluation.
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Introduction

Under-eye edema and periorbital hyperpigmentation (POH)
are common aesthetic concerns that negatively affect
patients’ quality of life and result in a fatigued appearance
[1]. These conditions have a complex etiology that includes
vascular congestion, excessive melanin deposition, genetic
predisposition, skin thinning, and lifestyle factors like stress
and lack of sleep [2]. The periorbital area is one of the most
delicate facial regions, where even minor changes can sig-
nificantly affect appearance [3]. Currently, prescribed treat-
ments may include the application of topical depigmenting
agents (e.g., hydroquinone, kojic acid), chemical peeling,
laser therapy, as well as injectable fillers and surgical inter-
ventions. Many such techniques have well-documented
limitations, including skin irritation, rebound hyperpigmen-
tation, and limited efficacy against underlying vascular or
structural causes [4]. Conventional depigmenting topical
formulations are often limited by poor aqueous solubility,
chemical instability, and insufficient skin penetration of
active substances [5, 6]. Hence, novel skin delivery systems
are urgently needed to improve the stability and bioavail-
ability of bioactive agents for periocular application [7].
Herbal extracts are increasingly used as safer alter-
natives for artificial depigmenting agents. Commonly
referred to as licorice root, Glycyrrhiza glabra (G. gla-
bra) is rich in glabridin, a flavonoid that has been shown
to have potent anti-inflammatory and antioxidant effects,
inhibit tyrosinase, and reduce the production of melanin.
Therefore, this compound shows significant potential as
a treatment for photoaging and hyperpigmentation [8, 9].
Similarly, Aesculus hippocastanum (A. hippocastanum), or
horse chestnut, contains escin, a saponin with well-estab-
lished venotonic, anti-inflammatory, and antioxidant ben-
efits. This compound has been demonstrated to enhance
microcirculation and alleviate edema in conditions related
to periorbital and venous insufficiency [10-12].
Nanoemulgel (NEG) formulations have recently
gained prominence in cosmeceutical research because of
their high drug-loading capacity, enhanced skin penetra-
tion, and superior physicochemical stability [13]. Their
biphasic nature combines the benefits of gels and nano-
emulsions (NEs), allowing bioactives to penetrate the
skin more deeply while still being easily applied topically
[13]. Notably, previous studies have shown that the incor-
poration of natural biosurfactants such as Quillaja saponin
increases biological activity and emulsification efficiency,
thus expanding the potential of NEG systems [14].
Recent studies indicate that NE-based technologies
serve as effective vehicles for delivering depigmenting
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agents and improving their dermal efficacy; however,
their application in POH has not yet been systematically
investigated. Quercetin-loaded olive oil NEs demonstrate
significant antioxidant activity (92%) and tyrosinase
inhibition (56%), indicating their potential in modulating
melanogenesis [15]. Similarly, azelaic acid-loaded NEs
have demonstrated enhanced skin penetration and depig-
menting efficacy, validating their application in hyper-
pigmentary skin disorders [16]. In vivo studies validate
this approach, since NEs containing Artocarpus incisus
extract significantly reduced UVB-induced hyperpig-
mentation in murine models [17]. Kojic monooleate-
based NEs have been recognized as efficient vehicles for
skin-lightening purposes, due to their ability to enhance
the solubility and delivery of active compounds [18].

Despite these encouraging findings, current literature
predominantly focuses on general hyperpigmentation and
melasma, whereas studies specifically targeting the peri-
orbital region are scarce. Recent comprehensive reviews
on POH therapy notably fail to acknowledge NEs as
either a novel or established therapeutic option, hence
highlighting this gap in the literature [9, 19].

Given the need for topical systems that can improve
dermal delivery while maintaining formulation stability
and ease of application in the delicate periorbital region,
NEG-based approaches emerge as a rational formulation
strategy.

Accordingly, although interest in NE-based dermo-
cosmetic systems and plant-derived depigmenting agents
is increasing, no previous study has systematically inte-
grated G. glabra and A. hippocastanum extracts into a
NEG platform aimed at addressing both POH and edema
at the same time. Furthermore, while natural surfactants
like Quillaja saponin have been studied in food and phar-
maceutical NEs, their comparative assessment against
hybrid biosurfactant—synthetic systems in dermocosmetic
NEGs is still limited. On this basis, this study explores a
formulation design strategy by comparing saponin-based
and hybrid surfactant systems, linking physicochemical
stability with multifunctional biological performance. By
integrating physicochemical stability assessment with
antioxidant, anti-inflammatory, and anti-tyrosinase eval-
uations, this work provides new insights into the rational
design of multifunctional NEG systems for delicate peri-
orbital applications. Therefore, the novelty of this study
lies in the integration of two plant extracts within a single
NEG platform together with a systematic comparison of
biosurfactant and hybrid surfactant systems, establishing
a direct link between interfacial design and multifunc-
tional dermocosmetic performance.
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Materials and Methods
Materials

Quillaja saponaria saponins (Q-Naturale® 200 V, Ingredion
GmbH, Germany) and Kolliphor® P 188 (Sigma-Aldrich,
Germany) were used as surfactants, and Transcutol® HP
(Gattefossé, France) was used as a co-surfactant. The oil
phase contained caprylic/capric triglyceride (MCT; Croda,
Tiirkiye) and Sensiva™ PA 30 (Ashland, Tiirkiye). DL-a-
tocopherol acetate (Sigma-Aldrich, Germany) was added as
an antioxidant. Xanthan gum (Vanzan® NF-C, Vanderbilt
Minerals, USA) was used to formulate the gel. Reference
standards of glabridin (Cayman Chemical, USA) and aescin
(Sigma-Aldrich, Germany) were used for HPLC quantifica-
tion. Distilled water (Merck Millipore, Germany) was used
throughout the experiments. All the rest of the excipients
were of analytical grade.

Distilled water was supplied by a PureLAB UV/UF Ion-
pure distillation system (USA). Filtration was performed
using Whatman No. 1 filter papers (Cytiva, UK). Rotary
evaporation was carried out using a Buchi Rotavapor R-100
(BUCHI Labortechnik AG, Switzerland). Extracts were
freeze-dried using a Christ Alpha 1-4 LSC lyophilizer
(Martin Christ, Germany). Formulation steps were per-
formed using a VCX 750 probe sonicator (Sonics & Materi-
als Inc., USA) and a WiseStir HS-100D mechanical stirrer
(DAIHAN Scientific Co. Ltd., South Korea). Centrifugation
procedures employed a Niive NF-series centrifuge (Niive
San. Malz. Im. ve Tic. A.S., Tiirkiye). Accelerated thermal
stability assessments were performed using a WiseBath
water bath (DAIHAN Scientific Co. Ltd., South Korea).
Refrigerated storage was performed using an Indesit labora-
tory refrigerator (Italy). Accelerated and controlled stabil-
ity studies were conducted inside a Niive climate chamber
(Niive San. Malz. im. ve Tic. A.S., Tiirkiye). Droplet size,
polydispersity index (PDI), and zeta potential were mea-
sured using a Zetasizer Nano ZS (Malvern Instruments,
UK). pH and electrical conductivity values were obtained
using a Hanna Edge multiparameter meter (Hanna Instru-
ments, USA). Viscosity measurements were performed
with a Brookfield DV3T viscometer (AMETEK Brookfield,
USA), while texture profile analysis was carried out using
a CT3 Texture Analyzer (AMETEK Brookfield, USA).
UV-Vis absorbance measurements were conducted using a
Shimadzu UV-1800 spectrophotometer (Shimadzu, Japan).
High-performance liquid chromatography (HPLC) analy-
ses were performed using an Agilent 1100 system equipped
with an ultraviolet—diode array detector (UV-DAD detector)
(Agilent Technologies, USA).

Preparation of Standardized Plant Extracts
Plant Identification and Voucher Information

The fruits of 4. hippocastanum were collected from mature
trees located in the botanical garden area of Istanbul Uni-
versity. Botanical authentication was performed by Assoc.
Prof. Dr. Ayse Esra Karadag, Department of Pharmacog-
nosy, Faculty of Pharmacy, Istanbul Medipol University,
based on macroscopic diagnostic characteristics consistent
with the European Pharmacopoeia monograph. The roots of
G. glabra were obtained from a local herbal market (Istan-
bul, Tiirkiye). The crude drug was identified according to its
characteristic morphological features described in the Euro-
pean Pharmacopoeia. A laboratory voucher specimen repre-
senting both plant materials was prepared and deposited in
the Pharmacognosy Department collection, Faculty of Phar-
macy, Istanbul Medipol University, under the voucher code
NEG-GG-AH-2025, for future reference.

Extraction

Powdered plant materials were accurately weighed and
extracted with 80% methanol by continuous shaking for
24 h at room temperature. Following extraction, the sus-
pensions were passed through Whatman No. 1 filter paper,
and a rotary evaporator was used to concentrate the filtrates
under reduced pressure. The concentrated extracts were
stored at — 80 °C until further analysis. Finally, the extracts
were lyophilized using a Christ Alpha 1-4 LSC lyophilizer
(Martin Christ, Germany) for 48 h to obtain completely
dried residues, which were subsequently used for analytical
and biological experiments. This procedure follows previ-
ously reported methods for the preparation of standardized
plant extracts [20, 21].

HPLC Analysis of Plant Extracts

The chemical profiles of G. glabra and A. hippocastanum
extracts were determined using a HPLC system equipped
with a UV-DAD. Chromatographic separation was car-
ried out on a C18 reversed-phase analytical column (250
x 4.6 mm, 5 pm; Agilent Technologies, USA) under iso-
cratic conditions, with specific mobile phases and detec-
tion wavelengths optimized for each marker compound.
The phytochemical analysis was performed quantitatively
using external calibration curves of the reference standards
(glabridin and aescin). Linearity was confirmed within the
tested concentration range (0.1-0.5 mg/mL), with correla-
tion coefficients (R?) greater than 0.99. Quantification of the
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marker compounds was conducted to ensure batch-to-batch
consistency and quality control of the raw plant materials
prior to formulation development. All samples were filtered
through a 0.45 um membrane filter prior to injection. The
quantitative determination of glabridin and aescin was per-
formed using previously validated HPLC methods reported
by Shanker et al. (2007) [20] and Durante et al. (2021)
[21]. The chromatographic conditions were adopted with-
out modification from these validated protocols. In accor-
dance with ICH Q2(R1) guidelines [22], when a validated
analytical method is implemented without alteration, full
revalidation is not required. Linearity, precision, accuracy,
and sensitivity parameters were therefore considered estab-
lished based on the original validation studies.

Analysis of Glycyrrhiza glabra Extract The lyophilized G.
glabra extract was dissolved in methanol at a concentra-
tion of 10 mg/mL and filtered through a membrane filter
(0.45 pm) before being analyzed. The reference standard
glabridin was dissolved in ethanol at 5 mg/mL and was
then diluted with ethanol to obtain calibration concentra-
tions of 0.1, 0.2, 0.3, 0.4 and 0.5 mg/mL. Chromatographic
separation was performed under isocratic conditions using
a mobile phase consisting of acetonitrile and 2% acetic
acid in water (70:30, v/v) at a flow rate of 1.0 mL/min. The
injection volume was 20 pL, and the column temperature
was kept at 30 °C. Detection was carried out at 280 nm as
described by Shanker et al. (2007) [20]. Peak identity was
confirmed by retention time comparison with the reference
standard, and quantification was performed using the exter-
nal standard method.

Analysis of Aesculus Hippocastanum The lyophilized A.
hippocastanum extract was dissolved in methanol (1 mg/
mL) and filtered through a 0.45 pm filter, before being sub-
jected to analysis. A standard aescin was dissolved in meth-
anol at 5 mg/mL and diluted to obtain calibration levels of
0.1-0.5 mg/mL. Chromatographic separation was carried
out using a mobile phase composed of acetonitrile and 0.1%
phosphoric acid in water (40:60, v/v) under isocratic condi-
tions, with a flow rate of 1.0 mL/min, injection volume of
20 pL, and a column temperature of 25 °C. Detection was
performed at 210 nm, following the conditions reported by
Durante et al. (2021) [21]. Peak identity was confirmed by
retention time comparison with the reference standard, and
quantification was performed using the external standard
method.

Preparation of Nanoemulsions

A rational, stepwise optimization approach was employed
during NE development. The formulation variables were
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adjusted systematically, including (i) the surfactant system
(O. saponaria saponins alone vs. saponin—Kolliphor® P188
combinations), (ii) surfactant-to-oil ratios, and (iii) sonica-
tion duration (5-10 min). These factors were chosen based
on their recognized impact on droplet size, PDI, zeta poten-
tial, and physical stability.

Each formulation was assessed according to established
quality criteria: droplet size<200 nm, PDI<0.30, absolute
zeta potential > |30] mV, and stability under centrifugation
and thermal stress. Formulations meeting these criteria
advanced to biological tests.

The ultrasonic emulsification method was employed to
create NEs with a consistent surfactant mixture (S-Mix)
concentration of 15% w/w across all formulations. Research
suggests that this technique yields kinetically stable disper-
sions with small droplet sizes suitable for skin delivery [23—
26]. Two distinct S-Mix systems were examined:

System I: Q-Naturale® (12.5% w/w) + Transcutol® HP
(2.5% w/w), based on the use of Quillaja saponins as natural
biosurfactants with strong emulsification capacity and bio-
compatibility [27, 28].

System II: Q-Naturale® (10% w/w) + Kolliphor® P188
(2.5% w/w) + Transcutol® HP (2.5% w/w), following previ-
ous reports where mixed surfactant systems improved drop-
let size control and long-term stability [14, 29].

The oil phase comprised caprylic/capric triglyceride,
Sensiva® PA 30, DL-a-tocopherol acetate, and Transcu-
tol® HP, consistent with earlier studies where penetration
enhancers and antioxidants were incorporated into the oil
domain to improve dermal tolerability and protect essential
oils from degradation [30—32]. Transcutol® HP was used as
a co-surfactant in the NE system. Sensiva® PA 30 was incor-
porated as a preservative system to ensure microbiological
stability. Propanediol served as a solvent and humectant,
while tocopherol was included to enhance oxidative stabil-
ity of the formulations.

The aqueous phase was composed of distilled water
mixed with Q-Naturale® (and Kolliphor® P188 for Sys-
tem II) along with the specified plant extracts, following
the standard procedure of dispersing hydrophilic actives or
extracts in the external aqueous phase.

Formulations were prepared with oil phase concentra-
tions of 5%, 7.5%, and 15% w/w, resulting in oil: S-Mix
ratios of 1:3, 1:2, and 1:1, respectively. These specific ratios
were selected because previous optimization research indi-
cated that the proportion of oil to surfactant significantly
influences the size, PDI, and stability of NEs [33, 34].

The oil and water phases were prepared separately and
weighed exactly according to the design of the formula-
tion. Then, the aqueous phase was carefully added to the
oil phase and mixed by hand with a glass rod. This made a
coarse pre-emulsion. A probe sonicator was used to further
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process the coarse emulsion. It worked at 50% amplitude in
a pulsed cycle (30 s on, 30 s off). Sonication lasted for 5-10
min, depending on the group of formulations. These sonica-
tion durations were selected based on previously published
nanoemulsification studies indicating that ultrasonication
for 5-10 min is sufficient to produce nano-sized droplets
with low PDI, while prolonged sonication mainly increases
temperature without further improving droplet size [25, 26,
35, 36]. To limit the increase in temperature and avoid the
merging of droplets or the thermal breakdown of delicate
components, the dispersion vessel was submerged in an ice
bath during sonication [25]. Table 1 lists the formulations’
composition and manufacturing specifications in detail.

Preparation of Nanoemulgels

To address the low viscosity and poor skin retention of NEs,
specific NEs were incorporated into xanthan gum-based
hydrogels to create NEGs. First, xanthan gum (1.5% w/w)
was mixed with distilled water and stirred continuously at
400 rpm and 80 °C for 30 min. It was then cooled to room
temperature. The hydrated gels were then mixed with the
chosen NEs at a ratio of 1:1 (w/w) using magnetic stirring at
500 rpm for 10 min. The prepared NEGs were then left for
24 h to allow any air bubbles to escape and ensure unifor-
mity of the system.

Characterization of Formulations
Droplet Size, Polydispersity Index (PDI), and Zeta Potential

Droplet size and PDI of NEs and NEGs were determined
using dynamic light scattering (DLS) at 25 + 0.1 °C with a
173° backscattering angle (non-invasive backscatter, NIBS)
with a Zetasizer Nano ZS (Malvern Instruments, UK). Sam-
ples were diluted 100-fold with distilled water to minimize
multiple scattering [37].

Zeta potential was measured using the same instrument
by electrophoretic light scattering (ELS) at 25 °C, using
folded capillary cells under automatic electric field set-
tings. Droplet size, PDI, and zeta potential measurements
were performed in six replicates, and results are expressed
as mean=+SD.

pH and Electrical Conductivity

The pH values of the formulations were directly obtained
with a calibrated digital pH meter, while electrical conduc-
tivity was examined utilizing a portable conductivity meter
(Hanna Edge, USA) at 25 £ 2 °C. All measurements were
conducted in triplicate [38].

Viscosity and Rheological Behavior

Viscosity was determined with a Brookfield cone and plate
viscometer (spindle CP-40) at 25 + 0.5 °C. Flow curves
were obtained by plotting shear rate against viscosity to
assess rheological behavior [39].

Accelerated Stability Testing

Physical stability was evaluated using centrifugation (3500
rpm, 30 min) and thermal stress assessments (40-80 °C, 5
°C increments, 30 min each) [40]. Furthermore, samples
were preserved for three months at 5 + 3 °C, 25 + 2 °C
with 60% relative humidity, and 40 + 2 °C with 75% relative
humidity. Periodic assessments encompassed droplet size,
PDI, zeta potential, pH, viscosity, and conductivity.

Texture Profile Analysis (TPA)
A CT3 Texture Analyzer (Brookfield, UK) was utilized to

determine the texture properties of NEGs, such as hardness,
compressibility, adhesiveness, and cohesiveness [41]. A

Table 1 Composition of nanoemulsion-based formulations containing plant extracts

Components Composition of formulations (F1-F6)"

(% w/w) F1 F2 F3 F4 F5 F6
Oil Phase DL-alpha tocopherol acetate 0.2 0.2 0.2 0.2 0.2 0.2

Caprylic/capric triglyceride 2.8 53 12.8 2.8 53 12.8

Sensiva®™ PA 30 2 2 2 2 2 2

Transcutol® HP 2.5 2.5 2.5 2.5 2.5 2.5
Hydrophilic Phase G. glabra extract 2 2 2 2 2 2

A. hippocastanum extract 2 2 2 2 2 2

Kolliphor® P 188 - - - 25 2.5 2.5

Q-Naturale® 200 V 12.5 12.5 12.5 10 10 10

Distilled Water (d.w.) gs to 100 gs to 100 gs to 100 gs to 100 gs to 100 gs to 100
Process Process 1 (P1): 5 min ultrasound emulsification

Process 2 (P2): 10 min ultrasound emulsification

* All formulations (F1-F6) were prepared using two different processes: P1=>5 min ultrasound emulsification, P2 =10 min ultrasound emulsi-

fication
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12.7 cm analytical probe was applied twice on each sample
at a specified depth and velocity, allowing for recovery peri-
ods between compressions.

Antioxidant Activity
DPPH Radical Scavenging Assay

The antioxidant activity of the formulations was tested
by using the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radi-
cal scavenging technique [42]. In summary, 0.1 mL of the
test sample (0.16-2.5 mg/mL) or the standard antioxidant
quercetin (0.01-0.31 mg/mL) was combined with 3.9 mL
of DPPH solution in methanol (6 x 107> M). The mixture
was vortexed and incubated in the absence of light for 30
min at ambient temperature. The reduction in absorbance
was quantified at 517 nm with a UV-Vis spectrophotometer,
with methanol serving as the blank. Quercetin functioned as
the positive control, whereas methanol acted as the negative
control. Each test was conducted in triplicate, and the aver-
age data were utilized to determine the percentage inhibi-
tion of the DPPH radical according to Eq. 1.

%Inhibition =

Acontrol - Asample % 100 (1)
Acontrol

ABTS Radical Cation Decolorization Assay

The overall antioxidant capacity of the samples was further
assessed utilizing the 2,2'-azino-bis(3-ethylbenzothiazo-
line-6-sulfonic acid) (ABTS) test as previously stated [43].
The ABTS" radical cation was produced by combining a 7
mM ABTS solution with 2.45 mM potassium persulfate and
permitting the combination to incubate in the dark at room
temperature for 12 to 16 h prior to use. The ABTS" solution
was diluted with ethanol (pH 7.4) to achieve an absorbance
0f 0.700 £+ 0.02 at 734 nm.

The test samples were suitably diluted and combined
with ABTS" solution to achieve a final volume of 1 mL for
the experiment. Following a 6-minute incubation at ambi-
ent temperature, the absorbance was measured at 734 nm.
Trolox functioned as the positive control, whereas ethanol
acted as the negative control. The % inhibition of ABTS*
was determined using the previously mentioned formula.

Anti-inflammatory Activity: Lipoxygenase (LOX)
Inhibition Assay

Using the spectrophotometric method developed by Baylac
and Racine (2003) [44], the formulations’ inhibitory effect
on the activity of the lipoxygenase (LOX) enzyme was used
to evaluate their anti-inflammatory properties. 20 puL of the
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lipoxygenase enzyme solution, 40 pL of the test sample
solution, and 1.97 mL of potassium phosphate buffer (100
mM, pH 9.0) made up the reaction mixture. 50 pL of lin-
oleic acid solution was added as a substrate after the mixture
had been incubated for 10 min at 25 °C. Using a UV-Vis
spectrophotometer, the absorbance change was observed at
243 nm for 20 min. Methanol was employed as the negative
control, and nordihydroguaiaretic acid (NDGA) as the posi-
tive control. Every experiment was run in triplicate.

Tyrosinase Inhibition Assay

The ability of the formulations to inhibit tyrosinase was
determined following the methods of Hearing and Jiménez
(1987) with minor alterations [45]. In summary, mushroom
tyrosinase (30 U, 28 nM) was diluted with sodium phos-
phate buffer (50 mM, pH 6.8). The enzyme solution was
pre-incubated with test compounds for 10 min at room
temperature. The enzymatic reaction was initiated with the
addition of 0.5 mM L-DOPA as the substrate. The rise in
the absorbance at 475 nm and 37 °C due to the formation
of dopachrome was monitored. The positive control was
established with Kojic acid. The percentage of inhibition of
tyrosinase activity was determined following Eq. 2.

%Inhibition =

Acontrol - Asample
x 100 2
Acontrol ( )

where Aconiror is the absorbance of the reaction mixture
without sample and Agumpie is the absorbance in the pres-
ence of the test formulation.

Statistical Analysis

All measurements for droplet size, PDI, and zeta potential
were performed in six replicates (n=6) for each stability
condition (Day 1, centrifugation, and thermal stress). For
three-month storage stability evaluation (5 °C, 25 °C, and
40 °C), droplet size, PDI, and zeta potential measurements
were also performed in six replicates (n=6) at each time
point (Day 1, Month 1, Month 2, and Month 3). pH, con-
ductivity, and viscosity measurements were conducted in
triplicate (n=3).

Pairwise statistical comparisons between TO (Day 1)
and the post-stress conditions were conducted using a two-
tailed Welch'’s t-test, which does not assume equal variances
between groups. For long-term storage evaluation, pairwise
comparisons were conducted between Day 1 and Month 3
values at each storage temperature using Welch’s two-tailed
independent t-test. In addition, selected inter-formulation
comparisons at TO were performed between representative
saponin-based and hybrid systems using Welch’s two-tailed
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independent t-test to evaluate baseline differences in physi-
cochemical parameters.

Statistical significance was defined as p<0.05. Welch’s
t-test was selected due to its robustness in handling inde-
pendent measurements and potential variance heterogeneity
across time points. Detailed numerical results and p-values
for stability comparisons are provided in Supplementary
File S1, while the main manuscript reports only the sum-
mary interpretation of statistical outcomes. All statistical
analyses were performed using Python (SciPy statistical
package, Python Software Foundation).

Results and Discussion
Phytochemical Analysis of Plant Extracts

HPLC analyses conducted for the standardization of herbal
extracts validated the existence of a- and B-escin in A. Aip-
pocastanum extract, and glabridin in G. glabra extract.
Escin A (tR = 11.6-11.7 min) and escin B (tR = 13.2-13.3
min) were observed as distinct peaks in the obtained chro-
matograms (Fig. 1), and these results were found to be con-
sistent with the characteristic retention times of saponins
obtained from A. hippocastanum seeds in the literature [46,

Escin B
Escin A &

Response (AU)

0 5 10 15 20 25
Retention time (min)

47]. Similarly, when compared with the standard substance,
the peak observed at tR =~ 6.0 min in G. glabra extract con-
firmed the presence of glabridin (Fig. 2). This finding is in
line with previous studies reporting that glabridin can be
reliably separated from methanolic extracts by RP-HPLC
method [20]. Consequently, the pharmacological effects of
these extracts can be considered more consistent and repro-
ducible through the quantification of escin and glabridin as
marker compounds. Additionally, the distinct but comple-
mentary biological activities of these compounds (glabrid-
in’s antioxidant and anti-melanogenic effects, and escin’s
anti-edematous/venotonic properties) suggest a potential
complementary dermocosmetic effect when combined.
These findings support the rationale for the combination-
based formulation strategy.

Formulation Design Strategy and Optimization
Parameters

The under-eye area is one of the most sensitive and aestheti-
cally critical zones of the face. Cosmetic concerns such as
hyperpigmentation and edema are associated with aesthetic
and morphological changes in the periorbital region. As per-
sonal aesthetics gain more prominence, the demand for safe,
effective, and multifunctional dermocosmetic solutions is
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Fig. 1 Representative HPLC chromatograms. Escin standard showing two major saponin peaks (Escin A and Escin B) (A) and 4. hippocastanum

extract chromatogram displaying corresponding saponin peaks (B)
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Fig. 2 Representative HPLC chromatograms. Glabridin standard showing the characteristic peak at tR~6.0 min (A) and G. glabra extract chro-

matogram displaying the corresponding glabridin peak (B)
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rapidly increasing [3, 48]. The current study was designed
using the phytochemical-based formulation strategy which
involves using extracts of G. glabra (licorice) and 4. hip-
pocastanum (horse chestnut). Licorice root has bioactive
flavonoids, namely glabridin and liquiritin, with depigment-
ing, antioxidant, and anti-inflammatory effects, rendering it
an interesting candidate treatment for the management of
POH [49, 50]. Horse chestnut extract containing escin sapo-
nins shows venotonic and anti-edematous activities which
are associated with an increase in microcirculatory tone and
a decrease in capillary permeability. This effect supports its
potential role in the treatment of eyelid puffiness and peri-
ocular edema [10]. The combined use of these extracts may
provide complementary biological effects in the manage-
ment of POH and eyelid edema.

Recent studies focus on combination therapies using
plant-derived actives and employing novel topical deliv-
ery systems, which may offer complementary or enhanced
biological effects along with improved skin compatibility
[51]. In this study, Q-Naturale® 200 was used either alone
or mixed with Kolliphor® P188 to represent two different
stabilization strategies. Hybrid biosurfactant—synthetic sys-
tems are gaining attention as they provide a spectrum, as
well as a combination, of advantageous interfacial packag-
ing, low toxicity, and improved physicochemical stability in
the comparison with monosurfactant systems [52, 53].

The selection of additional formulation components
was guided by their functional contributions to NE stabil-
ity and dermal compatibility. Q-Naturale® was employed
as the primary biosurfactant due to its strong emulsifying
capacity and ability to provide electrostatic stabilization
[27]. Kolliphor® P188 was incorporated to enhance steric
stabilization and improve droplet size distribution in hybrid
surfactant systems, consistent with previous reports demon-
strating the role of nonionic surfactants in reducing droplet
aggregation and improving NE stability [14, 29]. Transcu-
tol® HP was employed as a cosurfactant in the NE system.
Due to its amphiphilic structure and low molecular weight,
Transcutol® HP may reduce interfacial tension and enhance
surfactant packing at the oil-water interface, thereby facili-
tating the formation of smaller droplet sizes and improving
kinetic stability of NEs. Moreover, it has a well-established
history of use in topical pharmaceutical and dermocosmetic
formulations with documented low irritancy potential, mak-
ing it suitable for sensitive-skin applications [54, 55].

Sensiva® PA 30 (Propanediol (and) Phenethyl Alcohol
(and) Undecyl Alcohol (and) Tocopherol) was incorpo-
rated as a multifunctional antimicrobial/preservative blend
to support microbiological stability of the dermocosmetic
formulations. Alternative preservative approaches based
on aromatic alcohols, such as phenethyl alcohol, have been
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increasingly explored in the cosmetic preservation literature
as multifunctional antimicrobial systems [56]. Propanediol
contributes as a solvent/humectant and has also been evalu-
ated in the context of preservative effectiveness and skin
compatibility in cosmetic applications [57, 58]. Tocopherol
was included to support oxidative stability, consistent with
reports demonstrating improved oxidative stability of O/W
emulsions upon tocopherol incorporation [59]. Caprylic/
capric triglycerides were selected as the oil phase due to
their favorable dermal compatibility and widespread use as
non-irritant emollients, as well as their contribution to the
physicochemical stability of nanoemulsion systems [60].

Effect of Oil Phase Ratio and Sonication Time on
Nanoemulsion Characteristics

Oil phase concentrations of 5%, 7.5%, and 15% w/w were
used to create the NEs; these corresponded to oil: S-Mix
ratios of 1:3, 1:2, and 1:1, respectively. To assess the impact
of sonication time, two ultrasonication protocols—P1 (5
min) and P2 (10 min)}—were used. Consistent with earlier
research, a longer ultrasonication duration typically results
in narrower size distributions and smaller droplet sizes
because it increases energy input and enhances cavitation-
induced droplet disruption [24]. Furthermore, a recent com-
parative study verified that, in contrast to shorter treatments
(such as 5 min) or alternative technologies, ultrasonication
at 50% amplitude for 10 min resulted in noticeably smaller
droplets and lower PDI values [61]. This research showed
that ultrasonication at 50% amplitude for 10 min resulted in
reduced droplet size and lower PDI values compared to 5
min treatments, confirming the benefits of extended sonica-
tion time.

As reported in previous studies, the concentration of the
oil phase along with the type of oil, plays a critical role as
the volume affects the size of the droplet, uniformity of
distribution, the efficiency of packing at the interface, and
the arrangement of emulsions over the long term stability
of emulsions [62]. Changes in oil volume can alter droplet
dynamics and, consequently, the physicochemical behavior
of the system. Table 2 presents the droplet size, PDI, and
zeta potential measurements of the formulations on Day 1
and following accelerated stability assessments, including
centrifugation and thermal stress. In our study, the 15% oil
formulation (F3) had the best colloidal properties for the
Quillaja saponins-stabilized group (F1-F3), with the small-
estdroplet size (145.1 nm), lowest PDI (0.203), and the most
negative zeta potential (—69.2 mV). In contrast, the 7.5% oil
formulation (F2) displayed the lowest desirability values
(202.8 nm, PDI 0.278, — 64.2 mV), while the 5% oil for-
mulation (F1) produced a larger droplet size (174.0 nm, PDI
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Table 2 Droplet size (nm), PDI, and zeta potential (mV) of nanoemulsions at day 1 and after accelerated stability tests (centrifugation and thermal

stress) (mean+SD, n=6)

Code  Mean droplet size (nm) PDI Zeta potential (mV)
TO ACT ATT TO ACT ATT TO ACT ATT

FIP1  216.0+4.3 210.4+4.7 2332+14 0.345+0.00 0.325+0.03  0.367+0.01 -64.0+£2.5 -64.6+24 -62.3+19
FIP2  174.0+7.2 194.9+5.4 187.8£0.8  0.206+0.00  0.269+0.03  0.233+0.01 -67.5£3.0 -60.6+0.1 -59.5+1.6
F2P1  2633+16.1  282.7+252 2643+3.9 0.388+0.04 0.321+£0.04 0.304+£0.06 -66.8+1.0 -59.3+1.4 -60.2+2.6
F2P2  202.8+10.7 238.8+8.2 241.0+£9.6  0.278+0.00 0.337+0.06  0.288+0.03 -64.2+1.2 -61.2+2.6 -58.5+1.5
F3P1  183.0£1.0 188.8+2.5 198.1£3.6  0.206+0.02  0.188+0.02  0.167+0.01  -65.0£19 -62.8+14 -62.7+3.0
F3P2  145.1+34 147.8£5.9 157.3£4.5 0.203+£0.01  0.155+0.03  0.121+0.03  -69.2+1.1  -62.0+4.8 -55.0£1.7
F4P1 148.4+4.0 154.3+£2.7 229.8+2.6  0.136+0.03  0.110+£0.03  0.131+£0.01  -46.1+£3.1 -46.2+2.8 -42.5+0.5
F4P2  177.7+£2.4 176.9+1.6 241.7+6.3  0.179+£0.02  0.121+0.01  0.118+0.05  -42.0+3.4 -44.0+1.8 -45.2+0.6
F5P1 1459432 152.1+£2.0 231.8+3.4  0.144+0.02 0.118+0.04  0.069+0.02  -39.0+£0.6 -42.2+0.1 -41.7+£3.5
F5P2  135.6+0.7 141.3+£0.2 213.3+3.0  0.123+0.02  0.090+0.00  0.063+£0.01  -43.6+1.7 -41.7+0.8 -39.8+1.3
F6P1  144.8+2.1 151.9+£2.2 244.5+6.8  0.117+£0.02  0.106+£0.02  0.078+£0.00  -459+1.0 -43.0+1.0 -46.1+2.1
F6P2  137.6+1.5 143.2+3.5 232.6+£3.9 0.098+0.02 0.080+£0.03  0.088+0.02 -38.7+2.4 -412+1.0 -454+14

*TO0: before the accelerated stability tests; *ACT: after centrifuge test; *ATT: after thermal test

0.206, — 67.5 mV). Various elements may account for this
result. To begin with, a higher oil concentration decreases
the surfactant-to-oil interface ratio, leading to fewer drop-
lets that are more effectively stabilized. The interfacial film
created by Quillaja saponins is notably strong due to their
amphiphilic glycoside structure, which provides both elec-
trostatic repulsion and steric hindrance [63]. Thus, at 15%
oil phase, the saponins probably reached optimal packing at
the droplet interface and formed uniform nanodroplets with
less polydispersity. Also, the oil phase composition itself
improved stability. Caprylic/capric triglycerides and DL-a-
tocopherol acetate are highly lipophilic and only sparingly
soluble in water. This decreases the driving force for Ostwald
ripening by inhibiting molecular diffusion between droplets
[64]. Therefore, the 15% oil formulation not only resulted
in smaller droplet sizes, but more narrow size distribution,
which was maintained over time. Finally, higher oil frac-
tions increase the effective viscosity of the dispersed phase.
This decreases droplet movement and collision frequency;
hence, coalescence is less likely [65]. These compositional
and interfacial factors may account for the comparatively
favorable physicochemical profile observed for F3 among
the tested variants.

All three formulations also produced nanoscale droplets
with low PDI values in the group that contained Kolliphor®
P188 and Quillaja saponins (F4-F6) (Table 2). While F4
(5% oil) displayed somewhat larger droplets (177.7 nm,
PDI 0.179, —42.0 mV), F5 (7.5% oil) and F6 (15% oil) per-
formed similarly, with droplet sizes of 135.6 nm (PDI 0.123,
—43.6 mV) and 137.6 nm (PDI 0.098, —38.7 mV), respec-
tively. Despite having negligible differences in droplet size
and PDI, F5 and F6 both performed noticeably better than
F4, indicating that higher oil fractions once more enabled
enhanced emulsification efficiency.

Comparative Evaluation of Saponin-Based and Hybrid
Nanoemulsions

In comparing the two groups, the saponin-only formula-
tion F3 exhibited a more negative zeta potential (—69.2 mV)
than the saponin + Kolliphor systems (—38.7 to —43.6 mV).
This stronger interfacial charge is probably due to the acidic
glycosidic moieties of Quillaja saponins, which provide
substantial electrostatic stabilization [66]. However, the
addition of Kolliphor® P188 seemed to synergistically work
with saponins to reduce droplet size and PDI, particularly
in F5 and F6, despite lower absolute surface charge. This
indicates a compromise: systems with only saponin provide
stronger electrostatic stabilization (higher zeta potential)
and hybrid systems attain finer droplet size distributions
(lower PDI) due to better interfacial packing. In terms of
zeta potential and colloidal repulsion, F3 appeared to be
the most electrostatically stable formulation overall, while
F5 and F6 showed the smallest and most consistent droplet
sizes of all the formulations. These complementary results
demonstrate the potential benefit of combining synthetic and
biosurfactants, namely lowering the synthetic load while
preserving or even enhancing physicochemical stability. To
further substantiate these compositional differences, a direct
statistical comparison between the representative saponin-
only (F3P2) and hybrid (F6P2) NEs at TO was performed
using Welch’s two-tailed independent t-test (n = 6). Signifi-
cant differences were observed in droplet size (p = 0.0019),
PDI (p <0.001), and zeta potential (p < 0.001). F6P2 exhib-
ited significantly smaller droplet size and lower PDI, indi-
cating improved homogeneity, whereas F3P2 demonstrated
a significantly more negative zeta potential, reflecting stron-
ger electrostatic stabilization. Importantly, despite these
statistical differences, both formulations remained within
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acceptable nanoscale and stability ranges (< 200 nm; |zeta
potential| > 30 mV), confirming that the observed variations
arise from surfactant composition rather than instability.

Recent findings indicate that nanoformulations with a
negative surface charge may improve skin adherence and
drug retention. Abruzzo et al. demonstrated that microemul-
sions loaded with azithromycin and possessing a nega-
tive zeta potential (ranging from — 22.32 to — 27.78 mV)
achieved significantly greater skin accumulation (59.58
+ 3.49%) in ex vivo full-thickness porcine skin after 24
h, compared to neutral or positively charged counterparts
(22.04 £ 3.99%) (p < 0.05) [67]. The researchers attrib-
uted the enhanced skin deposition to the natural negative
charge of skin lipids, which facilitates favorable interfacial
alignment and promotes reservoir-like retention of anionic
colloidal systems within the stratum corneum and upper
dermal layers. In the present study, the highly negative zeta
potential values of the current NE formulations (approxi-
mately — 40 to — 70 mV) are anticipated to enhance colloi-
dal stability and strengthen interfacial interactions with the
periocular skin surface. In addition to the interfacial effects
associated with the anionic surface charge, the presence
of Transcutol® HP may further influence dermal delivery
behavior. Transcutol® is widely recognized as a penetration-
modulating excipient in topical formulations, primarily due
to its ability to enhance solubilization of lipophilic actives
and promote their partitioning into the stratum corneum. Its
amphiphilic nature facilitates diffusion within the intercellu-
lar lipid domains without causing pronounced lipid disrup-
tion. Therefore, the combined effect of highly negative zeta
potential and Transcutol-mediated penetration enhancement
may contribute to enhanced localized dermal deposition of
glabridin and escin [54].

Accelerated Stability Behavior of Nanoemulsions

After undergoing stress tests, the saponin-based and hybrid
systems (saponin+Kolliphor® P188) generally displayed
only minor changes in their physicochemical characteristics,
staying within the acceptable stability limits (PDI<0.3; zeta
potential <—30 mV). This implies that even under acceler-
ated conditions, the NEs’ colloidal stability was preserved.
Statistical analysis (two-tailed Welch’s t-test, n=6), with
full datasets and p-values provided in the Supplementary
Material, indicated that certain stress-induced changes were
statistically significant (p<0.05). However, the magnitude
of these changes remained within predefined physicochemi-
cal acceptance criteria (PDI<0.3; zeta potential <—30 mV)
and did not affect the overall nano-scale integrity or homo-
geneity of the systems.

Among the formulations containing only saponin, F3P2
exhibited the most robust and statistically validated stability
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profile. After undergoing centrifugation and thermal stress,
the mean droplet size showed only slight increases from 145
nm on Day 1 to 147 nm and 157 nm, respectively. Although
the size increase following thermal stress was statistically
significant, it was minor in extent (p < 0.05). Importantly,
the PDI values significantly decreased under stress con-
ditions (0.203 — 0.155 — 0.121; p < 0.05), suggesting a
statistically significant enhancement in size distribution
uniformity rather than destabilization. Additionally, the zeta
potential of F3P2 remained highly negative throughout the
stress tests (— 69.2 to — 55.0 mV). Despite statistical analy-
sis showing a notable change in zeta potential values follow-
ing stress exposure (p < 0.05), the magnitude of the surface
charge consistently stayed well below — 30 mV, signifying
maintained electrostatic stabilization. These results further
corroborate the robust interfacial stabilizing ability of Quil-
laja saponins, as documented in earlier research [14, 63].

Hybrid NEs incorporating Kolliphor® P188 were found
to have smaller initial droplet sizes compared to those with
only saponin, as evidenced by the 137 nm size in F6P2.
This indicates the size-reducing capability of the mixed
surfactant system. Even though centrifugation and thermal
stress led to a statistically significant increase in droplet size
for F6P2 (137 — 143 — 232 nm; p<0.05), the formula-
tion continued to exhibit nano-scale dimensions (<250 nm)
and maintained satisfactory colloidal stability. Significantly,
hybrid systems consistently recorded the lowest PDI values
across all formulations, with FSP2 showing a marked reduc-
tion in PDI after stress (0.123 — 0.090 — 0.063; p<0.05),
suggesting that the synergistic interactions between sapo-
nins and Kolliphor® P188 resulted in a more compact and
uniform interfacial film. Although the zeta potential values
for hybrid systems (—38 to —46 mV) were lower than those
for saponin-only formulations, statistical analysis confirmed
that these values were still within the necessary range for
electrostatic stabilization, and no stress condition caused a
critical loss of surface charge.

Influence of Gel Incorporation on Colloidal Properties (NE
vs. NEG Comparison)

The physicochemical parameters of NEGs (F1-F6) at Day
1 and after accelerated stability tests (centrifugation and
thermal stress) are presented in Table 3. The comparison
of initial physicochemical parameters (Day 1) between
NEs and NEGs provides valuable insights into the effect
of incorporating NEs into a hydrogel matrix. In compari-
son to their corresponding NEs, NEGs typically exhibited
satisfactory PDI values and droplet sizes that were either
lower or equivalent. This indicates that droplet mobility was
constrained and kinetic stability was augmented by the gel
matrix. For example, F1P1 decreased from 216 nm (NE) to
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Table 3 Droplet size (nm), PDI, and zeta potential (mV) of nanoemulgels at day 1 and after accelerated stability tests (centrifugation

stress) (mean+SD, n=6)

and thermal

Code  Mean droplet size (nm) PDI Zeta potential (mV)
TO ACT ATT TO ACT ATT TO ACT ATT

FIP1  122.4+42 190.6+6.8 237.4+3.7 0.199+0.01  0.345+£0.00 0.392+0.04 -49.2+29 -64.6+1.9 -59.94+2.2
F1P2 185.6+73 188.0+9.8 197.8£13.2  0.343+£0.01  0.343+0.04 0.320+0.05 -54.5+1.2 -70.4+5.1 -62.0+3.1
F2P1  190.3+£4.9 196.6+15.7 239.0+15.0 0.389+0.01 0.355+0.05 0.432+0.02 -58.2+2.0 -59.6+54 -62.4+1.8
F2P2  2204+11.0 203.0+5.3 216.0£6.6 0.371+£0.01  0.292+0.02 0.279+0.01 -64.1+3.1 -70.3+2.5 -61.6+4.9
F3P1  192.1+24 197.0+4.7 200.6+1.3 0.220+0.01  0.245+£0.01 0.243+0.02 -65.7+£2.3 -76.9+3.6 -64.6+0.7
F3P2 142.7+19 147.9+2.4 162.5+£2.6 0.184+£0.01  0.238+0.02 0.226+0.00 -59.0+3.3 -60.3+1.5 -48.5+4.5
F4P1  155.0£3.1 170.0+3.5 170.0+£5.4 0.250+£0.01  0.229+0.02  0.149+0.01 -46.4+3.3 -54.6+2.1 -46.5+1.1
F4P2  138.1+1.7 142.0+6.1 133.6+0.9  0.260+£0.02 0.221+£0.01  0.143+£0.02 -50.3+3.9 -50.4+2.5 -504+1.6
F5P1  152.8+1.4 156.4+3.5 192.0+3.9 0.235+£0.02  0.245+0.02 0.192+0.02 -50.9+4.2 -52.0+2.7 -51.9+2.3
F5P2  139.8+£3.4 158.4+0.8 218.4+8.4 0.263+0.02 0.217+£0.02 0.310+£0.04 -49.1+£1.7 -52.7+£5.6 -52.1£3.0
F6P1  146.6+0.9 152.8+£1.6 200.4+3.1 0.123+0.01  0.222+£0.02  0.189+0.01 -46.2+3.1 -60.0+1.7 -59.24+2.8
F6P2  136.5+1.8 135.0+2.6 184.8+£3.8 0.102+0.00  0.197+£0.01 0.156+0.01 -46.8+2.5 -56.5+10.7 -48.1+1.7

*TO0: before the accelerated stability tests; *ACT: after centrifuge test; *ATT: after thermal test

122 nm (NEQG), although F3P2 remained relatively constant
at around 145 nm in NE compared to 142 nm in NEG. The
majority of NEGs exhibited values below 0.3, signifying a
rather uniform size distribution; nevertheless, the impact
on PDI varied among the formulations. In all systems, the
zeta potential values were markedly negative (< — 45 mV),
indicating robust electrostatic stabilization independent of
the gel network. In line with the patterns seen in the related
NEs, a statistical analysis comparing F3P2 and F6P2 NEGs
on Day 1 (using Welch’s t-test, n = 6) revealed significant
differences in droplet size, PDI, and zeta potential (p <
0.001). Importantly, integrating these into the gel matrix did
not remove these compositional differences. The hybrid sys-
tem (F6P2) maintained a notably smaller droplet size and
lower PDI, suggesting that the interfacial packing efficiency
within the hydrogel network was preserved. On the other
hand, F3P2 exhibited a significantly more negative sur-
face charge, indicating continued electrostatic stabilization.
These results illustrate that while gel incorporation affects
kinetic behavior, it does not change the systems’ inherent
surfactant-dependent stabilization characteristics. Gener-
ally, the introduction of a steric barrier by inclusion into a
gel phase aligns with previous research indicating that gell-
ing agents can enhance colloidal stability and reduce droplet
coalescence [68].

Accelerated Stability of Nanoemulgels

The NEG formulations exhibited negligible alterations from
Day 1 during accelerated stability testing, reliably preserv-
ing nanoscale droplet sizes below 250 nm across all for-
mulations. Although certain formulations demonstrated
statistically significant differences in mean droplet size
post-centrifugation and thermal stress (two-tailed Welch’s
t-test, n=6, p<0.05; detailed values in Supplementary

Table S2), these discrepancies were confined to an accept-
able nanometric range and did not indicate physical desta-
bilization. In certain instances, slight increases in size were
noted (e.g., F1P1: 122 nm — 191 nm post-centrifugation
and 237 nm post-thermal stress), whereas other formula-
tions showed minimal or no change. Notably, PDI values
generally stayed below 0.30 after both stress conditions,
and although some formulations experienced statistically
significant PDI shifts (»p<0.05), these did not affect drop-
let size uniformity. Zeta potential values became slightly
more or less negative depending on the formulation and
stress condition, with several changes reaching statistical
significance (p<0.05). Nonetheless, all NEG systems con-
sistently maintained zeta potential values below —40 mV,
a range deemed adequate for electrostatic stabilization. No
creaming, sedimentation, or phase separation was observed
in any formulation, confirming that statistically detectable
physicochemical changes did not lead to macroscopic insta-
bility. Overall, statistical analysis confirmed that incorpo-
rating a gel matrix did not compromise NE stability and,
in some cases, enhanced droplet size uniformity. Although
not all parameters improved uniformly when transitioning
from NEs to NEGs, the NEG systems successfully endured
centrifugal and thermal stress while preserving nanoscale
characteristics. These results demonstrate that NEGs effec-
tively combine the solubilization capacity of NEs with the
enhanced kinetic stability provided by a gel network, sup-
porting their suitability as robust and reliable topical deliv-
ery systems.

Short-Term Stability Assessment of Selected Nanoemulgels
Due to their superior initial and stress test performance,

NEGs F4P1, F4P2, F5P1, F5P2, F6P1, and F6P2 (saponin—
Kolliphor® P188 hybrids) and F3P1 and F3P2 (saponin-only)
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were selected for three-month physicochemical stabil-
ity testing. These systems demonstrated homogenous and
stable dispersions on Day 1 with low PDI values (<0.3),
strongly negative zeta potentials, and nanoscale droplet
sizes (<200 nm in most cases). PDI values mostly stayed
below 0.3 following centrifugation and thermal stress,
droplet size changes were negligible, and no macroscopic
instability (creaming, sedimentation, phase separation) was
seen. Particularly, F3P2 among the saponin-only group and
F5P2 and F6P2 among the hybrid systems showed outstand-
ing homogeneity, supporting their robustness. Overall, these
formulations demonstrated the most promising stability
profiles, combining electrostatic stabilization from saponins
with steric contributions from Kolliphor where applicable,
and were therefore advanced to short-term stability studies.

To guarantee the effectiveness and user compliance
of topical applications, it is essential to assess the storage
stability of NEG formulations under defined conditions.
According to the study, the selected formulations remained
stable under a range of storage conditions, including cold
(5 °C), accelerated (40 °C, 75% RH), and room temperature
(25 °C, 65% RH), for up to three months without experienc-
ing any physical deterioration.

Organoleptic examinations (color, odor, appearance, flu-
idity, creaming, and phase separation) confirmed that the
formulations retained their initial properties throughout the
storage period. In particular, the preparation of NEs using
a saponin-derived biosurfactant contributed to the protec-
tion of the system through both electrostatic and steric sta-
bilization mechanisms, and also explained the stability of
the milky brown characteristic appearance. This finding is
consistent with reports in the literature that saponins reduce
droplet coalescence by providing strong packing and charge
distribution in interfacial films [69, 70].

Regarding droplet size, most formulations exhibited
minor differences in droplet size and stability under vari-
ous storage conditions. As evidenced by the droplet size
remaining largely consistent, low temperatures inhibit Ost-
wald ripening and droplet coalescence. Statistical compari-
son between Day 1 and Month 3 (Welch’s two-tailed t-test,
n = 6) showed no significant differences in droplet size at
5 °C and 25 °C for either F3P2 or F6P2 (p > 0.05). At 40
°C, statistically significant increases were observed (p <
0.05); however, the droplet sizes remained within the nano-
metric range and did not indicate physical destabilization.
For instance, over a three-month span, F3P2 maintained
a droplet size between approximately 135-140 nm, while
F6P2 ranged from about 145-150 nm, indicating high sta-
bility at low temperatures. Although slight variations were
noted at room temperature, the values remained under 200
nm, which is considered appropriate for topical use. As seen
in previous studies, a slight to moderate increase in droplet
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size at 40 °C has been recorded with certain formulations
[71,72].

PDI values remained below 0.3 under all storage condi-
tions. Statistical analysis confirmed that PDI values at 5 °C
and 25 °C did not differ significantly from initial measure-
ments (p > 0.05). Although minor variations reached statisti-
cal significance at 40 °C (p < 0.05), all PDI values remained
below 0.3, indicating preserved droplet uniformity. Criti-
cally, even at 40 °C, many formulations, particularly F3P2
and F6P2, consistently exhibited PDI values lower than 0.2
throughout storage. This result suggests that these formula-
tions have better kinetic stability because they maintain a
homogeneous droplet population. Such low PDI values are
generally associated with good colloidal stability and repro-
ducible performance [60, 73].

The formulations maintained extremely negative zeta
potential values throughout all storage conditions, particu-
larly below —40 mV. Statistical comparison between Day
1 and Month 3 showed no significant reduction in electro-
static stabilization at 5 °C and 25 °C (p>0.05). At 40 °C,
slight but statistically significant decreases in absolute zeta
potential values were observed (p<0.05), yet all systems
remained within the range considered adequate for colloidal
stability.

As shown in Fig. 3, both F3P2 and F6P2 maintained
droplet sizes within the nanometric range, with only minor
increases observed at 40 °C, while PDI values remained
narrow (Fig. 4) and zeta potentials stayed within the stable
range (Fig. 5). Consequently, the overall stability assess-
ment confirmed that all formulations tested were physi-
cally stable under the studied conditions. Furthermore, the
exceptional performance of F3P2 and F6P2 in maintaining
small droplet sizes, uniform distribution, and strong surface
charge makes them the most suitable options for further effi-
cacy investigations.

During a three-month storage duration, the pH values of
all formulations continuously varied between 5.5 and 5.9,
indicating a minimal risk of irritation and compatibility
with the skin’s physiological surface [74]. At 40 °C, only
minor reductions were observed, consistent with previously
documented temperature-induced hydrolytic alterations in
NE systems [38]. The ion distribution in the aqueous phase
remained stable, as indicated by the minor fluctuations in
conductivity values (~ 1300-1500 puS). A minor increase
was noted under accelerated storage (40 °C), most likely
as a result of stress-induced interfacial rearrangements,
whereas values remained constant at 25 °C and 4 °C [75].
Crucially, no abrupt shifts were observed, indicating that
phase separation did not occur.

Both F3P2 and F6P2 exhibited characteristic shear-thin-
ning (pseudoplastic) behavior, with viscosity declining as
the shear rate ascended (Fig. 6). This flow profile is deemed
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Fig. 3 Droplet size stability
profiles of selected nanoemulgels
(F3P2 and F6P2) under different
storage conditions (25 °C, 4 °C,
40 °C) over a three-month period

Fig.4 PDI stability profiles of
selected nanoemulgels (F3P2 and
F6P2) under different storage
conditions (25 °C, 4 °C, 40 °C)
over a three-month period
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Fig.5 Zeta potential stability
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Fig. 6 Viscosity profiles of selected nanoemulgels (F3P2 and F6P2) under different storage conditions over a three-month period

beneficial for topical treatments, enhancing spreadabil-
ity during application while ensuring stability at rest [76].
During the three-month storage period, viscosity readings
exhibited relative stability, with only slight fluctuations and
no significant time reduction, indicating robust rheological
stability. Temperature, however, had a clearer impact: at 40
°C, both formulations exhibited moderate reductions in vis-
cosity compared to samples stored at 25 °C and 4 °C, which
is consistent with previous reports describing the weaken-
ing of intermolecular interactions at elevated temperatures
[77]. Despite these changes, the pseudoplastic flow pattern

@ Springer

was maintained under all tested conditions, supporting the
robustness and practical applicability of the formulations.

Texture Profile Analysis

TPA was used to obtain further information on the mechani-
cal and adhesive properties of the optimized NEG formula-
tions. The results showed that the hardness values of F3P2
and F6P2 were in the range of 0.04-0.06 N, consistent with
the values generally reported for topical hydrogel systems.
Szulc-Musiot et al. (2023) reported hardness values ranging
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from 0.050 to 0.065 N for quercetin-loaded sodium alginate,
methylcellulose, and carboxymethylcellulose hydrogels
[78]. This suggests that the hardness values found in this
study are within a window that is both physiologically
acceptable and supported by literature for dermal applica-
tion. F6P2’s slightly higher hardness (= 0.06 N) than F3P2’s
(= 0.04 N) indicates better spreadability combined with
enough firmness to preserve structural integrity.

The adhesiveness values of both formulations (= 0.25
mlJ) were at the upper end of the range reported in the litera-
ture (0.10-0.25 mJ) [78]. This demonstrates that NEGs can
provide adequate retention on the skin surface while avoid-
ing excessive stickiness—a balance considered desirable for
periorbital and dermal application. Furthermore, adhesive
strength remained moderate (~0.03-0.04 N), further con-
firming the positive properties during use.

The two formulations showed a marked difference in
cohesiveness. F3P2 demonstrated a comparatively low
cohesiveness (~ 0.57), but F6P2 displayed a markedly higher
value (~ 1.77). The results position F6P2 within the cohe-
siveness range (1.31-2.70) established by Szulc-Musiot et
al. (2023), signifying enhanced internal structural integrity
and resilience to deformation [78]. This mechanical strength
enhances the formulation’s skin retention and facilitates
the controlled release of active substances. In contrast, the
diminished cohesiveness of F3P2 results in a less robust net-
work, potentially undermining durability under mechanical
stress; yet, its pliability may enhance sensory acceptance
during application.

The TPA results show that both of the chosen formula-
tions have mechanical properties that work well with topi-
cal application systems that have been described in the
literature [78]. From a periocular application perspective,
appropriate spreadability is essential to allow gentle distri-
bution over the thin and highly mobile eyelid skin without
excessive mechanical force [79-81]. The low hardness val-
ues (0.04-0.06 N) suggest low resistance to deformation,
supporting easy application/spreadability and potentially
improving user comfort in this sensitive area.

In addition, sufficient cohesiveness and moderate adhe-
siveness are critical to prevent dripping or migration into
the ocular surface, while avoiding excessive tackiness that
may cause discomfort or pulling sensation during blinking
[82—84]. The mechanical profile of F6P2, characterized by
balanced firmness, cohesiveness, and moderate adhesive
strength, suggests a stable yet soft gel structure capable of
maintaining residence on the periocular skin without unde-
sired flow. Such properties are considered desirable for peri-
ocular dermocosmetic products, where controlled retention,
non-dripping behavior, and acceptable sensory attributes are
essential for user compliance and safety.

Antioxidant Activity (DPPH and ABTS Assays)

DPPH and ABTS radical scavenging assays were used to
measure the antioxidant activity of the final NEGs (F3P2
and F6P2). The antioxidant capacities of the extracts,
placebo systems, and NEGs are summarized in Table 4.
Both formulations showed stronger antioxidant activity
compared to their respective placebos (PL1 and PL2) and
showed lower ICso values than the individual plant extracts
(G. glabra and A. hippocastanum). Among all tested sam-
ples, F6P2 exhibited comparatively higher activity, show-
ing ICso values of 22.65 ng/mL for DPPH and 10.42 pg/mL
for ABTS. The lower ICso values indicate enhanced radi-
cal scavenging capacity relative to crude extracts under the
tested conditions.

Several factors may explain the observed improve-
ment. First, by making poorly water-soluble phytochemi-
cals more soluble and dispersible, the NEG system may
facilitate improved interaction between antioxidant mol-
ecules and radical species. Previous studies have consis-
tently reported improvements in the radical scavenging
capacity of lipophilic antioxidants (e.g., thymol, oregano
essential oil, carvacrol, and carotenoids) when encap-
sulated in NEs or nanocarriers as opposed to their free
forms [28, 85, 86]. Furthermore, the observed potency
may be attributed to the combined effects of 4. hippo-
castanum phenolic components and G. glabra flavonoids
(such as glabridin).

When the DPPH and ABTS assays were compared,
the ABTS assay consistently had lower ICso values. This
is expected because DPPH is restricted to organic media,
while ABTSe* radicals are more reactive in both aqueous
and lipophilic environments. Antioxidant screening studies
have generally recognized similar assay-dependent differ-
ences [87, 88].

Table 4 Antioxidant activity (ICso, pg/mL) of extracts, placebo for-
mulations, and nanoemulgels determined by DPPH and ABTS assays
(mean+SD, n=3)

Sample DPPH (IC50, pg/mL)  ABTS (IC50,
pg/mL)

G. glabra extract 34.12+0.01 15.134+0.10

A. hippocastanum extract  44.79+0.05 14.94+0.14

PL1 61.60+0.06 23.50+0.11

PL2 65.30+0.02 30.41+0.20

F3P2 26.50+0.11 12.40+0.19

F6pP2 22.65+0.08 10.42+0.15

Ascorbic acid 4.12+0.01 -

Trolox - 3.21+0.01

Values are expressed as mean=SD (n=3). PL1=placebo of F3P2;
PL2=placebo of F6P2. Lower ICso values indicate stronger antioxi-
dant activity. Ascorbic acid and Trolox were used as positive controls
for DPPH and ABTS assays, respectively
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Additionally, placebo formulations (PL1 and PL2) also
exhibited some antioxidant activity. This effect is likely due
to the natural biosurfactant Quillaja saponin, which acts as
an emulsifier and contains polyphenolic residues capable of
scavenging radicals. According to previous studies, quil-
laja extracts have been found to possess natural antioxi-
dant properties [89]. Because esterified vitamin E lacks a
free hydroxyl group necessary for hydrogen donation, the
addition of a-tocopheryl acetate to placebo formulations is
thought to have no significant effect on radical scavenging
in chemical analyses [90]. Ascorbic acid (ICso=4.12 pg/mL
in DPPH) and Trolox (ICso =3.21 pg/mL in ABTS) showed
the highest activities when compared to positive controls,
demonstrating the assays’ validity.

Although the antioxidant activity of NEGs did not reach
the potency of pure reference antioxidants such as ascorbic
acid and Trolox, the NEG system preserved and potentially
enhanced the functional performance of the plant extracts.
Importantly, the added value of nanoformulation lies not
only in intrinsic radical scavenging enhancement in cell-free
systems, but also in improved dispersion, physicochemical
stability, and potential dermal delivery performance of phy-
tochemicals [91-93]. These formulation-driven advantages
are particularly relevant for topical applications, where sta-
bility, penetration, and residence time influence biological
efficacy [91, 92].

In conclusion, F6P2 had the highest efficacy, exhibiting
notable radical scavenging activity in the DPPH and ABTS
assays. These findings support the potential applicability of
NEG systems in pharmaceutical and cutaneous formula-
tions where oxidative stress is a critical concern, illustrating
its capacity to enhance the antioxidant efficacy of phyto-
chemical-rich extracts.

Anti-Inflammatory (LOX Inhibition) and Anti-
Tyrosinase Activity

The inhibition of lipoxygenase (LOX) was chosen as the
primary anti-inflammatory test due to its crucial involve-
ment in the synthesis of leukotrienes, which are significant
mediators in the development of edema, increased vascu-
lar permeability, and intensified skin inflammation [94,
95]. LOX-driven pathways are especially pertinent in cases
of hyperpigmentation and swelling, where leukotriene-
induced microvascular inflammation leads to tissue darken-
ing and fluid accumulation [96]. The reasons for selecting
the LOX inhibition assay are the following: (i) it is relevant
to inflammation-associated periorbital hyperpigmentation
and edema in the clinic; (ii) it assesses leukotriene-related
inflammatory pathways pertinent to both plant extracts; and
(ii1) it is a well-established in vitro method for assessing the
anti-inflammatory action of bioactive phytocompounds.
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Table5 Lipoxygenase (LOX) and tyrosinase inhibition (%) of extracts,
placebo formulations, and nanoemulgels at 20 pg/mL (mean+SD,
n=3)

Sample LOX inhibition (%) Tyrosinase
inhibition
()

G. glabra extract 77.12+0.05 69.14+0.07

A. hippocastanum extract 81.2+0.1 78.5+£0.09

PL1 23.1+0.03 16.1+0.06

PL2 21.83+0.03 12.98+0.05

F3P2 78.13+0.02 71.2+0.08

F6p2 80.11+0.04 76.9+0.03

NDGA 99.9+0.01

Kojic acid 99.8+0.01

Values represent % inhibition measured at 20 pg/mL. PL1=placebo
of F3P2; PL2=placebo of F6P2. NDGA =nordihydroguaiaretic acid,
positive control for LOX; Kojic acid=positive control for tyrosinase

Based on these mechanistic considerations, the LOX
inhibition assay was employed to assess whether the
extracts and formulations demonstrate measurable anti-
inflammatory effects. The inhibitory effects of the extracts,
placebo formulations, and NEGs on LOX and tyrosinase at
20 pg/mL are summarized in Table 5. Both G. glabra and
A. hippocastanum extracts showed strong LOX inhibition
(77.1% and 81.2%, respectively) and notable tyrosinase
inhibition (69.1% and 78.5%). These results are in line with
earlier research showing that plant extracts high in pheno-
lics have anti-inflammatory and anti-tyrosinase properties.
For instance, it has been demonstrated that G. glabra flavo-
noids, such as glabridin and liquiritigenin, strongly suppress
LOX and tyrosinase activity [97-99]. The anti-inflamma-
tory properties of A. hippocastanum saponins and pheno-
lics have been linked to LOX inhibitory activity [100]. The
PL1 and PL2 placebo formulations, as anticipated, exhib-
ited negligible activity (LOX inhibition of approximately
23% and 22%; tyrosinase inhibition of approximately 16%
and 13%). This demonstrates that the plant extracts, not the
excipients, are responsible for the effects of the designed
formulations.

Oxidative stress plays a critical role in the pathogen-
esis of hyperpigmentation by promoting melanogenesis
through the activation of key signaling pathways, includ-
ing Microphthalmia-associated transcription factor (MITF)
and tyrosinase expression. Increased levels of reactive
oxygen species (ROS) stimulate melanocyte activity, lead-
ing to excessive melanin production and accumulation in
the periorbital region [101]. Furthermore, oxidative stress
is closely associated with inflammatory responses, which
can further exacerbate pigmentation disorders through the
release of pro-inflammatory mediators [94]. In this con-
text, the strong antioxidant activity exhibited by the devel-
oped NEG formulations may contribute to the regulation
of melanogenic processes by reducing oxidative stress and
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indirectly modulating tyrosinase activity. The observed
anti-inflammatory effects, as demonstrated by LOX inhi-
bition, may also play a complementary role by attenuating
inflammation-induced pigmentation pathways. Therefore,
the combined antioxidant and anti-inflammatory properties
of the formulations suggest a multifunctional mechanism
of action potentially relevant to pigmentation-related path-
ways in the periorbital region.

The NEG formulations (F3P2 and F6P2) exhibited inhi-
bition values comparable to those of the corresponding
crude extracts under the tested conditions. These findings
indicate that the nanoformulation preserved the intrin-
sic enzyme inhibitory activity of the plant extracts with-
out functional loss. Although F6P2 exhibited numerically
higher inhibition values compared to F3P2, the differences
were modest under the tested conditions. Therefore, while
the hybrid surfactant system may contribute to improved
interfacial characteristics and dispersion of bioactive com-
pounds, a definitive enhancement in enzyme inhibition can-
not be asserted.

Limitations and Future Research

This study provides significant insights into the physico-
chemical properties and biological effectiveness of NEG
formulations, although it is essential to acknowledge specific
limitations. The biological assays conducted—antioxidant,
anti-inflammatory (LOX inhibition), and anti-tyrosinase
activity—were executed in vitro utilizing isolated enzyme
systems. While these models offer mechanistic insights,
they fail to completely represent the complex biochemical
and structural milieu of human skin. As a result, the extent
to which these observed activities translate into tangible
clinical outcomes is yet to be determined. An additional
limitation of this study is the absence of in vitro release and
ex vivo skin permeation/deposition studies. Although the
physicochemical properties and biological activities of the
formulations suggest potential for enhanced dermal deliv-
ery, the lack of direct skin penetration data limits the abil-
ity to establish a clear correlation between the observed in
vitro findings and actual skin delivery performance. There-
fore, conclusions regarding dermal retention and periocular
localization remain hypothetical and should be interpreted
with caution. Although the enzyme inhibition results (LOX
and tyrosinase assays) indicate promising biological activ-
ity, these findings are derived from simplified in vitro sys-
tems and may not fully represent the complex physiological
conditions of human skin. Therefore, any interpretation
regarding their effectiveness in reducing hyperpigmentation
or edema in vivo should be interpreted with caution.
Another limitation is the absence of clinical evaluation.
Although the formulations showed promising stability and

multifunctional biological activity in vitro, their actual
performance on periorbital skin—such as effects on pig-
mentation, vascular congestion, and edema—has not been
validated. Additionally, the safety of long-term application
around the sensitive periocular area needs thorough evalua-
tion through standardized irritation and tolerability studies.
Subsequent research should focus on ex vivo skin inves-
tigations, in vitro release studies, ocular-periorbital safety
evaluations, and controlled clinical trials to determine the
therapeutic efficacy of the formulations in humans. Fur-
thermore, mechanistic investigations into their effects on
melanogenic signaling pathways (e.g., MITF, tyrosinase
expression), inflammatory mediators, and microvascular
physiology would clarify the combined or complementary
effects indicated by the present findings. Such studies will
support the translation of NEG technologies into clinically
relevant cosmetic or dermatological applications.

Conclusion

In this research, our objective was to develop NEG for-
mulations enhanced with extracts from G. glabra and A.
hippocastanum to tackle two common concerns in the
periorbital area: hyperpigmentation and edema. The find-
ings indicate that the optimized systems, notably F3P2
and F6P2, exhibit a combination of notable biological
activity and physicochemical stability. Their incorpora-
tion into the gel base provided improved kinetic stability
and appropriate rheological properties, while their high
surface charge, narrow distribution, and nanometer-scale
droplet sizes support physicochemical stability during
the study period. Beyond their technical stability, the
formulations also demonstrated meaningful biological
performance. Both extracts contributed to the observed
biological activity, leading to notable antioxidant and
anti-inflammatory responses, along with measurable
inhibition of tyrosinase. Although the inhibitory activ-
ity remained lower than that of the reference compound
kojic acid, the results indicate that the combined formu-
lation preserves the functional activity of the individual
extracts. These findings suggest a potential multifunc-
tional role in addressing pigmentation- and edema-related
pathways, highlighting their relevance for dermocosmetic
applications. Our findings offer robust in vitro evidence;
however, additional studies are necessary to validate the
clinical significance of these results. Future in vivo trials,
followed by controlled clinical evaluations, will be criti-
cal to determine their safety, tolerability, and effective-
ness in real-world use. If these outcomes are confirmed,
such NEG systems may represent a promising plant-based
alternative to current periorbital therapies.
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