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Abstract: A systematic study on the mechanisms of cleansing artificial skin by solutions
of widely used in personal care surfactants disodium laureth sulfosuccinate (DSLSS),
sodium laureth sulfate (SLES), sodium dodecyl sulfate (SDS), dodecyl trimethyl ammonium
bromide (DTAB), and coco glucoside (CG), is presented. The systematic characterization of
soil removal from artificial skin revealed two primary cleansing mechanisms: emulsification
and roll-up. Emulsification occurs in systems with very low interfacial tension, such as
sebum in SLES solutions, while dimethicone soil was only removed by roll-up. The roll-up
effectiveness depends on the surfactant’s interfacial activity and its adsorption on the
soiled surface. Thus, the strong adsorption of DTAB on the skin leads to dimethicone
roll-up at a relatively high interfacial tension of 11 mN/m. The anionic and nonionic
surfactants adsorbed less at the artificial skin surface, and the oil /water interfacial tension
value lowering below 5 mN/m is necessary for the roll-up to occur. Nonionic CG removed
dimethicone at a lower concentration than ionic surfactants. Combining CG with ionic
surfactants improved cleaning at lower total concentrations. Surfactant mixtures are used
to formulate simple cleansing formulations, whose performance is also investigated by
the developed in vitro approach. The results obtained allow for a good rating of the
formulations, which correlates well with the performance of the surfactant mixtures and
their interfacial activity.

Keywords: skin cleansing mechanisms; roll-up; artificial skin; surfactant interfacial activity

1. Introduction

Nowadays, cleansing the skin is an innate concern for healthy skin with a good esthetic
appearance. It provides removal of dirt, sebum, dead skin cells, cosmetic ingredients,
e.g., dimethicone, pigments, etc. Cleansing and skin care play an important role in human
psychological well-being and social interaction [1-3]. In the last decade, the cosmetic
industry has provided myriads of products for skin cleansing based on various types
and origins of the used surfactants, enormously enriched with “green” and “bio” sources,
and their mixtures [4,5]. The efficacy and safety are the mandatory requirements for the
surfactants and the raw materials included in the final products [1,3,4,6].

The human skin surface has been the subject of numerous studies in relation to the
wetting of skin by water [7], surfactant mildness and skin irritation [1,4,8-10], and the
surfactants’ effect on the wetting and lipid composition [11-13]. The basic understanding
of any possible interactions and overall impact stems from the proper determination and
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interpretation of the skin surface energy [8,11-17]. In modern times, the organization of
reliable in vivo investigations with humans requires a sufficient number of volunteers to
be included. The obligatory ethical rules are met according to the Declaration of Helsinki
(1964) and the subsequent revisions (World Medical Association, 1989) [18,19], which
increase confidence in the applied procedures and the obtained data. As a result, the costs
of the studies and the characterization of the product quality rise considerably. In contrast,
in vitro efficacy tests are among the fastest and cheapest applied approaches. Various
model surfaces (polymethyl methacrylate, hydrophobic glass, etc. [18,20]) have been used
to characterize the cleansing efficacy of different compositions. New materials have been
designed to better mimic the human skin surface [8,21,22].

The surface properties of the substrate to be cleaned have always been treated as
the main governing factors for the proper choice of the detergent [20,23,24]. The physic-
ochemical mechanisms of the soil removal from the skin and hair can be found briefly
described in review papers and books [23-25], with detailed references to the pioneering
publications. Varieties of in vitro skin models have been developed and improved in the
last 20 years with the aim of decreasing the cost and risk, improving the model relevance,
and accelerating the speed of substance testing, especially for topical drug delivery sys-
tems [26,27]. The robust skin models have been tested for a variety of cosmetic applications:
skin tanning [28]; skin tribology characterization [29]; tactile skin perception [30]; spreading
properties of emollients [31]; antiviral activity of organic acids [32], etc. Different cleaning
protocols have been applied to model skin surfaces to support patent claims [33]. In the
literature, the cleansing efficacy is mostly considered as a macroscopic characteristic, and
to our knowledge, there are no discussions on the molecular mechanisms of soil removal
and on the impact of the surfactant type on the particular mechanism.

Our investigation aims to demonstrate that model experiments with artificial skin
could be applied and used to investigate the physicochemical mechanisms of soil removal,
and to discriminate the effects of different types of surfactants in the cleansing compositions.
For that purpose, we used the artificial skin Vitroskin® [34], which “has been formulated to
have topography, pH, critical surface tension, chemical reactivity, and ionic strength that is
similar to human skin”. Although it has been used in many studies, only a single set of data
has been found for its particular surface energy value [8]. Recently [35], we determined the
surface energy of hydrated and non-hydrated Vitroskin® in order to compare the respective
values with the available data for human skin in vivo, and to elucidate the effect of skin
hydration. The hydration slightly increased the total surface energy of Vitroskin® (from
35.4 to 37.1 mN/m using the method of Wu [35,36]) and the obtained values are close to
the value of 35.8 mN/m reported in [8] and to values for human skin (from 30 mN/m to
40 mN/m [14,17]). Thus, Vitroskin® is a suitable substrate to model the processes of human
skin cleansing.

To distinguish the effects of different surfactant types, the following commercial sur-
factants are used in the present study: anionics, sodium laureth sulfate (SLES), disodium
laureth sulfosuccinate (DSLSS), sodium dodecyl sulfate (SDS); cationic, dodecyl trimethyl
ammonium bromide (DTAB); and nonionic coco glucoside (CG). The systematic investi-
gations with two soils: sebum (a mixture of hydrocarbons, fatty acids, esters, etc.) and
dimethicone (polydimethyl siloxane frequently added to skin and hair conditioning and
decorative cosmetics [1,3,31]), demonstrate a clear impact of the compositions on the soil re-
moval mechanisms and efficacy. In addition, the results with sample cleansing formulations
manifest the benefits of the model experiments to real product development.
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2. Results
2.1. Surface and Interfacial Tension Isotherms of the Used Surfactants

Surface properties of the surfactants were compared in order to further analyze the
impact on their cleansing efficiency. The surface tension isotherms of four of the surfactants
used in deionized (DI) water are shown in Figure 1a. Figure 1b represents the interfa-
cial tension isotherms of the same surfactants at the water/dimethicone interface. The
measurements were performed at 30 °C, in order to be close to the slightly warm water
frequently used for skin cleansing. Weight concentrations are used on the plots since these
are mostly used in practical applications and product preparations [3,20,33]. Note that
the used concentrations correspond to the active substance in the raw material, which
might not be the same as in the industrial recipes [33]. The comparison of the surface
tension isotherms (Figure 1a) shows that disodium laureth sulfosuccinate (DSLSS) has the
highest surface activity, whereas the cationic surfactant DTAB is the least surface active
and has the highest critical micelle concentration (CMC). All CMC values from the surface
tension isotherms (indicated by vertical dashed lines in Figure 1a) are listed in Table 1.
The values of CMC for DTAB and coco glucoside (CG), determined from the interfacial
tension measurements (Figure 1b), are also shown in Table 1, along with the pH range of
all solutions (see Figures S1-54).

Table 1. The critical micellar concentration (CMC) determined from the isotherms (Figure 1) at the
air/solution and dimethicone/solution interfaces. The last column presents the pH range of the
surfactant solutions used.

Surfactant CMC, wt% pH Range
Air/Water Dimethicone/Water
CG 0.0037 0.0054 6.7-10.8
DSLSS 0.0012 >0.1 7.0-5.0
SLES 0.079 >0.1 7.0-6.0
DTAB 0.49 0.49 6.5-5.7

The determined CMCs of DTAB from the surface tension, the interfacial tension, and
the electrolytic conductivity (Figure S1) data coincide well with the literature data [37-39].
The solid symbols for DTAB in Figure 1a are measured at 30 °C by the maximum bubble
pressure method (MBPM), and the empty symbols show experimental data measured
by the du Notiy ring method in Ref. [39] at 25 °C. The good coincidence of the CMCs
suggests that the used sample of DTAB is relatively pure and does not contain additional
indifferent electrolytes (salts). DTAB solutions have the highest surface tension and the
highest interfacial tension (11 mN/m) with dimethicone above the CMC compared to the
other surfactants.

The isotherm of the anionic sodium laureth sulfate (Figure la) has a pronounced
minimum signifying the presence of nonionic admixtures [40], most probably due to hy-
drolysis [41,42]. The vertical dashed line in Figure 1a shows the CMC value obtained from
the electrolytic conductivity data (Figure S2 and Table 1), which corresponds exactly to the
CMC of pure SLES aqueous solutions, CMC = 0.079 wt% [43]. A neutral pH within the
range of 6 to 7 is measured for SLES aqueous solutions. Note that the nonionic admixtures
in SLES form micelles at 0.02 wt%. Mixed micelles containing both ionic and nonionic com-
ponents appear for concentrations above 0.02 wt%, in which the molar fraction of the ionic
component increases with the rise in concentration up to 0.079 wt% [44]. The oil solubility of
the nonionic admixture in SLES affects the interfacial tension (solution/dimethicone), and
it decreases monotonically in the entire concentration range studied, reaching 6.5 mN/m at
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5 wt%, as shown in Figure 1b. That is why no CMC value, but rather a CMC range for the
dimethicone/water interface, is shown in Table 1 for SLES.
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Figure 1. (a) Surface tension isotherms of DSLSS (disodium laureth sulfosuccinate), CG (coco
glucoside), SLES (sodium laureth sulfate), and DTAB (dodecyl trimethyl ammonium bromide). All
measurements were performed at 30 °C by the du Notiy ring method, except for DTAB, where the
maximum bubble pressure method was applied. The empty green diamonds show experimental
data measured by the du Notiy ring method in Ref. [39]. (b) Interfacial tension of selected solutions
against dimethicone measured by the pendant drop method at 30 °C.

The used nonionic CG is a mixture of C8-C16 fatty alcohol glucosides with a low value
of the CMC (0.0037 wt%, Figure 1a) determined from the surface tension isotherm. The
higher CMC value (0.0054 wt%, Figure 1b) and the low interfacial tension (4.1 mN/m)
above the CMC obtained from the interfacial tension isotherm show that, most probably,
the admixtures of long-chain alcohols in the used CG sample are dissolved in the dime-
thicone [45]. The nonionic CG had a significant alkaline pH (Figure S3, Table 1). The
high pH of glucoside surfactants typically results from the synthesis process that includes
bleaching with either bleach or hydrogen peroxide [46].

The technical grade DSLSS is a mixture of surfactants with C10-C16 hydrocarbon
tails and EO groups, which contains admixtures of the nonionic surface active laureth-2,
sodium sulfate, and sodium sulfite [47]. The surface tension isotherm of disodium laureth
sulfosuccinate (Figure 1a) has no minimum, and the determined CMC (0.0012 wt%) is
the lowest compared to the other surfactants. The relatively low values of the surface
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tension (26 mN/m) above the CMC might be a result of the presence of laureth-2. The
very high molar conductivity below the CMC (Figure 54) suggests that the used DSLSS
sample contains a high concentration of indifferent electrolytes (sodium sulfate). Note
that disodium lauryl sulfosuccinate forms vesicles [48], and the respective surface tension
monotonically decreases with the rise in concentration. In contrast, the surface tension
isotherm of DSLSS has a well-pronounced kink point, and the CMC value is well deter-
mined. The available nonionic surface-active admixtures in the DSLSS sample are partially
oil-soluble because the interfacial tension of DSLSS solution/dimethicone monotonically
decreases with concentration, reaching the lowest value of interfacial tension (2.4 mN/m at
5 wt%) compared with the other surfactants. Similarly, for SLES, the CMC range for the
dimethicone /water interface is shown in Table 1.

2.2. Oily Soils Removal from Vitroskin® in Single Surfactant Solutions

We performed direct observations of soil removal from Vitroskin® with two different
soils—model sebum and dimethicone. The following mechanisms of soil removal were
observed with the studied soils: emulsification of the sebum after contact with some of
the surfactant solutions (Figure 2a), drop shrinking (rolling, Figure 2b,c), and eventual
detachment (Figure 2c) in the case of dimethicone. No emulsification of the dimethicone
drops on the skin was found, in contrast to the observations with sebum. The contact
areas between the dimethicone drops and the substrate decrease slowly over time, ¢, to
the equilibrium state (Figure 2b) or to the full drop detachment (Figure 2c), depending on
the type of surfactants in the solutions. Figure 3a,b present the changes in the three-phase
contact angle through the aqueous phase, 6, and the drop base diameter, d, with time,
t, for a dimethicone droplet on artificial skin in a solution of 1 wt% SLES (squares) and
1 wt% (1:3) SLES+CG (stars). In the case of 1 wt% SLES aqueous solution, we did not
observe detachments of the droplets from the substrate (cf. Figure 2b). Both the contact
angle, 0, and the base diameter, d, decreased after the addition of the surfactant solution for
about 60 s approaching their equilibrium values (6 = 61.85 &= 0.35° and d = 2.41 £ 0.01 mm
determined with double exponential decay fit for the droplet shown on Figure 2b, squares
on Figure 3). In the presence of a mixed 1 wt% (1:3) SLES+CG solution (Figure 2c), the
three-phase contact angle and the drop base diameter continuously decreased for the initial
120 s from 6 = 82° and d = 3.2 mm to 6 = 44° and d = 1.1 mm (Figure 3). For 120 s <t <230s,
the contact angle slowly dropped to 6 = 37°, while the contact line shrank rapidly to the
moment of the dimethicone drop detachment (d = 0.4 mm at ¢ = 230 s), see Figure 3 and
image number 4 in Figure 2c. This behavior exactly corresponds to the so-called “roll-up
mechanism” of soil cleaning [23,25,49-51].

(a)

10s 60s 120 s 300 s

Figure 2. Cont.
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Figure 2. Images of (a) sebum soil at different times, as shown below each image, after immersion
in a solution of 0.07 wt% SLES. (b) Dimethicone droplet after the addition of 1 wt% SLES solution;
numbers under each image (i-iv) correspond to time, as shown on Figure 3. (c) Dimethicone droplet
after the addition of 1 wt% 1:3 SLES+CG; numbers under each image (1-4) correspond to time, as
shown on Figure 3.

The emulsification mechanism [23-25] was only observed with the sebum soil (as illus-
trated in Figure 2a) when the interfacial tension was low enough, as we have shown in our
previous study [35]. The fatty acids present in the sebum most probably mix synergistically
with some surfactants, forming complex amphiphilic structures and effectively decreasing
the interfacial tension. Thus, we have observed emulsification with SLES at relatively low
concentrations, while DSLSS has not been capable of emulsifying the sebum even at very
high concentrations [35]. Further understanding of the surfactant—soil structuring could be
performed with a complex instrumental investigation [52,53].

The roll-up mechanism observed with dimethicone soil allows for the straightforward
comparison of surfactant efficiencies [35,49]. For that reason, we performed systematic
observations of dimethicone droplets on Vitroskin® in single surfactant solutions varying
the respective concentration from at least 10 times below the CMC up to 10x CMC.

The oily soil removal by the rolling-up mechanism is explained by the changes in
surface energy and the interfacial tension, leading to simultaneous changes in the three-
phase contact angle and the contact area [17,23,49,50]. At equilibrium, the contact angle
through the water phase is related to the substrate water, ysy, and the substrate oil,
7so, surface energies and the water—oil, ywo, interfacial tension values by the Young—
Laplace equation [17]:

cos® = (vso — rsw)/rwo ey

Thus, a plot of cosf versus ywo appropriately illustrates the differences between
the used surfactants and the wetting processes [16,35]. For convenience, the full drop
detachment is typically denoted as cosf = 1.

Figure 4 summarizes the experimental results for the dependence of cosf on the
interfacial tension (a) and on the surfactant concentration (b) for deposited dimethicone
drops on artificial skin in aqueous surfactant solutions. Two series of measurements were
performed with solutions of DTAB and DSLSS in 150 ppm hard water to explore the
possible impact of the hardness ions on cleansing efficiency. The natural pH of CG solutions
is approximately constant (pH = 10.5-10.8, Figure S3). CG solutions with pH = 6 were also
used in order to check the possible effect of pH on the dimethicone drop removal. The
values of cosf were taken at 300 s of contact of the dimethicone drop with the respective
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solution. If the drop’s detachment occurred for ¢ < 300 s, then we plotted cosf = 1 in Figure 4.
All experiments were conducted under static conditions without cross flows, additional
mechanical forces, or agitation.
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g [
T
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Figure 3. Three-phase contact angle (a) and drop base diameter (b) vs. time for 1 wt% SLES (no
detachment of the oil drop, Figure 2b images corresponding to i, ii, ii, iv) and 1 wt% 1:3 SLES + CG
(detachment of the oil drop, Figure 2c images corresponding to 1, 2, 3, 4).

The obtained dependence of cost on ywo (Figure 4a) clearly demonstrates the expected
increase in the cosine with the decrease in the interfacial tension. Values of yyo below
5 mN/m were necessary for the complete drop detachment in the solutions of the anionic
DSLSS and the nonionic CG solutions, as observed for 5 wt% DSLSS with ywo =2.4 mN/m,
and for 1 wt% CG with ywo = 4.4 mN/m. The interfacial tension of all used SLES solutions
was larger than 5 mN/m (ywo = 5.6 mN/m at the highest concentration of 8 wt%, see
Figure 1b), and drop detachments were not detected.

The dependence of cosf on the surfactant concentration (Figure 4b) shows that the
nonionic CG (either alkaline or at pH = 6) removes the dimethicone droplets from Vitroskin®
at the lowest surfactant concentration compared to the ionic surfactants SLES, DSLSS, and
DTAB. The best performance of CG is related to its highest interfacial activity, cf. Figure 1b.
CG decreases the interfacial tension, ywo, below 5 mN/m at the lowest concentration
compared to all other surfactants. The efficacy of DTAB and DSLSS (both in DI and hard
water) with respect to concentration is quite similar—the dimethicone droplets fully detach
from the artificial skin for 5 wt% aqueous solutions. In the case of SLES, no dimethicone
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drop detachment was observed under the static experimental conditions, even at the
highest experimental concentration of 8 wt% (squares in Figure 4a). SLES is known for
its very low Krafft temperature and effectiveness in hard water [1,20,54], which is why its
performance in hard water was not studied.
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Figure 4. Cosine of the three-phase contact angle through the water phase, 6, of dimethicone
droplets on Vitroskin® vs. (a) the interfacial tension, ywo, and (b) the surfactant concentration in
the aqueous solutions. A series of solutions was prepared in DI water with the anionic surfactants
SLES (squares) and DSLSS (circles), the nonionic surfactant CG (triangles), and the cationic surfactant
DTAB (diamonds). The experimental results for two series with DSLSS (empty circles) and with
DTAB (empty diamonds) in 150 ppm hard water (HW in the legend) are included. The measurements
with CG solutions at fixed pH = 6 (empty triangles) are shown. All measurements were performed
at 30 °C.

Notably, the drop’s rolling up in DTAB solutions occurred at remarkably high inter-
facial tension of about 11 mN/m in both hard and DI water. Cationic surfactants and
polymers are widely used as skin and hair conditioners [1,2,55] due to their preferential
adsorption onto anionic surfaces. Thus, the adsorption of DTAB on the artificial skin is
expected to decrease the surface energy ysw, and as a result, the dimethicone droplets
detach from the substrate at relatively high values of ywo, see Equation (1). The electrolytic
conductivity data (Figure S1) and the surface and interfacial tension isotherms (Figure 1) of
DTAB aqueous solutions suggested that the DTAB sample is relatively pure and there are
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no surface-active admixtures that could be dissolved in the dimethicone. Thus, the surface
energy, vso, does not depend on the DTAB concentration. Using Equation (1), we represent
the Gibbs adsorption equation in the following form:

d(ywocosf) = d(vso — ysw) = —dysw = kgTTdInC 2)

Here, kg is the Boltzmann constant, and T is the surface excess of the surfactant solu-
tion/artificial skin boundary.

Figure 5 shows the dependence of the product ywo cosf on the concentration C
determined with solutions of DTAB. The dashed lines in Figure 5 correspond to the linear
regression according to Equation (2). Both slopes obtained from the data in DI water and
hard water are identical: T = 1.99 + 0.05 pumol/m?, and the regression coefficients are
greater than 0.9995. The obtained surface excess, I', is two times lower than the saturation
adsorption of DTAB at the solution/air interface [38,39], and it is comparable to values
determined on other solid surfaces [56]. This amount is enough to substantially reduce the
skin surface energy, yws, and to allow for drop detachment at high interfacial tension, ywo
(cf. Figure 4a). Note that the dependencies of ywo cos 6 vs. surfactant concentration for
CG, SLES, and DSLSS (Figure S5) are scattered and cannot be described by Equation (2).
Most probably, the presence of dimethicone soluble admixtures in these samples (Figure 1)
affects the values of the surface energy, yso, and the simple form of the Gibbs equation
becomes inadequate to describe the respective surface excesses.

10 + ' ! P
e
T=30°C R
4
< -
—_ 8T ////// T
g /0//
Z slope Pl
= 6 + 2 -7 1
= 1.99 pmol/m S \
s
D s
@ 41 \////// slope T
P
° o 1.99 pmol/m?
< s
////
e ¢ DTABin HW
0ot 4.~ ¢ DTAB 1
/0/ Il 1
0.1 1

DTAB concentration (wt%)

Figure 5. Difference between the surface energies yso and ysw vs. DTAB concentration, C, see
Equation (2), in DI water and in hard water. The lines represent the linear regression fit through the
points. The adsorptions, I, determined from the slopes, are shown on the plot.

In summary, the experimental observations of the behavior of two different soils in
different surfactant solutions allowed for the demonstration of two basic mechanisms of soil
removal: emulsification and roll-up. The change in the contact angles of the dimethicone
drops with the concentration and type of the surfactant outlined the most important
factors for the roll-up to occur, namely the interfacial activity of the surfactants. Thus, CG,
having the lowest interfacial tension (Figure 1b), has the best performance in removing
dimethicone. Other surfactants, such as the used SLES with a low interfacial activity for
dimethicone, showed good emulsification of sebum soil, most probably due to synergistic
interaction with the fatty acids in the sebum. In practical applications, where different
types of soil are met [1,20,23,25], surfactant mixtures are usually set to ensure an optimal
cleansing performance.
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2.3. Dimethicone Soils Removal in Mixed Surfactant Solutions

We prepared mixtures of CG with the three ionic surfactants and performed systematic
observations of dimethicone droplets rolling in the mixed surfactant solutions at natural
pH to check the impact of the added ionics on the effectiveness of CG solutions.

Figure 6 shows results for the cosine of the aqueous three-phase contact angle with
dimethicone droplets on Vitroskin® in DSLSS+CG solutions at anionic/nonionic ratios of
1:3 and 3:1. The obtained data are compared to those with the two surfactants alone, i.e., 1:0
(only DSLSS) and 0:1 (only CG) ratios. The natural pH values of all mixed DSLSS+CG
solutions were in the range from 4.8 to 6.2, even at a 1:3 ratio between the two surfactants.
The results with solutions of 1:3 and 0:1 DSLSS+CG were almost the same as interfacial
tension (Figure 6a) and concentration (Figure 6b) dependencies, except at very low concen-
trations. One can conclude that the coco glucoside interfacial activity was dominant for the
overall removal efficiency. With the 3:1 mixture, 3 wt% total surfactant concentration was
necessary to decrease the interfacial tension below 5 mN/m and to roll-up the dimethicone
drop. This total surfactant concentration (3 wt%) is lower than the necessary concentration
for DSLSS alone (5 wt%) but higher than that for the 1:3 mixture (1 wt%).
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Figure 6. Cosine of the three-phase contact angle through the water phase, cosf, of dimethicone
droplets on Vitroskin® vs. (a) the interfacial tension, Ywo, and (b) the total surfactant concentration
in mixed solutions of DSLSS and CG at different ratios, as shown in the legend. All measurements
were performed at 30 °C.
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The behavior observed with the mixed solutions of SLES and CG (see the plots in
Figure 7) was different compared to that of DSLSS and CG. First, the natural pH values
of all mixed solutions were between 10 and 11, even at a 3:1 SLES+CG ratio, and the
pHs are controlled by the available CG. Note that the removal efficiency of CG alone is
approximately the same at natural pH and at pH = 6, see Figure 4. The mixtures with
prevailing CG, i.e., 1:3, successfully detached dimethicone droplets at 1 wt% total surfactant
concentration. The mixture with less CG, i.e., 3:1, had lower interfacial tension than SLES
solutions (Figure 7a), but the decrease was not sufficient to observe drop roll-up. Note that
the interfacial tension value, ywo, is not the only factor to influence the contact angle in this
case. The mixed solution of 1:3 SLES:CG achieved complete oil removal at a concentration
of 1 wt% and ywo = 6.3 mN/m, while in 8 wt% SLES solution with ywo = 5.5 mN/m no
oil release was observed. In such case, one could expect change in the surface energy of the
substrate, see Equation (1), where mixed adsorption layer is formed. The morphology of
such layers depends on both structure and concentration of the surfactants [56] and could
be a subject of detailed investigations in future studies.
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Figure 7. Dependence of the cosine of the three-phase contact angle, cosf, of dimethicone droplets on
Vitroskin® on (a) the interfacial tension, ywo, and on (b) the total surfactant concentration in mixed
solutions of SLES and CG. All measurements were performed at 30 °C.

The effect of the cationic DTAB in the mixed DTAB+CG surfactant solutions on the
detachment of dimethicone droplets deposited on Vitroskin® is shown in Figure 8, along
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with the results obtained for DTAB+CG at a ratio of 1:4. These solutions had an alkaline
natural pH at concentrations higher than 0.5 wt% due to the prevailing concentration of CG.
The parallel measurements were performed by adjusting the pH of all studied solutions
to pH = 6, and the obtained results are included in Figure 8. The lowest value of ywo of
3.2 mN/m was measured in the alkaline mixed solutions (see Figure 8a); however, the
detachment of droplets was observed at 3 wt% total concentration in both alkaline and
pH = 6, see Figure 8b.
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Figure 8. Cosine of the three-phase contact angle through the water phase, cosf, of dimethicone
droplets deposited on Vitroskin® vs. (a) the interfacial tension, ywo, and (b) the total surfactant
concentration in mixed solutions of DTAB and CG (T = 30 °C).

The mixtures of CG with the anionic surfactants were very effective at an an-
ionic/nonionic ratio of 1:3, and the dimethicone drop detachments occurred at a total
concentration of 1 wt% (cf. Figures 6b and 7b). Thus, the synergistic mixing of CG with
DSLSS and SLES at a ratio of 1:3 with respect to the dimethicone removal efficiency was
observed. In contrast, the addition of DTAB to CG at a 1:4 ratio produced a less effec-
tive mixture, leading to drop detachments at a total concentration of 3 wt%. Thus, the
antagonistic mixing of CG and DTAB takes place.

To compare directly the impact of the different ionic surfactants on the effectiveness
of CG, we present cosf as a function of the weight fraction of the nonionic CG in the
respective mixtures at a total surfactant concentration of 1 wt%; see Figure 9. The addition
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of all ionic surfactants deteriorates the effectiveness of CG, as seen from the data. No
drop detachment was observed in any of the solutions containing the cationic DTAB. Best
results were obtained with the mixture of DSLSS and CG, which is effective even at a
1:1 ratio. A peculiar minimum of cosfl versus the weight fraction of CG was observed
for CG+SLES mixed surfactant solutions. To check whether this minimum was related
to the specific interactions of the sulfate head or to the present nonionic admixture (cf.
Section 2.1 and Figure 1b), we prepared a mixture with sodium dodecyl sulfate (SDS) at
a 1:1 ratio. The results obtained (triangles on Figure 8) were quite comparable to those
of the same ratio of SLES and CG. One could summarize that sulfate surfactants SLES
and SDS have shown quite different dimethicone soil removal activity: the worst results
were obtained at 50 to 60 weight percent sulfate surfactant in the mixtures with CG. The
opposite effect has been observed with sebum: SLES showed the best performance by
emulsification mechanisms at a relatively low surfactant concentration, most probably
acting synergistically with components of the sebum. These results clearly illustrate the
importance of the optimization step when formulating cleansing surfactant mixtures for a
particular application.
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Figure 9. Cosine of the three-phase contact angle through the water phase of dimethicone droplets
deposited on Vitroskin® vs. the weight fraction of CG in mixed surfactant solutions (CG with ionic
surfactant) at a total concentration of 1 wt% and T = 30 °C.

2.4. Dimethicone Soils Removal in Model Cleansing Formulations

The cleansing products on the market contain not only surfactants but also humectants
to avoid skin dryness, preservatives to ensure consumer safety, and perfume composi-
tion (PC) to have a pleasant scent [1-3,6,20]. All these additives might interact with the
surfactants, leading to product and cleansing deterioration in some cases [3,57].

To demonstrate further the applicability of the proposed procedure to actual prod-
uct development processes, we performed observations of dimethicone removal from
Vitroskin® in simple cleanser formulations. The surfactant base of the formulations was
selected using the results for the cleansing performance of the mixed systems presented
in Section 2.3. Table 2 presents the compositions of five formulations labeled as F-G
(CG containing), F-ES (SLES containing), F-SS (DSLSS containing), F-G+ES (containing a
1:1 mixture of CG and SLES), and F-G+SS (containing a 1:1 mixture of CG and DSLSS).
Each formulation contains 12 wt% surfactant, 3 wt% glycerin (humectant), 1 wt% sodium
benzoate as a preservative, 0.05 wt% perfume composition, and 1 wt% NaCl. Sodium
chloride is a cheap raw material widely used as a rheology modifier for sulfate-containing
cleansers [1,3,42,58,59]. We added NaCl with the same concentration to all formulations
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to ensure relative formulation similarity (no electrolytes in the raw materials have been
quantified). The pH of the formulations was adjusted in the range from 5 to 5.5 by means
of citric acid. The formulations were prepared one day prior to use. The observations
of dimethicone droplets on Vitroskin® were performed after a 12-fold dilution to a total
surfactant concentration of 1 wt%. Note that the cleansing formulations with DSLSS (F-
SS and F-G+SS) were turbid; however, after dilution, the turbidity was negligible, and
optical observations were possible. The solutions of the surfactant DSLSS in water were
transparent. The turbidity in the model cleanser formulations most probably resulted from
specific interactions of DSLSS either with the preservative Na benzoate or with the used
perfume composition.

Table 2. Composition of the model formulations of cleansing products.

Composition, wt%

Substances F-G F-ES F-SS F-G+ES F-G+SS

water gs to 100 gs to 100 gs to 100 gs to 100 gs to 100
CG 12 - - 6 6
SLES - 12 - 6 -
DSLSS - - 12 - 6
Glycerin 3 3 3 3 3
NaCl 1 1 1 1
Na Benzoate 1 1 1 1 1
Citric acid qgs gs gs gs gs

PC 0.05 0.05 0.05 0.05 0.05

The measured three-phase contact angles of dimethicone droplets on Vitroskin® in the
12-fold diluted model cleansers are shown in Table 3. For comparison, the contact angles
measured with 1 wt% surfactant solutions in DI water are also shown. The determined
values of the interfacial tension, ywo, and the pH of the solutions are included in Table 3.
The pH slightly changed after the formulations were diluted with water, but the variations
were less than 0.5 units, which is not expected to impact the results.

Table 3. Contact angle, 6, interfacial tension, ywo, and pH of aqueous surfactant solutions (no pH
was adjusted, except for CG) and diluted formulations (see Table 2) at a total surfactant concentration
of 1 wt%. Full drop detachment was observed when cosf = 1.

Surfactants, 1 wt% Contact Angle, 6, deg coso Ywo, mN/m pH

CG 0 1 4.5 6.0
F-G 0 1 4.5 5.6
SLES 63.3 0.45 10.4 6.8
F-ES 63.5 0.44 9.3 5.5
DSLSS 56.5 0.55 54 4.8
F-SS 61.2 0.48 52 47

1:1 CG+SLES 66.5 0.40 7.7 10.4
F-G+ES 61.3 0.48 7.3 5.5
1:1 CG+DSLSS 0 1 52 6.8

F-G+SS 47.1 0.68 43 4.8
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The results in Table 3 show a very good correlation between the observed droplet
behavior and the surfactant composition used, except for the mixture of DSLSS and CG (cf.
the last two rows in the table). The weaker drop shrinkage, i.e., a higher contact angle, 6, in
the formulations with DSLSS compared to the aqueous solutions of DSLSS, could be due to
the deteriorating effect of the ingredients, seen as turbidity in these formulations.

Overall, the observations of dimethicone droplets on Vitroskin® in the prepared formu-
lations confirmed the excellent drop removal by CG, the surfactant with the best interfacial
activity. In addition, the issue of the possible negative impact of some formulation ingredi-
ents on the cleansing was well exhibited with the formulations of DSLSS.

3. Discussion

The comparison of the cleansing effectiveness of formulations in the model experi-
ments we performed with dimethicone soil on Vitroskin® allowed for good discrimination
between their performance: F-G > F-G+S5 > F-G+ES ~ F-SS > F-ES. The obtained rating of
the formulation’s performance corresponds qualitatively well to the rating of its interfacial
activity (cf. Figure 1b) and is very different from what one could expect based on the
surface activity and the CMC values (Figure 1a). The absence of clear impact of the CMC on
the surfactant performance is well known in the practice, and the optimization of products
is mainly performed by direct examination of the cleaning of colored soils in vivo [18,19] or
on selected surfaces [8,20,32,33], e.g., by cloth sweeping or by machine rubbing [18,19,33],
and the effectiveness is measured by colorimetry [18-20,33]. Although the latter approach
looks like a straightforward choice for the industry, it does not allow for the understanding
of the intimate mechanisms and the role of the components in the process. The complication
with the measurements in vivo represents another challenge, especially when developing
makeup removers, for example. Some of the developed artificial skin models are a good
alternative to use, as applied widely already [8,32,33]. The model experiments performed
by us with Vitroskin® revealed further important details. The dimethicone removing ca-
pacity of the cationic surfactant DTAB was found to be comparable to that of the anionic
DSLSS and much better than that of SLES (cf. Figure 4a). The determined adsorption of
DTAB (1.99 umol/m?, see Figure 5) on the interface of artificial skin/water decreased most
significantly the skin surface energy, allowing for dimethicone removal at relatively high
interfacial tension (Figure 4b). Good cleaning properties have been documented for other
cationics in detergent formulations [60,61]. Cationic surfactants are present in almost all
contemporary micellar water products on the market.

Anionic and nonionic surfactants also adsorb on the skin surface; however, the ad-
sorbed amount could not be determined quantitatively, as performed for the cationic DTAB
(see Equation (2) and Figure 8), due to the presence of significant oil-soluble fractions that
change the surface energy of the oil/skin interface as well. These oil-soluble admixtures
influenced the interfacial activity and the overall dimethicone removal efficiency. The
surfactant raw materials usually contain admixtures remaining after the synthesis and/or
purification step of the substance [42]. These admixtures could significantly change the
surface adsorption and cleaning efficacy, as demonstrated in the presented experimental
results and analyses.

The interfacial activity and the cleansing depend on the soil phase as well. The anionic
SLES decreased the interfacial tension sebum/water to less than 1 mN/m at not very
high concentration, which resulted in sebum emulsification [35]. The same surfactant
and a similar SDS could not decrease ywo enough to roll up dimethicone droplets. The
other anionic DSLSS, which is frequently used as a substitute for sulfate surfactants in
contemporary cleansing products, successfully rolls up dimethicone from the artificial skin
but could not remove sebum [35].
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The optimization step of the surfactant mixtures is crucial for obtaining a good cleans-
ing performance at a minimum surfactant concentration. Our model experiments showed
that the mixture of CG and DSLSS (1:1) at a total concentration of 1 wt% was quite success-
ful in dimethicone removal (Figure 9); however, the present perfume and/or preservative
deteriorated the performance of their formulation (see Table 3). The addition of CG to
DTAB also did not result in the best cleaning. Earlier investigators (see Ref. [23] and the
references cited therein) have shown that when using scrubbing or wiping off, as in the
application of the contemporary micellar water, a contact angle through the aqueous phase
of less than 90° is already enough to ensure a good cleaning. Further upgrade of the applied
in vitro methodology, by combining it with wiping off measurements and with a larger
number of soils, could be applied to practical cleansing product optimization, bringing a
deeper understanding of the role of the ingredients.

4. Materials and Methods
4.1. Materials

The following anionic surfactants were used: SLES (sodium laureth sulfate, com-
mercial name Texapon N70, product of BASF, Ludwigshafen, Germany), DSLSS (dis-
odium laureth sulfosuccinate, Texapon SB3KC, BASF, Ludwigshafen, Germany), and SDS
(sodium dodecyl sulfate, SigmaAldrich, Darmstadt, Germany). The cationic DTAB (do-
decyl trimethyl ammonium bromide, TCI, Zwijndrecht, Belgium) and the nonionic CG
(coco glucoside, Plantacare 818 UP, BASEF, Ludwigshafen, Germany) surfactants were also
used in our studies. The structural formulas of the surfactants are shown in Table S1.
Solutions of the surfactants were prepared in deionized (DI) water from an Elix purification
system (Millipore, Darmstadt, Germany) and in hard water containing 150 ppm calcium
and magnesium salts. Hard water was prepared according to the procedure after the
US Environmental Protection Agency [62]. The used CaCly, MgCly, and NaHCO3; were
products of Sigma Aldrich.

The model soils were sebum and dimethicone (polydimethylsiloxane AK100, Wacker,
Munich, Germany). The artificial sebum was prepared with the following composi-
tion [63,64]: 15% Squalene, 25% Wax esters, 2% Cholesteryl esters, 42% Triglycerides,
15% Fatty acids, 1% Cholesterol (all products of Sigma). Dimethicone was chosen as a
model soil since it is a key component in decorative cosmetics, including products like
lipsticks, gloss, etc. [1-3]. Structural formulas of the soil ingredients are shown in Table S2.

As an artificial skin, we used VitroSkin® (purchased from IMS, Bunnell, FL, USA).
Pieces of size 1 X 2 cm were cut and used either dry or hydrated as advised by the
producers [31]: 16 h in a closed chamber above a water—glycerin solution, 52 g glycerin in
298 g water.

For the preparation of the model cleansing formulation, we used glycerin (Valerus,
Sofia, Bulgaria) as a humectant, inorganic salt NaCl (Sigma) as a thickener of the formula-
tion, Na Benzoate (Valerus, Sofia, Bulgaria) as a preservative, and a perfume composition
(Crisp spring, Luzi fragrance compounds). To adjust the desired pH of the solution, HCI
(Sigma Aldrich, Darmstadt, Germany) or citric acid (Valerus, Sofia, Bulgaria) solutions
were used.

4.2. Methods
4.2.1. Surface and Interfacial Tension Measurements, pH, and Conductivity Determination

Surface tension isotherms for the surfactants used in deionized water at 30 °C were
determined using the du Noiiy ring method with a K100 tensiometer (Kruess GmbH,
Hamburg, Germany), equipped with an automatic dosing unit and a micro dispenser, and
the maximum bubble pressure method with a BP100 (Kruess GmbH, Hamburg, Germany).



Molecules 2025, 30, 1813

17 of 21

The interfacial tension of the oils in the chosen surfactant solutions was measured using the
pendant drop method with the Drop Shape Analyzer DSA100E (Kruess GmbH, Hamburg,
Germany) at 30 °C. Note that the used artificial sebum was liquid at 30 °C.

The pH and conductivity of all solutions were measured by Fisherbrand™ accumet™
AB200 benchtop pH/conductivity meter at 30 °C.

4.2.2. Direct Observations of the Soil Removal from Vitroskin®

The observations of soil removal were conducted using the Drop Shape Analyzer
DSA10 (Kruess GmbH, Hamburg, Germany) optical system. The methodology and ex-
perimental setup (Figure 10) were adapted after Yavrukova et al. [51]. The procedure
was as follows: First, Vitroskin® substrate, hydrated in advance, was placed at the bot-
tom of a 50 mL rectangular glass cuvette. Then, a 5 uL soil drop was deposited onto the
substrate and allowed to rest for 5 min. Subsequently, 20 mL of surfactant solution at
30 °C was gently added to the cuvette. The shrinking of the contact area between the soil
droplet and the substrate (including potential drop detachment) was monitored for 5 min
(see Figures 2 and 3). Measurements with each surfactant solution or formulation were
conducted at least twice, i.e., on two or more different substrates.

— surfactant
Ywoy, solution
soil 0
p substrate Yso Ysw
side | illumination

observation

Figure 10. Scheme of experimental setup for direct observations of the soil removal from the surface
of Vitroskin®. The glass cuvette with the soiled surface and the surfactant solution was mounted on
the Drop Shape Analyzer DSA10 (Kruess GmbH, Hamburg, Germany), whose optical system was
used for the observations. All experiments were performed at 30 °C.

5. Conclusions

The performed systematic characterization of soil removal from artificial skin by
applying direct optical observations in different surfactant solutions allowed for the demon-
stration of two basic cleansing mechanisms: emulsification and roll-up. Emulsification
occurred in systems with very low (below 1 mN/m) interfacial tension, ywo, as for the
sebum and SLES solutions. Dimethicone soil was removed by the roll-up mechanism, and
no emulsification was observed.

The effectiveness of the roll-up depends on the interfacial activity of the used surfac-
tants and on their adsorption on the soiled surface. Thus, the cationic DTAB, adsorbing
strongly on the artificial skin, was able to roll up dimethicone at ywo as high as 11 mN/m.
The anionic SLES and DSLSS, and the nonionic CG had lower adsorption on the skin than
DTAB, but reduced the o0il/water interfacial tension more significantly, and successfully
rolled up dimethicone at ywo below 5 mN/m. The used DTAB did not contain oil-soluble
components, as evidenced by the conductivity, surface, and interfacial tension measure-
ments, which allowed for the determination of its adsorption of 1.99 umol/m? on the
Vitroskin® surface.
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The nonionic CG fully removed the dimethicone from the skin at a lower concentration
compared to the ionic surfactants used. The addition of some fraction of CG to the ionic
surfactants was used to obtain good cleaning at decreased concentration of the anionics.

The developed in vitro procedure for cleansing efficacy characterization was applied
to a series of simple cleansing formulations based on preselected surfactant mixtures
and containing also humectant, salt, preservative, and perfume. The comparison of the
cleansing effectiveness of formulations allowed for a good discrimination between their
performance. Furthermore, their rating corresponded qualitatively well to the performance
of the surfactant mixtures and to the rating of their interfacial activity.

Our investigation demonstrated well that model experiments with artificial skin could
be applied and used to investigate the physicochemical mechanisms of soil removal, and
to discriminate the effects of different types of surfactants in the cleansing compositions.
Future applications of the developed approach to practical formulations would speed up the
product development process and would allow for a fast evaluation of new raw materials.
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