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Abstract

Plant oils are increasingly explored as sustainable functional ingredients in topical emul-
sions due to their emollient properties and reported photoprotective potential. This study
aimed to formulate physically stable W/O emulsions containing selected plant oils (olive,
avocado, sesame, flaxseed, and grape seed oils) at two concentrations (15% and 30%) and
to evaluate their physicochemical, rheological, occlusive, and UV-protective properties.
All formulations were confirmed as W/O systems with skin-compatible pH values and
demonstrated shear-thinning, non-Newtonian flow with varying degrees of thixotropy.
Increasing oil content from 15% to 30% reduced shear stress, consistency index, and vis-
coelastic moduli, indicating a softer internal structure. Moreover, the viscosities of the
emulsions were not solely determined by the viscosities of the individual oils, suggesting
significant interactions with the emulsifier system. High occlusion factors were demon-
strated for all emulsions, with the highest values observed for 30% olive- and grape seed
oil-based formulations. Spectrophotometric SPF assessment revealed measurable UV-
protective activity only for emulsions containing 30% olive, avocado, or flaxseed oil (SPF
>1). All formulations exhibited satisfactory physical stability under mechanical and ther-
mal stress. These findings demonstrate that plant oils can modulate the structure and per-
formance of W/O emulsions and may serve as valuable supportive ingredients in the de-
velopment of photoprotective cosmetic products.

Keywords: cosmetic formulations; natural cosmetics; vegetable oils; viscoelastic behavior;
sun protection; non-Newtonian flow; thixotropy; emollients

1. Introduction

The skin is the largest organ of the human body and acts as the primary barrier be-
tween the body and the external environment, playing a crucial role in protection against
harmful external factors. One of these factors is ultraviolet (UV) radiation, to which the
skin is regularly exposed. While UV radiation is indispensable for the endogenous syn-
thesis of vitamin Ds and exerts certain beneficial physiological effects, excessive exposure
is associated with adverse outcomes such as erythema, oxidative stress, photoaging, and
photocarcinogenesis. Chronic overexposure to UV radiation constitutes a significant risk
factor for the development of various skin cancers, the incidence of which has markedly
increased in recent decades [1,2]. According to the GLOBOCAN 2022 report by the Global
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Cancer Observatory, the highest incidence rates of skin cancer were recorded in North
America, Oceania, and Europe, regions characterized by predominantly fair-skinned pop-
ulations. In Europe, the incidence of melanoma skin cancer ranges from 10 to 25 new cases
per 100,000 inhabitants, making it the sixth most commonly diagnosed cancer on this con-
tinent [3,4]. Numerous studies have shown that frequent sunburns throughout life are
associated with an increased risk of skin cancer [5,6].

To mitigate the deleterious effects of UV radiation, regular and proper application of
sunscreens represents the primary preventive strategy, serving as a crucial factor in pre-
venting the development of skin cancer and reducing the occurrence of various types of
skin damage [7,8]. Nevertheless, although commercial sunscreens are highly effective,
some of their active ingredients (UV filters) may pose risks to human health and the envi-
ronment. The safety of both organic and inorganic UV filters has been extensively inves-
tigated, as numerous studies have reported their susceptibility to photodegradation. Irre-
versible photodegradation not only decreases the photoprotective efficiency of UV filters
but may also result in the formation of toxic or reactive byproducts capable of inducing
photoirritation or photoallergic reactions in humans [9-11]. While inorganic UV filters
generally exhibit greater photostability, exposure to UV radiation can lead to the genera-
tion of reactive oxygen species (ROS), which may penetrate the stratum corneum and
cause oxidative damage to proteins, lipids, and DNA [8,12]. Furthermore, several studies
have shown that certain organic UV filters can be absorbed through the skin, enter sys-
temic circulation, and exert potential endocrine-disrupting effects [13,14].

In 2019, the Food and Drug Administration (FDA) classified 16 approved over-the-
counter (OTC) sunscreen active ingredients into three categories based on available safety
and efficacy data. UV filters in Category I are Generally Recognized as Safe and Effective
(GRASE), whereas those in Category II are considered non-GRASE. Category III requires
additional data before a GRASE determination can be made. As a result, two ingredients,
para-aminobenzoic acid (PABA) and trolamine salicylate, were designated as Category II
and subsequently banned from use in sunscreen products in the United States due to
safety concerns [15,16].

To identify safer alternatives, there is a growing demand for natural ingredients in
the cosmetics and pharmaceutical industries [17]. Plant oils, natural triglyceride-based oils
of botanical origin (commonly known as vegetable oils) have attracted considerable inter-
est due to their abundant availability, renewability, and numerous beneficial effects on
humans, making them a natural and environmentally friendly choice for cosmetic appli-
cations. In topical preparations, plant oils are primarily used for their emollient and mois-
turizing properties [18]. According to literature reports, certain plant oils also exhibit UV-
protective properties. For instance, sesame oil has been described as having strong anti-
oxidant activity and providing approximately 30% resistance to UV radiation, with an
estimated sun protection factor (SPF) of around 2. Coconut oil, peanut oil, olive oil, and
cottonseed oil have been reported to exhibit about 20% UV resistance, and olive oil has
been cited as having one of the higher SPF values among plant oils, with reported values
ranging from approximately 7.5 to 8 [19,20].

Sunscreens are intended to remain on the skin surface or accumulate in the upper
layers of the stratum corneum, with minimal penetration beyond the epidermis to achieve
their effect [21]. Excessive penetration of UV filters into deeper layers may reduce their
effectiveness and safety, leading to systemic absorption and increased risk of adverse ef-
fects [22]. Currently, various sunscreen formulations are available, among which emul-
sions remain the most widely used worldwide. Oil-in-water (O/W) emulsions are prefer-
able because the external water phase evaporates after application, creating a cooling,
namely refreshing sensation on the skin [23]. However, oil-based formulations provide
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superior emollient properties and form a long-lasting film on the skin surface, which en-
hances their suitability for sunscreen applications [24].

The choice of formulation type is crucial for ensuring efficacy, safety, and consumer
acceptance. Increasing attention is now devoted to the esthetic properties of topical prod-
ucts, including appearance and sensory feel, as these factors strongly influence consumer
acceptance [22,23]. Rheological measurements can provide useful insights into sensory-
related properties; however, they cannot fully replace dedicated sensory evaluation. Alt-
hough they have certain limitations, instrumental measurements have been shown to cor-
relate well with sensory tests [25]. By analyzing rheological behavior, it is possible to gain
insight into how a product will perform under real-life conditions, including manufactur-
ing, packaging, and application to the skin. The flow behavior and viscosity of formula-
tions, as determined by rheological measurements, may reflect their spreadability and
ease of application on the skin. Therefore, rheological analysis represents a valuable tool
in developing formulations optimized for both efficacy and sensory appeal [26,27].

Therefore, the aim of this study was to formulate stable water-in-oil (W/O) emulsions
for topical application and to investigate the influence of different types and concentra-
tions of plant oils on their rheological properties, occlusive capacity, and sun-protective
potential.

2. Materials and Methods
2.1. Material

Plant oils (olive oil, avocado oil, sesame oil, flaxseed oil and grape seed oil) were
obtained from Alekpharm (Belgrade, Serbia). Dehymuls® K (BASF, Ludwigshafen, Ger-
many) was used as a base and consisted of: soft paraffin, decyl oleate, dicocoyl pentae-
rythritol distearyl citrate, sorbitan sesquioleate, microcrystalline wax, paraffin oil, bees-
wax, and aluminum stearate.

2.2. Formulation Design and Preparation Method

Ten formulations were prepared using five different plant oils (olive oil, avocado oil,
sesame oil, flaxseed oil, and grape seed oil) at two concentrations (15% and 30%) (Table
1). Additionally, a control formulation (FO) containing no plant oil was included.

Table 1. Composition of emulsions (%, w/w).

FO F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

Dehymuls® K

30 30 30 30 30 30 30 30 30 30 30

Olive oil

15 30 / / / / / / / /

Avocado oil

/ / 15 30 / / / / / /

Sesame oil

/ / / / 15 30 / / / /

Flaxseed oil

/ / / / / / 15 30 / /

Grape seed oil

~— e~~~ |~

/ / / / / / / / 15 30

Distilled water up to

100 100 100 100 100 100 100 100 100 100 100

The oil phase was prepared by incorporating the required amount of plant oil into
the Dehymuls® K base and heating the mixture to 70 °C under continuous stirring. In par-
allel, the aqueous phase was heated separately to the same temperature. The emulsion
was formed by gradually adding the aqueous phase to the oil phase under continuous
stirring using Boeco mechanical overhead stirrer (Hamburg, Germany) at a constant
speed of 500 rpm. After addition, emulsification was continued for an additional 10 min
at 70 °C to ensure homogeneity.
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The prepared emulsions were then allowed to cool to room temperature under con-
tinuous gentle stirring, after which they were transferred to suitable glass containers and
stored well closed, protected from light at room temperature prior to further characteri-
zation.

2.3. Physical Characterization and PH Value of Emulsions

The type of emulsion was determined using an electric conductivity measurement
with a Boeco CT-600 conductivity meter (Hamburg, Germany).

The emulsions were visually examined for color and phase separation. Additionally,
the pH value of each formulation was determined at 25 + 0.1 °C using a digital pH meter
(WTW Inolab, Weilheim, Germany).

2.4. Rheological Properties

Rheological behavior of prepared formulations was examined by Haake Mars rhe-
ometer (Thermo Scientific, Karlsruhe, Germany) equipped with a cone-plate geometry
C35/2°/Tiat25+0.1 °C.

Flow curves were determined in continuous hysteresis loop tests where samples
were exposed to a gradual increase in shear rate from 0.005 to 150 s over 120 s, followed
by a 60 s period at a constant shear rate of 150 s, and finally a decrease to 0 s over the
next 120 s. The same procedure was performed for the pure plant oils using a coaxial cyl-
inder geometry with CC25 DIN/Ti rotor to determine their apparent viscosities. The ob-
tained flow curves were fitted using the Herschel-Bulkley model:

T=1,+Ky" 1)

where 7 (Pa) is shear stress, 7, is the yield stress, y (s™) is the shear rate, n (non-dimen-
sional) is the flow behavior index, and K (Pa-s") is the consistency index.

Apparent viscosity values were recorded throughout the flow curve measurement,
and the apparent viscosities of the formulations at 100 s were correlated with those of
the corresponding pure plant oils to assess whether emulsion rheology was primarily in-
fluenced by oil viscosity.

Additionally, amplitude sweep tests were performed to determine the linear viscoe-
lastic region (LVR). The storage (elastic) modulus (G’) and loss (viscous) modulus G"” were
recorded versus shear stress (0.1-100 Pa) at a constant frequency of 1 Hz. Based on the
amplitude sweep results, a shear stress of 1 Pa, corresponding to the midpoint of the LVR,
was selected and applied in the subsequent frequency sweep tests. In the frequency sweep
tests G’ and G” moduli were recorded as a function of frequency (0.1-10 Hz) at a constant
shear stress of 1 Pa.

2.5. Determination of Occlusion Factor

The occlusive properties were investigated using an in vitro occlusion test [28]. Beak-
ers with a capacity of 100 mL and a diameter of 5.8 cm were filled with 50 mL of distilled
water and covered with filter paper (Whatman number 4, pore size: 20-25 uM). An equal
amount of each sample (0.5 g) was uniformly spread over the surface of the filter paper
(26.4 cm?), resulting in an applied emulsion amount of 18,9 mg/cm?. The beakers with the
samples were then incubated at 32 + 0.5 °C, corresponding to the skin surface temperature.
After 24 and 48 h, the beakers were weighed to determine water loss. The occlusion factor
(F) was calculated according to the following equation:

F = (A — B)/A x 100 @)
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where A represents the water loss in the control and B represents the water loss in the
samples. An F value close to 0 indicates no occlusive effect, whereas a value close to 100
indicates maximal occlusion.

2.6. Determination of SPF Values

SPF values were determined by the spectrophotometric method [29]. Samples (1 g)
were dissolved in 100 mL of absolute ethanol using an ultrasonic bath for 5 min and then
diluted 5-fold. The absorbance of each formulation was measured in the UVB spectral
range (290-320 nm), at 5 nm intervals, using ethanol as a blank. The SPF values were cal-
culated using Mansur’s equation:

SPF = CF x Y320 EE(1) X I(1) X Abs(Q) 3)

where CF is the correction factor (10), EE is the erythmogenic effect of radiation of wave-
length A, I is the intensity of solar light at wavelength A, and Abs represents the absorbance
of emulsion at the corresponding wavelength A. The values of EE x I are constants, previ-
ously described in the literature and shown in Table 2.

Table 2. Values of the product of the erythemogenic effect of radiation (EE) and the intensity of solar
light (I) at each wavelength (A).

A (nm) EExI
290 0.0150
295 0.0817
300 0.2874
305 0.3278
310 0.1864
315 0.0839
320 0.0180

2.7. Stability Study

The stability of the formulations was evaluated under different storage conditions.
The formulations were subjected to centrifugation and temperature cycle tests [30], after
which visual characteristics indicative of instability, such as color changes or phase sepa-
ration, were examined.

Samples (5 g) were centrifuged at 3000 rpm for 30 min at room temperature. In the
temperature cycle test, samples (10 g) were exposed to heat stress for 48 h, where one
temperature cycle lasted 24 h and consisted of incubation at 4 °C for 8 h followed by in-
cubation at 40 °C for 16 h.

In addition, samples (10 g) were stored in closed glass containers at room tempera-
ture for 30 days. After this period, rheological measurements were repeated to assess pos-
sible changes in the structure of the formulations during storage.

2.8. Statistical Analysis

All measurements were performed in triplicate, and all values are expressed as mean
+ standard deviation. Statistical significance between the examined groups was deter-
mined at a significance level () of 0.05 using one-way analysis of variance (ANOVA)
followed by Tukey’s post hoc test, performed in OriginPro 2019.
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3. Results
3.1. Physical Characterization and PH Value

Visual examination of the prepared formulations showed that all emulsions were of
milky-white to light-yellow color, smooth, shiny, and homogenous, with no visible signs
of phase separation. The pH values ranged from 5.85 for FO to 6.21 for F1. Low electrical
conductivity values (0.01-0.03 uS/cm) indicated that all prepared formulations were W/O
emulsions.

3.2. Rheological Properties of the Emulsions

As part of the pre-formulation evaluation, the apparent viscosities of the plant oils
used in the emulsion formulations were first determined. Their apparent viscosities
ranged from 39.75 mPa-s for flaxseed oil to 94.45 mPa-s for avocado oil (Table 3).

Table 3. Apparent viscosities of the plant oils used in the emulsion formulations.

Plant Oil Apparent Viscosity (mPa-s)
Olive oil 63.10 £ 0.80
Avocado oil 94.45 +1.35
Sesame oil 51.55 + 0.65
Flaxseed oil 39.75+0.45
Grape seed oil 51.85+0.55

Flow curves of the prepared emulsions are presented in Supplementary Figure S1.
All formulations exhibited pseudoplastic (e.g., shear-thinning) flow, characterized by a
substantial decline in apparent viscosity as the shear rate increased. In several formula-
tions, a certain degree of thixotropy was also observed, indicated by the hysteresis area
between the forward and backward curves. The concentration of plant oil strongly influ-
enced the flow behavior; emulsions containing 15% oil (F1, F3, F5, F7, F9) reached approx-
imately half the shear stress values of the control formulation without plant oil (F0), while
increasing the oil proportion to 30% further significantly reduced shear stress. The lowest
shear stress values were recorded for the formulation F8 containing 30% flaxseed oil.

Rheological parameters calculated by fitting the flow curves to the Herschel-Bulkley
model are summarized in Table 4. Analysis of the forward curves showed that only the
control formulation FO and the emulsions containing avocado oil (F3 and F4) exhibited a
yield stress (1), indicating that an initial shear force was required to initiate flow in these
emulsions. In contrast, yield stress values were obtained for all formulations when calcu-
lated from the backward curves, with the control formulation showing the highest to. In-
creasing the oil content from 15% to 30% resulted in an approximately 10-fold decrease in
yield stress. Similar trend was observed for the consistency index (K), which also de-
creased with higher oil content. For all emulsions, K values obtained from the forward
curves were higher than those obtained from the backward curves, confirming the thixo-
tropic behavior of the formulations. The flow behavior index (1) calculated from the for-
ward curves ranged from 0.13 to 0.45 for emulsions containing plant oils and was 0.55 for
the control. When derived from the backward curves, n values were significantly higher
(0.57-0.79), indicating that the disrupted structures behaved more like Newtonian fluids,
i.e.,, their viscosities changed slightly with shear rate.

Correlation analysis between the apparent viscosities of the pure plant oils and those
of the corresponding emulsions showed no statistically significant relationship (Figure 1).
In the formulations containing 30% oil, emulsions prepared with more viscous oils tended
to exhibit higher apparent viscosities (Pearson r = 0.60), while no such trend was observed
for the 15% oil group. These findings suggest that the rheological behavior of the
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emulsions is not determined solely by the viscosity of the plant oils but also by interactions
among the formulation components.

Table 4. Yield stress (o), consistency index (K) and flow behavior index (1) values of the emulsions

obtained from Herschel-Bulkley model fitting.

Forward Curve Backward Curve

7o [Pa]

K [Pa-s"] n 7o [Pa] K [Pa-s"] n
FO 91.11 £ 14.95 34.27 + 6.06 0.55+0.03 104.08 +2.83 30.91 +£1.06 0.57£0.01
F1 / 119.36 + 8.55 0.20 £ 0.01 57.02 +1.39 11.69 £ 0.45 0.62 +£0.01
F2 / 63.18 £7.05 0.13+£0.01 5.22 +0.37 1.91 +0.07 0.79 £0.01
F3 8.26 +3.75 82.03 £ 8.20 0.25+0.01 68.32 £2.03 12.17 £ 0.71 0.59 £ 0.01
F4 2.86+1.43 22.89 +0.96 0.36 £ 0.01 6.82 +0.48 414+0.13 0.69 £ 0.01
F5 / 154.62 +9.79 0.17 £0.01 92.58 +1.81 10.41 £ 0.55 0.64 £ 0.01
Fé6 / 52.95+2.33 0.19 £ 0.01 8.65+0.43 3.12+0.10 0.72 +0.01
F7 / 99.22 +3.95 0.22+0.01 84.64 +1.99 9.53 + 0.66 0.62 £0.01
F8 / 5.79£0.71 0.45 £ 0.02 457 +£0.26 0.99 + 0.05 0.79£0.01
F9 / 119.51 +9.01 0.19+£0.01 79.89 +1.46 11.35+0.50 0.60 £ 0.01
F10 / 20.81+£0.55 0.34 £0.00 6.39 +0.33 3.24 +£0.09 0.69 £ 0.00
33 3500 (b), 1400
o * o
2 00 |, S 2 e : . *
g 2500 * y=-4.2077x+ 31215 * é 1000 R y= 8.9861x + 449,39
E > 2000 R*=0.119 Soaw o e 5 a5a0
é g 1500 'Ei g 500
é 1000 é‘ 400 *
E 500 é 200
LI 2o
0 20 40 60 50 100 0 20 40 60 80 100

Apparent viscosity of plant oil [mPa - s]

Apparent viscosity of plant oil [mPa-s]

Figure 1. Correlation between apparent viscosities of plant oils and the corresponding emulsions
prepared with (a) 15% oil and (b) 30% oil.

Viscoelastic properties were evaluated by amplitude sweep tests, which confirmed
the existence of a linear viscoelastic region (LVR) for all formulations within the stress
range of 0.1-10 Pa. Shear stress of 1 Pa was therefore selected for the frequency sweep.
Figure 2 shows the frequency dependence of the storage modulus (G") and loss modulus
(G") for all emulsions. G' exceeded G" values in all formulations, indicating that solid-like
behavior predominated over viscous behavior. As expected, both moduli increased with
frequency.

Increasing the plant oil content from 15% to 30% resulted in a marked decrease in
both G’ and G" values. All formulations containing 15% oil exhibited higher viscoelastic
moduli than the control formulation without oil. The highest moduli were observed for
the formulation with 15% olive oil (F1), whereas the lowest values were recorded for the
emulsion with 30% flaxseed oil (F8).
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Figure 2. Changes in storage modulus (G’) and loss modulus (G") of the emulsion lotions as a func-
tion of frequency (0.1-10 Hz) at a constant shear stress of 1 Pa: (a) F1 and F2, (b) F3 and F4, (c) F5
and F6, (d) F7 and F8, and (e) F9 and F10, each compared with the control formulation FO.

3.3. Occlusivity of the Emulsions

The in vitro occlusion test demonstrated that all formulations exhibited high occlu-
sion factors (F > 60%) after both 24 h and 48 h (Figure 3). The occlusion factors of individ-
ual formulations did not change significantly between the two time points. The incorpo-
ration of plant oils increased occlusivity in both concentration levels, although statistically
significant higher values (p < 0.05) were recorded only for the formulations containing
30% olive oil (F2) at both time points and 30% grape seed oil (F10) after 48 h. Statistically
significant differences (p < 0.05) were also confirmed emulsions containing the same type
of oil at the two tested concentrations (olive oil: F1 vs. F2; grape seed oil: F9 vs. F10), at
both 24 h and 48 h.
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Figure 3. Occlusion factor (F) of the emulsions measured after 24 h and 48 h.

3.4. UV-Protective Properties

SPF values determined from UVB absorbance spectra (290-320 nm) are shown in Ta-
ble 5. Although all formulations containing 30% oil had higher SPF values compared with
the corresponding 15% formulations, only emulsions with 30% olive oil (F2), 30% avocado
oil (F4), and 30% flaxseed oil (F8) achieved SPF value more than 1, indicating measurable
UV-protective activity. Formulations F4 and F8 exhibited SPF values of approximately 3,
which were significantly higher (p < 0.05) than that of F2, while there was no significant
difference between the SPF values of F4 and F8.

Table 5. Sun protection factor (SPF) values of the emulsions.

Formulation SPF Value
FO <1
F1 <1
F2 1.31+£0.15
F3 <1
F4 3.00 +0.41
F5 <1
F6 <1
F7 <1
F8 2.76 + 0.47
F9 <1
F10 <1

3.5. Stability of the Emulsions

Stability assessment included centrifugation tests and temperature-cycling. No phase
separation or notable changes in organoleptic properties were observed in any formula-
tion, indicating adequate physical stability. After 30 days of storage at room temperature,
the emulsions retained their visual appearance and did not undergo phase separation.

Rheological analysis after storage showed that the flow curves remained mostly un-
changed for all formulations. However, when apparent viscosity at 100 s was compared
between day 1 and day 30, a decrease was observed in most formulations (Figure 4). This
decrease was statistically significant only for control formulation FO. In contrast,
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formulations containing flaxseed oil (F7 and F8) showed a slight increase in apparent vis-
cosity over the 30-day storage period, although that increase was not statistically signifi-

cant.
6000
5000
4000
oy
&
= 3000 WDay 1
= B1Day 30
2000

1000 E
O é
FO F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

Figure 4. Apparent viscosity of the emulsions at a shear rate of 100 s measured on day 1 and day
30.

4. Discussion

With the heightened awareness of the detrimental consequences of the climate
change and the harmful effects associated with repeated exposure to solar radiation, cou-
pled with the increasing incidence of skin cancers (and other related skin conditions and
diseases) among the aging population—which have escalated into a global public health
concern—the use of photoprotective agents has risen notably over the past few decades.
On the other hand, controversies surrounding the health and environmental safety of cer-
tain UV filters, along with the growing awareness of sustainability-related challenges and
the rise of green consumerism, have created new opportunities for researchers and for-
mulators to develop optimized sunscreen products, prompted by advancements in scien-
tific knowledge and technology [30-33]. Additionally, the cost of topical photoprotectants
is an important consideration in the formulation development process, as regular appli-
cation is required to prevent photodamage and may significantly impact consumer use
and compliance [34]. Notable attention has been directed towards the use of plant oils,
due to their accessibility, diverse biological activities and favorable technological proper-
ties [24]. Thus, this study aimed to develop and characterize topical cosmetic emulsions
using selected plant oils as functional and added-value ingredients with sun-protective
potential. Since plant oils were considered as the key formulation variables to be tested,
their concentrations were not compensated by an alternative non-functional oil. The con-
trol formulation (F0) represents a conventional W/O emulsion base, while formulations
F1-F10 reflect progressive enrichment of this base with plant oils at two concentration
levels. Consequently, the total oil phase fraction differed between the control and oil-con-
taining formulations by design. This approach does not aim to isolate oil-type effects un-
der constant oil volume conditions, but rather to evaluate how incorporation of different
plant oils at practically relevant concentrations modulates the physicochemical, rheologi-
cal, occlusive, and photoprotective performance of W/O emulsions. While this design lim-
its strict attribution of observed effects solely to oil identity, it reflects realistic formulation
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strategies in cosmetic development, where functional oils are added to base systems to
impart added value.

A wide range of photoprotective products intended for application on different body
areas is currently available on ever growing market. According to the FDA, dosage forms
including oil, lotion, cream, gel, butter, paste, ointment, stick, spray, and powder formu-
lations are considered GRASE for OTC use. However, dosage forms such as sunscreen
wipes, towelettes, body washes and shampoos cannot currently be legally marketed with-
out an approved application [35]. It is widely reported that the selection of a vehicle
strongly affects both the performance of sunscreen products and their cosmetic appeal,
which are strongly related to the consumers’ preference and compliance [24,36]. In this
study, we opted to formulate sunscreen emulsions, which are generally considered more
cosmetically appealing and preferable to oils, ointments and creams. They are character-
ized by a lighter texture, ease of application, moisturizing and cooling effect [37]. Firstly,
we confirmed that all formulations were W/O emulsions. The electrical conductivity de-
termines the type of emulsion, where W/O emulsions exhibit very low conductivity values
(near zero), because the continuous oily phase obstructs the conduction in the dispersed
aqueous phase [38,39]. Oil-based vehicles are considered suitable for photoprotective for-
mulations, due to their ability to form a thin, continuous and long-lasting film on the skin
surface, which further helps prevent skin dehydration caused by the environmental con-
ditions [24]. In comparison to O/W systems, W/O emulsions have several advantages rel-
evant to photoprotective applications, such as superior water resistance, enhanced sub-
stantivity on the skin, improved photostability of lipophilic UV filters, and higher occlu-
sivity. These properties arise primarily from the hydrophobic nature of the continuous
phase, which promotes film persistence and reduced susceptibility to wash-off during
sweating or water exposure. For these reasons, W/O emulsions are frequently selected for
durable sunscreen and protective topical formulations [40,41].

Cosmetic elegance can be defined as any feature associated with skin sensation upon
application, color or a scent [42]. Regarding color, all formulations displayed a typical
milky white to light-yellow shiny appearance, with homogenous texture. Sunscreen color
is one of the key cosmetic appeal determinants, since transparent or skin-blending formu-
lations are generally preferred by consumers, regardless of their skin tone or Fitzpatrick
skin type. An unfavorable visual appearance can lower perceived value of the product,
represents a barrier to regular sunscreen use and may even exclude it from purchase con-
sideration [34,43]. It is anticipated that W/O emulsions, especially those with increased oil
content, will exhibit lower friction and increased spreadability upon application, and form
colorless film on the skin surface [44]. Furthermore, all formulations exhibited pH values
around 6.0, which is compatible with the skin and approximates its average pH. Thus,
these emulsions are unlikely to cause irritation and can be considered appropriate for top-
ical application [36].

Analysis of consumer reviews for the top 65 sunscreen products available on Ama-
zon.com online catalog revealed that cosmetic elegance was the most cited positive attrib-
ute, followed by product performance, skin compatibility and ingredient composition. In
addition, the analysis showed that a pleasant tactile skin feel and ease of rubbing out were
rated as the most desirable attributes, while product residue and thickness were the least
desirable [42]. Indeed, these findings further highlight the need for a comprehensive sen-
sory analysis in the development of topical sunscreen formulations. Although sensory
analysis performed by a well-trained panel has proven to be a reliable method for as-
sessing skin feel properties, it is both time-consuming and costly. Moreover, panelist sub-
jectivity cannot be completely eliminated. Consequently, various instrumental techniques
have been introduced to predict and estimate product sensorial perception. Among them,
rheology is one of the most extensively studied and applied, as it provides insight into
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flow behavior, textural properties, and the stability of cosmetic formulations [44—46].
Thus, rheological measurements were carried out to gain deeper insight into the charac-
teristics of the prepared sunscreen formulations. Nevertheless, it should be emphasized
that sensory attributes such as after-feel, residue, and greasiness require dedicated in vivo
sensory studies or complementary instrumental approaches for comprehensive evalua-
tion, which will be addressed in future work.

Steady state (continuous) rheological measurements can help predict behavior of the
formulated product during manufacturing and application [45]. Initially, the viscosities
of the plant oils used were determined. The results showed that their viscosities increased
in the following order: flaxseed oil < sesame oil < grape seed oil < olive oil < avocado oil.
Plant oils are typical Newtonian fluids with an independent shear rate viscosity, but tem-
perature dependence [47]. However, all formulations demonstrated a non-Newtonian,
shear-thinning character and showed some extent of time-dependent (thixotropic) behav-
ior, although the magnitude of thixotropy varied, as indicated by the different hysteresis
loop areas. A grouping of the flow curves according to plant oil concentration was also
noticeable. The highest shear stress value was recorded for the control formulation (F0),
while the addition of 15% plant oil reduced the shear stress values by approximately half
(F1, E3, F5, F9). The lowest shear stress value was observed in the formulation containing
30% flaxseed oil (F8), which also displayed the lowest apparent viscosity. Shear-thinning
flow behavior is a type of non-ideal behavior commonly observed in emulsion systems,
where the apparent viscosity decreases with increasing shear rate. A relatively weak
three-dimensional network that exists within emulsion ruptures easily after it is subjected
to shear over a period of time. Thus, its viscosity decreases with shear time. It is considered
a desirable property of topical preparations, as they thin during application and thicken
afterwards [48,49]. Together with thixotropy, which reflects the time-dependent recovery
of a system’s structure after the applied stress is discontinued, this rheological profile has
a key role in application performance. Thixotropy facilitates application and uniform dis-
tribution on the skin, enhancing spreadability and user acceptance, as formulations can
flow easily under shear and require lower stress to initiate spreading [50-52]. In addition,
thixotropy promotes film formation by enabling spreading under shear and viscosity re-
covery once the applied stress is removed, supporting film stability on the skin [53]. In
sunscreen and other topical products, thixotropic behavior has been shown to promote
the formation of thinner and more uniform films, enhancing consistent UV protection and
overall product performance [54].

Furthermore, the values of yield stress (10), consistency index (K) and flow behavior
index (1) were obtained by fitting flow curves. A yield stress was obtained from the for-
ward curves only for FO and the avocado oil-containing formulations (F3, F4), which ex-
hibited the highest apparent viscosity among used plant oils. Since yield stress represents
the minimum stress required to initiate material flow, these formulations appear to be the
most resistant to flow and are expected to be somewhat harder to spread on the skin [55].
According to the prior studies, consumers apply more sunscreen product if it spreads eas-
ily, leading to increased photoprotection efficacy [42]. The inability to reliably determine
yield stress from the ascending (forward) flow curves is characteristic of thixotropic sys-
tems, in which structural breakdown under increasing shear occurs more rapidly than
structural recovery at low shear rates. During the ascending sweep, the internal structure
of the emulsion remains largely intact until shear rate begins to increase, at which point
rapid break-down occurs, leading the model to converge toward the yield stress values
close to zero. Literature data show that thixotropy and rheological aging can prevent the
emergence of measurable yield stress during the forward sweep [56]. In addition, wall slip
and transient inhomogeneities were shown to potentially interfere with accurate as-as-
sessment of yield behavior [57,58]. In contrast, during the backward (descending) curve
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the material has already undergone shear-induced disruption and begins to partially re-
build its structure. Under these conditions, the Herschel-Bulkley model more readily cap-
tures the residual stress required to maintain flow, producing stable to values. Similar
behavior has been reported for structured suspensions and emulsions, where yield stress
becomes apparent only after shear-induced breakdown [59,60]. Accordingly, the yield
stress values fitted from backward curves in this study should be interpreted not as the
stress required to initiate flow in undisturbed system, but rather the stress required to
sustain flow in a partially restructured material.

The consistency index is closely correlated with the consumers’ visual perception of
the product. We observed that the emulsions containing 15% plant oil exhibited higher
consistency index than their counterparts containing 30% plant oil. Consistency index is
also well correlated with the apparent viscosity of the emulsions. However, when as-
sessing the correlation between the apparent viscosity of the pure plant oils and that of
their corresponding emulsions, no statistically significant correlation was found. This ob-
servation highlights that emulsion viscosity is governed not only by the viscosity of the
oil phase but also by microstructural factors, such as droplet volume fraction, droplet size
distribution, and interfacial film properties, which are strongly influenced by oil-emulsi-
fier interactions and overall formulation architecture [47—49]. The flow behavior index in-
dicates the extent of shear thinning behavior as it deviates away from 1 [47]. The values
of n for the examined emulsions were lower than 1 in all formulations, including both the
ascending and descending flow curves, which further reiterates their pseudoplastic char-
acter. However, it was observed that after the structural breakdown, the emulsions be-
haved more like Newtonian fluids, i.e., pure plant oils, as evidenced by the higher values
of the non-Newtonian behavior index # calculated from the descending curves. Similar
rheological properties have been reported for sunscreen emulgels containing Cin-
namomum burmannii stem bark extract and olive oil, for emulsions with varying ratios of
avocado and sacha inchi oils and hydrogel containing sesame oil microemulsion
[19,47,61].

To gain a deeper insight into the microstructural characteristics and viscoelastic
properties of the prepared emulsions, dynamic rheological measurements were per-
formed under oscillatory shear conditions. The results of the oscillatory rheological meas-
urements performed under shear stress within the LVR revealed that all emulsions exhib-
ited viscoelastic behavior, with more pronounced elastic than viscous component, as in-
dicated by the dominance of G’ over G" across all frequencies in the measurement range.
This further indicates the presence of a weak internal gel-like structure, which is charac-
teristic of many emulsion systems [45]. In terms of sensorial attributes, this behavior often
correlates with a more robust texture and resistance to deformation, enhancing the per-
ception of firmness or stability [62]. To further assess whether the observed differences
among emulsions were qualitative or only quantitative, the damping factor (tan 6 = G"'/
G') was evaluated. All formulations exhibited tan d values well below 1 (range: 0.21-0.28)
across the investigated frequency range, confirming predominantly elastic, solid-like be-
havior. While slight variations in tan d values were observed depending on oil type and
concentration, the overall viscoelastic behavior remained similar among formulations.
These findings indicate that the observed differences among emulsions are primarily
quantitative, reflecting differences in structural strength rather than changes in viscoelas-
tic character. Although the values of G’ and G"” in all formulations containing 15% plant
oil were higher than those in control formulation, an increase in plant oil concentration to
30% led to a several-fold reduction in the value of both parameters. The lowest G and G”
were observed in the sample containing 30% (the least viscous) flaxseed oil (F8). The same
formulation had previously exhibited low shear stress values. Conversely, the formula-
tion containing 15% olive oil (F1) demonstrated the most rigid structure. This could be
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attributed to the presence of palmitic acid, a saturated fatty acid found in olive oil, while
the low G" and G" in the formulation containing 30% flaxseed oil may be explained by the
high proportion of polyunsaturated fatty acids in this particular oil [63,64]. Rheological
analysis demonstrated that increasing oil concentration influenced the internal structure
of the emulsions in a non-linear and oil-dependent manner. Moderate oil addition (15%)
generally enhanced structural rigidity, as reflected by increased consistency index K and
viscoelastic moduli G’ and G", whereas further increasing oil content to 30% led to a re-
duction in these parameters. This suggests that, beyond a certain concentration, plant oils
act predominantly as a diluting component of the continuous phase rather than as struc-
tural enhancers.

According to the previous reports, consumers prefer and value sunscreen products
that are non-greasy, moisturizing and water/sweat resistant [42]. In fact, the use of sun-
screen products is most common during outdoor physical activities that typically involve
exposure to water (such as swimming and bathing) and hot, humid environments. To
maintain the photoprotection in such conditions, sunscreens should be formulated in a
way that their protective effect is minimally disrupted after water immersion, or designed
to be water repellent to some extent. Common strategies to improve sunscreen water re-
sistance include enhancing sunscreen-skin adhesion or increasing the hydrophobicity of
the formulation. However, it is also of vital importance to maintain the “breathability”
and hydration of the skin in such environmental conditions [65-67]. The occlusive poten-
tial of a cosmetic emulsion depends on the type of colloidal system, the amount of product
applied, the size of the globules, and the concentration of fatty acids [68]. In this study,
the occlusive properties of formulated W/O emulsions were examined, in which oily
phase consisted of plant oils, known to act as a protective barrier by their emollient or
occlusive effect, allowing the skin to retain its moisture and reduce transepidermal water
loss (TEWL). Since the oil serves as the external phase, W/O emulsions generally feel heav-
ier on the skin, which may be a desirable feature of sun care products, contributing to a
perceived “protective” sensation [23,63,69]. The most occlusive formulation in our study
was the emulsion containing 30% olive oil (F2), followed by 30% grape seed oil (F10).
Conversely, the least occlusive one was the emulsion containing 15% grape seed oil as
external phase. Although high occlusivity may be advantageous for photoprotective
products by enhancing film persistence, water resistance, and skin barrier support, exces-
sive occlusion may negatively affect cosmetic elegance. Therefore, future formulation
strategies may focus on reducing occlusivity through optimization of the oil phase, such
as partial substitution of highly film-forming oils with lighter emollients or fine-tuning of
emulsion microstructure [70,71]. The cosmetic suitability of plant oils depends on their
composition, including saturated and unsaturated fatty acids. Oils rich in essential fatty
acids are known to improve skin hydration and regenerate epidermal lipid barrier [72]. It
is worth the notice that recent studies associate plant oils rich in oleic acid, such as olive
oil, with skin’s lipid barrier disruption. However, a recent review of clinical studies im-
plies that such plant oils seem to be non-irritating towards healthy skin [73]. Grape seed
oil is commonly used in the cosmetic industry for its softening, soothing and moisturizing
effects. Owing to its high content of omega—6 fatty acids, vitamin E and phenolic com-
pounds, it helps prevent excessive water loss and combats photodamage, which makes it
a suitable ingredient for use in sunscreen formulations [74].

SPF refers to the ability of a photoprotective formulation to prevent the development
of erythema upon exposure to UV radiation, resulting from the presence of ingredients
capable of absorbing, reflecting or scattering certain energy certain wavelengths of solar
radiation [36,75]. Current guidelines and procedures established by regulatory bodies
suggest that SPF determination studies should be conducted in vivo on human test sub-
jects [35,76]. However, in vivo testing is ethically challenging, invasive, costly and time-
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consuming. Thus, much effort has been directed towards developing reliable in silico and
in vitro techniques for assessing the photoprotective efficacy of sunscreen products. The
International Organization for Standardization (ISO) has recently published a procedure
for in vitro determination of SPF (ISO 23675:2024) [77]. Typically, in vitro methods utilize
spectrophotometric analysis to assess the UV absorption characteristics of sunscreen
agents. To determine SPF values of formulated W/O emulsions, spectrophotometric meas-
urement proposed by Mansur et al. was conducted, which is useful as a rough estimation
of product’s photoprotective potential during development stage. It is a fast method that
utilizes low-cost solvents and conventional laboratory spectrophotometers [78]. The re-
sults of our study showed that only formulations containing 30% olive oil (F2), avocado
oil (F4) and flaxseed oil (F8) exhibited certain UV-protective effect, i.e., SPF > 1. These
findings are in accordance with the results reported by Kaur et al. who found that SPF of
olive oil was 7.549. The same study reported the SPF of 1.771 for sesame oil [20]. Priani et
al. reported the SPF of 1.092 + 0.141 for emulgel base containing 20% olive oil [61]. Accord-
ing to previous studies, sesame oil can block 30% of UV rays, whereas olive oil blocks
around 20%. SPF values were also calculated for numerous other fixed and essential oils,
including carrot seed oil, babassu nut oil, castor oil, peppermint oil, lemon grass oil and
others [20,68,79]. According to the FDA, the finished sunscreen product should provide a
minimum SPF value of not less than 2, measured by the established test procedures [35].
Plant oils may exhibit photoprotective properties through two main mechanisms: acting
as UV filters and/or functioning as antioxidants that scavenge UV-induced free radicals.
Owing to their unique composition (rich in phenolic compounds, vitamins, and various
fatty acids), plant oils can display strong antioxidant and anti-inflammatory activity.
Thus, they may not be considered conventional sunscreen, but valuable additives to sun-
screen formulations that offer stabilizing and antioxidative effect, protecting the skin from
oxidative damage and reducing the overall risk of photodamage [63,75]. Also, incorpora-
tion of plant oils may be a useful strategy to improve SPF values of formulations contain-
ing reduced concentrations of conventional UV filters [24]. It is also worth the notice that
other components of the formulation vehicle, including emulsifiers, may affect the efficacy
of sunscreens [20].

The ideal sunscreen should also exhibit suitable stability, to ensure the product’s de-
sired physicochemical properties and sufficient shelf-life [36,48]. Therefore, physical sta-
bility of the prepared W/O emulsions was assessed by exposing them to mechanical stress
(centrifugal testing) and thermal stress (temperature cycle testing). All formulations re-
mained stable throughout testing, showing no visible phase separation and retaining their
organoleptic characteristics. In addition, storage for 30 days did not result in any detecta-
ble changes in appearance or texture. Overall, the emulsions demonstrated satisfactory
physical stability over the entire testing period. However, the relatively short duration of
the stability study represents a limitation of the present work. Prolonged accelerated sta-
bility studies would be required in the future to more reliably predict long-term behavior
and shelf-life of these W/O emulsions. Furthermore, it should be noted that oxidative sta-
bility was not specifically assessed in this study. The emulsions were prepared freshly,
stored in closed containers protected from light, and evaluated up to 30 days, during
which no visible signs of phase separation or sensory deterioration were detected. Con-
sidering the high content of unsaturated fatty acids in plant oils within the continuous
phase of W/O systems, susceptibility to oxidation remains a relevant issue for long-term
product performance that needs to be investigated in future. In addition, batch-to-batch
variability of plant oils was not evaluated in the present study. Given the natural variabil-
ity in plant oil composition, this factor may influence emulsion stability and rheological
behavior and should be considered in future work. Eventually, as previously discussed,
oil-specific effects were evaluated relative to a control formulation with a different total

https://doi.org/10.3390/cosmetics13010023



Cosmetics 2026, 13, 23

16 of 20

References

oil phase fraction, and the observed results should thus be interpreted as formulation-
level responses rather than isolated compositional effects of individual oils.

5. Conclusions

The stable W/O cosmetic emulsions for topical application were successfully formu-
lated in this study. Both the plant oil type and concentration had a noticeable impact on
the rheological properties of the formulations, which demonstrated shear-thinning and
time-dependent flow behavior. Formulations containing 30% plant oil exhibited higher
SPF value than their 15% counterparts. However, only emulsions containing 30% olive
oil, avocado oil and flaxseed oil reached SPF > 1. Furthermore, all examined formulations
showed high occlusive factor values, which may have a beneficial effect on skin hydration
during sun exposure, but also impair their cosmetic acceptability, due to the potentially
heavy feeling on the skin resulting from a pronounced occlusion. Based on the results,
formulation F8 containing 30% flaxseed oil exhibited most favorable overall properties.

Although plant oils are not recognized as approved UV filters, in light of the in-
creased demand for sustainability in cosmetics, they hold significant potential as added-
value ingredients in photoprotective formulations. In this context, future work may focus
on combining plant oils that demonstrated supportive UV-protective potential in the pre-
sent study, particularly olive, avocado, and flaxseed oils, with low concentrations of ap-
proved lipophilic UV filters. Such combinations may enable optimization of SPF and pho-
tostability while maintaining favorable rheological behavior and sensory attributes in sus-
tainable W/O formulations. Furthermore, to enhance cosmetic elegance and consumer ap-
peal, advanced oil-containing dosage forms may also be considered.
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