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Abstract: Deposition plays an important role in the active delivery and efficiency of hair and skin
formulations since it allows active compounds to interact with surfaces in order to achieve the prod-
uct’s desired performance characteristics. Therefore, it is essential to study the surface activity and
behavior of certain compounds that are frequently used in cosmetic and pharmaceutical formulations
in order to understand how they interact with relevant biological surfaces, such as hair and skin. We
chose to study the surfactants and conditioning agents utilized in the formulation of conditioning
shampoos, which are usually designed to be able to achieve the deposition of these substances on the
hair and scalp to provide lubrication and better conditioning for hair fibers, facilitating detangling
and providing a better feel. In this study, cationic polymer and salt fractions were varied to obtain
eighteen different conditioning shampoo formulations in which the deposition was measured by uti-
lizing a nanoplasmonic sensing technology instrument. Moreover, a wet combing test was performed
for each of the formulations to investigate if there was any correlation between the combing force and
the surface deposition. The complete study was performed using a sustainable anionic surfactant in
order to compare the results with those obtained from the traditional formulations.

Keywords: cationic polymer; sustainability; surface deposition; lubrication; nanoplasmonic sensing
technology; wet combing; electrolyte

1. Introduction

Hair is considered to be a complex, integrated system that shows peculiar physical
and chemical properties [1]. Morphologically, it is divided into three differentiated regions:
the cuticle, cortex, and medulla. The structure and characteristics of these regions provide
the hair with some particular properties, such as its hydrophobicity, which can be reduced
through chemical and physical treatments, causing a more hydrophilic state and, therefore,
a negatively charged surface [2]. The correct use of hair cosmetics can lead to the minimiza-
tion and repair of this damage. Conditioners are designed to decrease friction, detangle
hair, minimize frizz, and improve combability by neutralizing the free negative charges
on hair fibers and depositing positive charges that interact with them, aiming to reduce
the hair’s static electricity [3] and to improve the lubrication of the cuticle that reduces
fiber hydrophilicity [4,5]. Cationic ingredients, such as polymers, are commonly included
in conditioning formulations as they can be very substantive to the hair and difficult to
remove [6]. Moreover, the interaction of these cationic substances with anionic surfactants,
which are mainly included in shampoo formulations, has gained popularity as it further
contributes to enhancing the conditioning effect and also allows for the formulation of
products with both cleansing and conditioning purposes [7–9].

The deposition of cationic polymers on hair fibers generally occurs through elec-
trostatic interactions between the polymer and the hair’s surface, as it is negatively
charged [10].When cationic polymers are present in mixtures containing anionic and am-
photeric surfactants, the deposition mechanism is different. The cationic polymer interacts
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with anionic and amphoteric surfactants through both electrostatic and hydrophobic inter-
actions [11], leading to the formation of a complex or aggregate [12–15]. The aggregate was
studied and described as a gel-like phase with a high level of cationic charge that is able to
deposit the polymer on a negatively charged hair surface, leading to the formation of a clear
film [16] The association leading the assembly of polyelectrolyte–surfactant complexes and
their potential adsorption on the hair surface are mainly governed by electrostatic interac-
tions that are potentially influenced by characteristics of the polymer, such as charge density
and molecular weight; characteristics of the surfactant, such as hydrophobic length and
concentration; or the solution’s properties, such as pH, ionic strength, and temperature [3].

Finding a suitable measurement method has been one of the greatest challenges in
the study of the deposition of these polyelectrolyte–surfactant complexes. Some efficient
techniques, such as the dissipative quartz crystal microbalance (D-QCM), surface plasmon
resonance (SPR) ellipsometry, and atomic force microscopy (AFM), were previously utilized
in multiple studies comprising similar systems for investigating the adsorption of these
complexes on the hair’s surface or on specifically modified surfaces that mimicked the
hair’s properties [3,17,18]. In [19], mixtures formed by a cationic homopolymer, polydi-
allyldimethylammonium chloride, and two different surfactants, the negatively charged
sodium laureth sulfate (SLES) and the zwitterionic coco betaine (CB) were studied to ob-
serve the adsorption of the formed aggregates onto solid surfaces, using two different
methods. The thickness of the adsorbed layer was found using atomic force microscopy
(AFM) and a dissipative quartz crystal microbalance (D-QCM) technique with quartz crys-
tals containing negatively charged gold substrates as surfaces. Moreover, ellipsometry,
with silica plates as the substrate, was applied to find the amount of polymer within the
adsorbed layers. Likewise, these mentioned techniques were applied to study some other
similar systems, including complexes formed by a highly charged cationic homopolymer
(polydiallyldimethylammonium chloride) and a sulfate-free anionic surfactant, sodium
methyl cocoyl taurate (SMCT), over silica substrates [20], as well as mixtures of cationic
guar (cat-guar) or cationic hydroxyethylcellulose (cat-HEC) with the anionic surfactants
sodium dodecyl sulfate or sodium lauryl ether-3 sulfate on silica surfaces [21]. A different
technique based on the minimization of a mean-field free-energy functional, SFC, was
presented in [22] to describe the adsorption of mixtures formed by PDADMAC containing
100 monomers and different surfactants: (i) three anionic, namely, sodium laureth sulfate
(SLES), di-rhamnolipid (di-RL), and mono-rhamnolipid (mono-RL); (ii) the zwitterionic
coco betaine (CB); and (iii) alkyl polyglucoside (APG), under conditions in which the ionic
strength was fixed by the addition of KCl.

The nanoplasmonic sensing technology is a novel method that exploits gold nanopar-
ticles as local sensing elements, constituting a very versatile sensing platform that enables
the detection and monitoring of a large variety of material and interface processes under in
situ conditions [23].Gold is among the most common surfaces used in adsorption studies
that aim to mimic the adsorption on the hair’s surface [17]. This study aimed to utilize
the nanoplasmonic sensing technology provided by Insplorion® to quantify the surface
deposition of a cosmetic formulation, evaluating the effects of the cationic polymer and
the salt addition in a basic conditioning shampoo formulation. In addition, we worked to
identify any correlation between the deposition process and the wet combing force applied
to hair after the application of the shampoo.

2. Materials and Methods
2.1. Materials

All the materials utilized were available in the cosmetics laboratory of Manhattan
College. Sodium lauryl ether sulfate (SLES), the anionic surfactant, was obtained from
Tri-K Surfactants. Cocamidopropyl betaine, the amphoteric surfactant, was obtained from
Lubrizol (Clifton, NJ, USA). Polyquaternium-7 cationic polymer (Merquat), a non-ionic
surfactant with chains of 12 to 16 monomers long, was obtained from Lubrizol®. Alkyl
polyglucoside was selected as the sustainable surfactant to observe the surface deposition
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phenomenon, mainly due to its natural origins of a sugar unit and a fatty alcohol [24,25].
Moreover, alkyl polyglucosides have been proven to be readily biodegradable in aerobic
conditions, and they have shown low toxicity against several organisms [26].Thus, they
could potentially be desirable for developing sustainable cosmetics formulations. Alkyl
polyglucoside C12-16 (APG, 53%), known as lauryl glucoside, was donated by BASF®

(Florham Park, NJ, USA). Scheme 1 shows a diagram of its structure. Sodium chloride,
purchased from Fisher Scientific®, was used as an electrolyte. DI water was used to turn
samples into solutions, and citric acid (50%) was then added to adjust the pH of the samples.
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Scheme 1. APG C12-16 chemical structure [27].

For the deposition analysis, a nanoplasmonic sensing technology instrument provided
by Insplorion® (Insplorion Xnano, Göteborg, Sweden) was used. For the wet combing test,
we used a tensile tester machine, provided by Dia-stron® (Clarksburg, NJ, USA).

2.2. Sample Preparation

The 30 g samples, which varied in polymer, salt, and water contents, were formulated
in 100 mL glass beakers at room temperature. The samples were mixed on a stir plate at
1200 rpm for 2 h to ensure the complete dilution of the surfactants and other components.
After mixing, the pH was adjusted to a target of 6.8–7.2, and the samples were then set to
rest for 24 h at room temperature.

2.2.1. Effect of the Cationic Polymer Fraction

The effect of the cationic polymer fraction in the formulation was observed by making
ten different samples, all at 12 wt. % total surfactant, with a 10:2 proportion from the
anionic (SLES) to the cationic surfactant (CPAB). Merquat was the polymer added between
0% and 1% for both systems. The mass fraction was set at 0%, 0.3%, 0.8%, and 1%. All
the components were weighed and added one at a time to the water, which was stirred
constantly. After pH adjustment and resting time, the samples were poured into 15 mL
plastic vials, using two vials per sample.

2.2.2. Effect of the Electrolyte Fraction

To understand the effect of the electrolyte fraction, eight samples were created, with
sodium chloride concentrations at 0%, 0.3%, 0.8%, and 1%. The total surfactant fraction was
set at 12 wt. %, with a 10:2 proportion from the anionic (SLES) to the cationic surfactant
(CPAB) and the polymer fraction at 0.5 wt. %. The surfactants and the polymer were added
first to the water while it was stirred. After everything was properly dissolved, the salt
was added to the samples, which were allowed to mix for additional 15 min. After pH
adjustment and resting time, the samples were poured into 15 mL plastic vials, using two
vials per sample.

2.3. Methods
2.3.1. Deposition

Nanoplasmonic sensing (NPS) is an optical technology that utilizes a sensor made of
gold nanostructures on a glass support that is covered by a dielectric coating. The sensor is
placed within a cell through which the samples and the light pass. NPS obtains information
about the changes in the effective refractive index. The signal obtained by the instrument is
the wavelength at which the sensors’ extinction exhibits a maximum, the λNPS. The change
of this maximum signal over time contains information of the adsorbed mass, thickness,
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and density. A general overview of the technology is presented in Scheme 2. For the
analysis, water was utilized as an ambient solution, and the samples were not diluted
before testing. For the test, the ambient solution was passed through the cell for 5 min
and then through the sample for 15 min. This cycle was repeated three times, for a total
duration of 60 min. The deposition was measured twice in each one of the samples to
ensure reproducibility.
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2.3.2. Wet Combing Force

The reduction in wet combing force was estimated by taking two measurements of
the force needed to comb through a wet hair tress, using the Dia-stron MTT175 flexible
miniature tensile tester (DIA-STRON, Clarksburg, NJ, USA), displayed in Scheme 3. The
hair tress used for the measurement was 15 cm long, weighed approximately 2 g, and was
sealed with a 1 in flex swatch. The first measurement was taken from a wet hair tress that
was previously washed for 1 min with 1 mL of a 25 wt. % SLES solution and combed
three times to eliminate any tangle. The second measurement was taken after 1 mL of
sample was applied to the wet hair tress, was washed for 1 min, and then rinsed off and
combed three times to eliminate any tangle. The combing force that was required pre- and
post-treatment was compared to determine the percent reduction in wet combing force.
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3. Results and Discussion

Since the objective of this study was to analyze the deposition process and to find out
if there was any correlation with the wet combing force, this was the data that we explored.
The study was done with SLES and a more sustainable surfactant as well.

3.1. Deposition

Nanoplasmonic sensing (NPS) technology is a method that tracks changes in the
optical properties of materials. The instrument registers the wavelength at which the
sensors’ extinction spectrum exhibits a maximum [28]. In order to convert the NPS response
to obtain the optical mass adsorbed by the sensor, it is necessary to have some knowledge
about the properties of the sensed material. In this case, with the available resources that
we had for this study, it was not possible to measure these properties, and as the samples
were mixtures of different surfactants and other compounds, it was not possible to find
these properties tabulated, either. In a technology note provided by Insplorion® [29], the
detailed procedure of converting the NPS response to a corresponding change in mass
showed that the change in the wavelength measured by the instrument was quantitatively
proportional to the change in optical mass. Therefore, the NPS response for all the samples
can be compared to infer the factor that enhanced the deposition.

3.1.1. Effect of the Cationic Polymer

Figures 1 and 2 show the results of the NPS signal that corresponded to the change in
the wavelength of each of the samples formulated with SLES and APG, respectively, when
varying the cationic polymer content between 0 and 1.
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Figures 1 and 2 show the signal, which was measured for 60 min, of five samples
containing different levels of cationic polymer and formulated with two different surfac-
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tants, SLES and APG. As it was described previously, each of the tests comprised three
consecutive cycles in which the ambient solution (water) was passed through the optical
cell for 5 min and then the sample was passed for 15 min. It was easily observed that all of
the samples, no matter the nature of the surfactant or the level of cationic polymer, exhibited
the same behavior. After the first 5 min in which the ambient solution was read, there was a
significant increment in the signal that corresponded to the injection of the sample into the
optical cell, followed by a stabilization period while the sample was read. After the 15 min
reading of the sample, the ambient solution was passed again, which corresponded to the
drop in the signal at 20 min. This pattern was repeated twice throughout the complete test.

As mentioned before and explained with further detail in [26], the maximum change in
the NPS signal between the starting and final points of the measurement has proportional
relation with the adsorbed mass on the surface of the sensor. Therefore, although the
information of the parameters required to calculate the amount of mass adsorbed is not
available, it is possible to use the ∆λ maximum values to compare the deposition between all
the samples and have an insight of the effect of the cationic polymer over this phenomenon.

Figures 3 and 4 show the comparison of the ∆λ maximum for the set of samples in
which the fraction of cationic polymer was varied for both surfactants evaluated. As the
figures show, the change in the signal measured had a clear tendency to increment as the
fraction of cationic polymer increased within the formulation, which means that the amount
of mass adsorbed by the surface was greater with the increment of cationic polymer. Thus,
the data illustrate that the addition of the cationic polymer to the conditioning shampoo
formulation enhanced the surface deposition. It can be seen that the level of deposition
achieved with APG was a little higher than that of SLES for the same amount of polymer
within the formulation. This was not expected, due to the non-ionic nature of the APG
surfactant. However, the interactions between the surfactant and the surface seemed to
govern the deposition phenomenon in this case.
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3.1.2. Effect of Salt Addition

Figures 5 and 6 show the measured NPS signal for the samples containing different
levels of salt and formulated with SLES and APG, respectively. The results show a similar
pattern as the results showing the effect of the amount of cationic polymer. There was an
increment of the signal upon every injection of the sample, which implied a change in the
mass on the surface of the sensor.
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In addition, the ∆λ maximum for the same set of samples is shown in Figures 7 and 8,
which show that there was a decrease in the signal as the amount of salt increased. Thus, it
can be inferred that the adhesion to the surface was being suppressed by the presence of
salt within the formulation.
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3.2. Wet Combing Force

The reduction in wet combing force can illustrate how effective each formulation is at
lubricating and therefore how well it can provide better sensory attributes to the hair. The
combing force was evaluated for the initial, middle, and last points of each set of samples
evaluated for each variable in order to elucidate the effects of each of the variables studied
and whether there was any correlation with the deposition results.

3.2.1. Effect of Cationic Polymer

The calculated reduction percentages for the samples formulated with both surfactants
evaluated and containing 0%, 0.5%, and 1% of cationic polymer are shown in Figure 9.
The addition of the cationic polymer to the formulation clearly generated a greater de-
crease in the grooming forces of the hair, which is one of the main targets of conditioning
formulations.
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3.2.2. Effect of Salt Addition

Figure 10 shows the reduction percentage for the samples containing different levels
of salt. Conversely to the results for the effect of the cationic polymer, the increment in the
amount of salt in this case generated less reduction in the wet combing force. Thus, the salt
suppressed the hair-conditioning capacity of the evaluated formulations.

As it was established, the addition of cationic polymers to conditioning shampoo
formulations contributes to the surface deposition of substances that aim to provide lu-
brication, easy detangling, and a better-feeling sensation to the hair, among some other
desired characteristics. The results obtained in this study using nanoplasmonic sensing
technology are in accordance with multiple studies previously published [17,30,31], as
they confirm the effect of the cationic polymer on the surface deposition of conditioning
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shampoo formulations containing anionic surfactants. Therefore, this study demonstrates
the effectiveness of nanoplasmonic sensing technology for measuring the surface depo-
sition by aiming to mimic surface deposition on the hair. Gold, silica, and mica are the
frequently used surfaces for modelling and studying the adsorption processes of cosmetic
formulations [17,32]. The Insplorion® sensors utilized in this study comprise a gold disk
covered with a SiO2 coating that makes them suitable for studying the deposition process
of this type of cosmetic formulations. The sensors did not have a negative charge, like the
hair’s surface, and within the scope of this study, it was not contemplated to modify them
to obtain a negatively charged surface. Our main goal was to ascertain the effectiveness
of the NPS technique in order to study the deposition from polyelectrolyte and surfactant
mixtures. Similar technologies, by which the amount of mass deposited on the surface
was calculated, were used to evaluate the adsorption of surfactants onto specific surfaces,
including the wet and dry mass adsorbed [33]. In the case of the nanoplasmonic sensing
method, the technique measures the dry mass on the surface and does not provide informa-
tion about the solvent coupled mass. In addition, the instrument is very surface-sensitive,
losing sensitivity around 30–50 nm from the surface, which allows for a more sensitive
analysis of the initial steps of the deposition process but might not be the best fit for an
analysis of thicker layers. Consequently, this technique enables the study of the deposition
process, although the measurement of deposited mass using the nanoplasmonic sensing
technology provides less than that of the total mass potentially adsorbed on the surface.
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The results illustrated in Figures 3 and 4 qualitatively confirm the studies on the
enhancement of deposition on hair with an increase in the cationic polymer level [17,30,31].
Charge density and molecular weight are also determinant parameters that influence the
deposition from polyelectrolyte and surfactant mixtures [31]. Merquat (Polyquartenium-7)
is considered a highly charged polymer [17], and it promotes better electrostatic interac-
tions with the anionic and amphoteric surfactants that enhance the deposition of cationic
complexes on the hair’s surface as found with the nanoplasmonic sensing test.

The sustainable surfactant exhibited the same behavior as that of the SLES (Figures 6 and 8);
but the maximum ∆λ was slightly higher, and so was the amount of mass deposited on the
sensor. Since the APG surfactant utilized in this study has a non-ionic nature, it would be
expected to lead to a lower deposition caused by poor interaction with the charged polymer.
The higher deposition achieved with this system may be explained by the electrostatic
interaction between the polymer and the surface, which was mainly governed by the
difference in the charges [34]. Despite the weak interaction between the surfactant and
polymer and the consequent low formation of conditioning complexes, the adsorption
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in this case was governed by the strong interaction between the polymer and surface.
Scheme 4 below shows a schematical representation of how the polymer interacted with
the anionic surfactant and how it was deposited on the surface. The scheme also shows
how the deposition of the polymer occurred from the mixture with the non-ionic surfactant.
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The ionic strength is another important parameter that influences the surface deposi-
tion from polyelectrolyte–surfactant mixtures [35]. NaCl is considered a strong electrolyte
as it is a salt that dissociates completely in water, releasing Na+ and Cl− ions, and therefore
conferring a strong ionic nature to the solution. The increment of this electrolyte led to the
suppression of the deposition [36], as illustrated in Figures 7 and 8. The addition of salt
substantially reduced the binding affinity, causing less interaction of the polymer with the
surfactant [37]. Moreover, the presence of cations and anions inhibited the adsorption [30]
of the polymer and the polymer–surfactant complexes as they interacted with the surface
and competed for the available sites. Thus, the chains and molecules were loosely attached
due to a smaller number of contact points and weak interactions [17].

As it has been demonstrated, the nanoplasmonic sensing technology is effective for
studying the surface deposition phenomenon from formulations containing surfactant–
polyelectrolyte mixtures. However, within the scope of this investigation, this method was
still insufficient for identifying and differentiating the nature of the mass being deposited.
Thus, the wet combing force measurement was used to evaluate the efficiency of the
formulations on the hair conditioning target [3]. Moreover, as stated previously, the
deposition evaluation on the NPS surface generated positive results, even though the
sensors were not negatively charged, like the hair’s surface. Therefore, the evaluation of the
combing test with real hair was expected to show positive results. In addition, it allowed
us to investigate whether there was any correlation between the results obtained with
the NPS and the combing test. Figures 9 and 10 illustrate the reduction percentage of the
combing force upon the application of formulations with different levels of polymer and salt,
respectively. The effect of the polymer leading to lower frictional forces during the combing
and detangling of the hair confirmed the behavior reported in several studies of hair
conditioning formulations [17,30]. The complexes and cationic polymer being deposited
formed a thin layer over the surface that reduced friction and provided lubrication, thus
easing detangling and improving combability [4]. The results exhibit a reduction in the
wet combing force after the application of the formulations containing different levels
of both polymer and salt; while the polymer increased the reduction, the salt lowered it.
This coincided with the results found for deposition, considering that, as the increase of
the polymer led to a higher deposition, it was expected to obtain a better conditioning
effect on the hair as the amount of polymer was increased in the formulation. Conversely,
the increase of the salt suppressed the deposition as it interfered with the electrostatic
interactions of the polymer with the hair surface and the surfactant, leading to a lower
amount of mass adsorbed. Thus, the conditioning effect was expected to be minor with
the increment of the salt within the formulation. The correlation found here is illustrated
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in Figures 11 and 12, which show that both variables studied, there was a proportional
relationship between the deposition and the reduction of the combing force.
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4. Conclusions

The effectiveness of the nanoplasmonic sensing technology as a method for testing
and evaluating the deposition process from formulations containing mixtures of surfactants
and polyelectrolytes was demonstrated by the evaluation of eight different samples with
different amounts of cationic polymer and salt. The instrument allowed us to obtain a qual-
itative overview of the deposition over time and to compare the results between samples,
which constituted a rapid technique for addressing formulations’ direction in relation to
deposition goals. The method could potentially turn into a quantitative evaluation of the
adsorption of cosmetic formulations if the available resources allowed the determination
of the parameters required for the model; they are not easily determined as the samples
utilized here are complex mixtures of various substances. However, despite this limitation
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found in this study, the method turned out to be an effective fast-evaluation technique,
considering that a quick screen for the deposition of cosmetics is critical.

We demonstrated that the deposition of conditioning agents is enhanced by the ad-
dition of a cationic polymer that undergoes an electrostatic interaction with the hair’s
surface and surfactants within the formulation. Conversely, we found that the addition
of strong electrolytes such as NaCl, which is commonly used as a viscosity builder in
shampoo formulations, suppresses the deposition of conditioning agents as they weaken
the interactions of the cationic polymer with the hair and the surfactants. In addition, the
free cations and anions are forced to compete for the available contact sites in the surface,
making the adsorption considerably lower.

Finally, we found a correlation between the deposition from conditioning cleansing
formulations and the reduction of the wet combing force, showing that more mass deposits
led to a higher reduction percentage of friction force when combing wet hair, and thus
easing the detangling and lubrication of hair. The correlation found met the expected
behavior, and the technology can be used as a formulation screen for the deposition process
within the cosmetic field.

Recommendations for future work could include evaluating the effect of some other
variables that may potentially affect the interactions of the cationic polymer within the
conditioning formulation and the surface deposition, such as pH, the charge density of
the polymer, and the ratio between the surfactant and the polymer, in order to further
corroborate the efficacy of the method. In addition, future studies could include a sus-
tainable polymer as well as sustainable surfactants, with the purpose of contributing to
sustainability in cosmetic science using the application of this method
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