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A comprehensive understanding of chemical interactions at the surface of hair represents an important
area of research within the cosmetic industry and is essential to obtain new products that exhibit both
performance and sustainability. This paper aims at contributing to this research by applying a
combination of surface techniques (neutron reflectometry, quartz-crystal microbalance and atomic
force microscopy) to study adsorption of surface active ingredients onto hair-mimetic surfaces. The
surface of hair is not homogeneous due to chemical and physical damage, and this work focuses on
partly damaged hair models, in which both hydrophobic and charged moieties are present. Examples of
such mixed-surface models are rare in the literature, despite the interest in the topic. The studied
actives were an anionic surfactant (sodium dodecyl sulphate, SDS) and a natural polysaccharide
(chitosan) of two different molecular weights, to represent soluble polymer-surfactant associations of
cosmetic interest in hair-care rinsing applications. The effect of the concentration of SDS, the molecular
weight of chitosan, and the order in which SDS and chitosan are introduced are studied, and compared
to totally hydrophobic and totally hydrophilic surfaces. Results show that SDS can interact with the
hydrophobic portions of the mixed surface, and its adsorption increases if associated with chitosan.
Interestingly, differences have been found in the adsorption behaviour of chitosan depending on its
chain size. Both types can deposit onto the surface, but when SDS is added, the lower molecular weight
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DOI: 10.1039/d4cp03603d chitosan keeps its extended conformation in a ca. 70 A thick layer, while the higher molecular weight
chitosan collapses to form a layer of about 30 A. This knowledge opens the door to developing hair-

rsc.li/pccp care formulations with improved performance and sustainability.

1. Introduction

The main function of a shampoo is, as known, cleaning hair,
but formulating a good hair-care product is not straightfor-
ward, because of the complexity of the hair surface and the
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need for additional features to meet consumers’ expectations
(conditioning effect, appearance, specific functionalities e.g. in
anti-dandruff shampoos)."”® The main components of a sham-
poo are, thus, a surfactant (cleansing base, 10-20% w/w),
usually anionic, and a cationic polyelectrolyte (conditioner,
0.1-1% w/w), but other ingredients are usually added (second-
ary surfactants and polyelectrolytes, salt, perfume. . .).**
Regarding the hair surface, it is originally covered by a layer
of lipids - mainly 18-methyleicosanoic acid (18-MEA)®” — which
are covalently linked to the underlying proteins via a thioester
bond to cysteine residues.® The layer composition and lipid
density depend on different factors, such as ethnicity or fibre
aging, changing even along the same hair fibre from root to
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tip.>'® Hair treatments, such as bleaching, contribute to mod-
ifications in the hair lipids profile,*° by breaking the thioester
linkage and oxidizing cysteines to cysteic acid, i.e., exposing
sulphonate groups on the surface.>*'! Modifications at the
hair surface cause the interaction properties of the fibre to
change: the initially hydrophobic surface, after removal of
lipids, becomes hydrophilic and negatively charged.>*"'""
A detailed knowledge of the surface properties is necessary
for the cosmetic industry to improve their products considering
both performance and sustainability."** In fact, the current
climate issues call for a transition to bio-sourced and/or
green chemistry derived ingredients and eco-respectful formu-
lations, to replace the traditional ones. The ongoing research is
both experimental, on either hair fibres''"'>'®'” or biomi-
metic models,"®>* and theoretical, as many computational
approaches have been implemented to predict the interaction
of new ingredients with the hair surface.”*>°

Hair-mimetic models can be obtained by functionalization
of gold surfaces with suitable thiols (e.g., simple alkylthiols to
obtain hydrophobic surfaces, sulphonate-terminated ones to
mimic damaged hair).?” Their use allows studying the system
at the molecular level, by application of various surface tech-
niques, such as quartz-crystal microbalance (QCM)*' or
ellipsometry.>® In the literature, however, there is only a very
few examples of models produced with a mixture of thiols'®?*
in order to investigate the intermediate properties of a ‘“‘partly
damaged” hair fibre.

In this paper, the adsorption of model actives on such a
mixed thiol surface is reported. The study was mainly carried
out by neutron reflectometry (NR): unlike other surface techni-
ques, NR has a sub-nanometre resolution and offers the possibility
of describing hierarchical adsorption from mixtures thanks in part
to the hydrogen/deuterium contrast.*® Being (gold-coated) silicon
blocks with sub-nanometre roughness commonly employed in NR,
the thiol biomimetic models are well-suited for this application.
The NR results were complemented by QCM, to provide an
independent “slab model” description of the adsorbed layers,
and atomic force microscopy (AFM) measurements, to add infor-
mation on the in-plane structure of the adsorbed layers. Both QCM
and NR average this information, and while the results are globally
reliable and correct, AFM reveals that the local composition and
structure can fluctuate significantly; thus the combination of these
complementary techniques is a necessary prerequisite to achieve a
full understanding.

The hair model produced here contains, specifically, a
sulphonate-terminated alkyl thiol and an alkyl thiol with an
antepenultimate methyl branch (18-MEA-like), so to mimic an
hair surface where only part of the lipid layer has been
removed. The chosen adsorbing species were sodium dodecyl
sulphate (SDS), as an example of a widely used cleansing agent,
and chitosan, a natural cationic polysaccharide and an inter-
esting sustainable alternative to common polyelectrolytes.**>°
Although sodium laureth sulphate (SLES) would have been a
more accurate model active, SDS was preferred for two reasons.
Firstly, it is easier to obtain deuterated SDS, which is useful to
increase the scattering contrast in NR experiments. Secondly,
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the variability in the number of ethoxylated spacers in SLES
would create ambiguities during the analysis of NR data, where
knowledge of the exact atomic composition of the sample is
essential. The effect of the concentration of SDS, the molecular
weight of chitosan, and the order in which SDS and chitosan
are introduced are addressed, and compared to surfaces of the
two pure thiols.*°

2. Materials and methods

2.1. Materials

The thiols used to produce the hair-mimetic models are sodium
3-mercapto-1-propanesulphonate (PS, presenting the same sul-
phonate moiety of a damaged hair surface) and 2-methyl-1-
butanethiol (MBT, which has a 18-MEA-like methyl branch),
both purchased from Sigma-Aldrich. Silicon blocks for NR were
coated at ILL with a thin adhesion layer of titanium followed by
~200 A gold, while gold-coated chips for QCM and AFM were
from OpenQCM and Platypus Technologies, respectively. The
hair-mimetic models were then obtained by immersing the
gold surfaces in a 1 mM solution of 50: 50 PS: MBT in absolute
ethanol (Sigma-Aldrich) overnight, according to known litera-
ture protocols.’> We assumed that the ratio of thiols on the
surface would be close to that in solution.

Hydrogenous (h-) and fully deuterated (d25-) SDS were
purchased from Sigma-Aldrich and used without further pur-
ification. Two types of (hydrogenous) chitosan were used, both
of fungal origin: a polysaccharide of average molecular weight
27 kDa, and an oligosaccharide of average molecular weight
3 kDa. Deacetylation levels are >95% and >98%, respectively.
Solutions for NR were prepared by dissolving the appropriate
amount of SDS and/or chitosan in gold (neutron) contrast-
matched water (GCMW), a mixture of 74% D,O (Sigma-
Aldrich) and 26% H,O (deionized water Milli-Q quality, Milli-
pore). The solutions were freshly prepared just before the
experiments and contained also 100 mM NaCl (Sigma-
Aldrich), as shampoos normally have sodium chloride in the
concentration range 100-500 mM.* Chitosan was used at a
concentration of 100 ppm, while SDS was at a concentration of
either 2 or 20 times its critical micellar concentration (cmc),
whose value, according to the literature,®” is 1.5 mM in the
presence of 100 mM NacCl. To dissolve the polymeric chitosan,
addition of acetic acid (Sigma-Aldrich) was needed, and the
solution had a pH of 4; instead, the 3 kDa chitosan is soluble in
water at pH close to neutral. The pH of the SDS and/or
oligosaccharide solutions, then, was measured but not mod-
ified. It was normally =6, which means chitosan was in its
cationic form, being its pK, ~ 6.5.>>** The chemical structures
of the thiols, SDS and chitosan are in Fig. 1.

2.2. Neutron reflectometry (NR)

Neutron reflectometry allows defining the composition of a
layered system along the z-axis, i.e., normal to the surface.
Specifically, layer thickness and roughness can be obtained,
in addition to the scattering length density (SLD) parameter.

This journal is © the Owner Societies 2025
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Fig.1 Chemical structures of the molecules used in the adsorption
experiments. Top, the thiols (PS and MBT) used to mimic a partially
damaged hair surface. Bottom, the anionic surfactant SDS and the poly-
saccharide chitosan (monomer unit).

The SLD value is calculated from the atomic composition of the
layer, and, in the case of adsorption from solutions, it helps to
separate the contributions of the solvent and of deuterated and
hydrogenous species. The information, however, is averaged in-
plane. A detailed theoretical description of the technique can
be found in the literature.*®**’

The NR data presented in this paper was obtained from two
experiments, one performed at the ISIS Neutron and Muon
Source (Oxfordshire, UK) on INTER?® (sequence NR1), and the
other one at ILL (Grenoble, France) on the instrument D17°°
(sequence NR2). Both instruments are time-of-flight (ToF)
reflectometers, so the reflected intensity was recorded as a
function of neutron wavelength (1), and converted as a function

4r .
of the momentum transfer vector Q = —sin 0. On INTER, the
A

incident angles (0) were set to 0.7° and 2.3°, so to cover a Q-
range up to 0.33 A~*, while on D17 they were set to 0.8° and 3.2°
(Q-range up to 0.3 A™'). Temperature was set at 22 °C. The
functionalized gold-coated blocks (with a surface of 50 x 50
and 80 x 50 mm? for the experiments on INTER and on D17,
respectively) were mounted in a solid/liquid cell (Fig. S1 in
ESIT). The neutron footprint was controlled to illuminate an
area within the liquid trough. The blocks were firstly character-
ized in GCMW and 100 mM NaCl. GCMW has a neutron SLD of
4.6 x 107° A2, similar to gold, and it was chosen because it
gives the best contrast to both the hydrogenous thiols and the
hydrogenous and deuterated adsorbing species. The adsorption
sequences, each performed on a single, separate sample, were
the following:

e Sequence NR1:

-2 and 20 cmc d25-SDS, to check the effect of concentration
on adsorption, followed by rinsing to test reversibility;

- 100 ppm chitosan polymer at pH 4, followed by rinsing (at
pH 6 as in the other cases);

- 20 cmc d25-SDS, to see how adsorption of SDS changes
after exposure of the surface to a cationic species, followed by a
final rinsing step;

e Sequence NR2:

- 100 ppm chitosan oligomer, followed by rinsing;

-2 cmc d25-SDS, to check the effect of the order of injection
at the lower SDS concentration (no rinsing was performed after
this step);

This journal is © the Owner Societies 2025
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- A mixture of 100 ppm oligomer and 20 cmc d25-SDS, to see
how adsorption changes from a pre-mixed solution compared
to sequential injection of the single components. The chitosan/
SDS ratio is representative of a (simplified and 10x diluted)
shampoo formulation, being 100 ppm chitosan equal to 0.01%
w/w and 20 cmc SDS to 1% w/w;**3

- Final rinsing step.

Data were reduced using the Mantid Workbench® for
INTER and using COSMOS*! for the D17 data, and fitted on
RefNX (v. 0.1.32).*> To fit the data in GCMW, a slab model was
created to describe the system, then the initial guesses for each
layer thickness and roughness, plus the SLD value of the thiol
layer, were optimized through a differential evolution algo-
rithm. In the case of INTER data, the background was fitted
too as it was not subtracted during data reduction. The validity
of the results was checked by running a Markov-Chain Monte
Carlo (MCMC) analysis, which returns a covariance matrix and
a probability distribution for each parameter.**** To run the
MCMC analysis, default parameters were used but the number
of steps was increased to 5000 and those for burn-in and
thinning chains both to 400. After the substrate and thiol layers
had been defined, their parameters were fixed so that the
successive steps required fitting of the adsorbed layer(s) only.
For the latter, no prior assumption was made: if a good fit
(firstly by eye then considering the value of Chi2) was not
obtained considering one adsorbed layer, a second layer was
added; the SLD was fitted in a range chosen to cover the value
for the pure substance(s) present in a given step up to the bulk
solvent. Values of SLD for the dry substances and their density
(used to calculate the SLD on the NIST calculator’!) are in
Table 1. In the case of chitosan, the density value is taken from
ref. 45, but the SLD value is calculated considering that 3 out of
the 4 exchangeable protons of each deacetylated monomer
exchanged with deuterium (as in GCMW, H/D = 1/3).

In order to highlight the adsorbed layer information in fitted
SLD profiles we will frequently show the difference in SLD
(A SLD) between the adsorbed layer and the neat substrate/
thiol/solution interface as done previously.*®

2.3. Quartz-crystal microbalance (QCM)

Quartz-crystal microbalance (QCM) was used as an indepen-
dent way of measuring the mass of the adsorbed layer, which
can be converted to a thickness by data modeling. The probe is
a quartz crystal. Application of a voltage makes the crystal
oscillate at its resonance frequency, but the adsorption of
material on the crystal causes a shift (Af) in this frequency,
which is proportional to the (hydrated) adsorbed mass (Am).

Table 1 Values of density (p) and SLD for the dry substances used in the
NR experiments

p (g mL™) SLD (x107° A7)
MBT 0.85 —0.25
PS 1.4 1.1
d25-SDS 1.1 6.2
Chitosan 1.34 3.1

Phys. Chem. Chem. Phys., 2025, 27,1089-1099 | 1091
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If there are no changes in the viscoelastic properties of the
system, Am can easily be calculated thanks to the Sauerbrey
equation: Am = —C x Af/n (C: constant depending on crystal
parameters; n: overtone number),’® otherwise more complex
models are required.”” A better description of the technique
can be found in the literature.*® For the experiments presented
here, a Q-sense analyser (Biolin Scientific) was used. This
instrument, in addition to the frequency shift, monitors the
dissipation energy accompanying the adsorption process
(QCM-D). The quartz crystals used for the experiments had a
gold coating and a resonance frequency of 5 MHz (OpenQCM).
Cleaning involved UV/Oj; treatment for 20 min and sonication
in solvents of different polarity (acetone, isopropanol, ethanol,
MilliQ water, 10 minutes each). The gold surface was first
thiolated in situ overnight by injecting in the cell a 1 mM
solution of 50:50 MBT: PS in ethanol. Adsorption of polymeric
and oligomeric chitosan and their mixtures with SDS was then
studied at 22 °C, using as solvent 100 mM NacCl in MilliQ water,
similarly to NR experiments (but h-SDS was used instead of
d25-SDS). Specifically, three QCM experiments were performed,
each one in duplicate on separate substrates (unless specified,
solutions and rinsing steps were at pH 6):

e Sequence QCM1:

- 100 ppm chitosan oligomer, followed by rinsing.

- 100 ppm chitosan polymer (pH 4) to check competition/
effect of molecular weight, followed by rinsing.

- 100 ppm polymer and 20 cmc SDS (pH 4) to check the
effect of SDS, followed by rinsing (here the sample was left
overnight in 100 mM NacCl to verify whether desorption was
slow or irreversible).

- 100 ppm oligomer and 20 cmc SDS to check competition/
effect of molecular weight, followed by rinsing.

e Sequence QCM2:

- 100 ppm chitosan polymer (pH 4) to compare adsorption
on a clean surface to the step in sequence QCM1, followed by
rinsing (pH 4).

- 20 cmc SDS to compare adsorption to the mixture on
sequence QCM1, followed by rinsing.

e Sequence QCM3:

- 2 cme SDS, 20 cmc SDS, rinsing - to check the adsorption
of SDS on a clean surface, as done in sequence NR1
(Section 2.2).

- 100 ppm chitosan oligomer to compare adsorption to
sequence QCM1, followed by rinsing.

-2 cmce SDS to compare to the previous step before chitosan.

- 20 cmc SDS and 100 ppm oligomer as done in sequence
NR2 (Section 2.2), followed by rinsing.

Data analysis was carried out using the software QTools
(Biolin Scientific), applying a one-layer Maxwell model*® and
considering, for the solvent, density and viscosity values of
water in the presence of 100 mM NaCL.*° (For diluted chitosan/
SDS solutions, the variation in bulk density and viscosity has
been reported to be negligible.’>**) No reliable fit could be
obtained for sequence QCM3 (even using other models*”*®), so
the results can only be used for qualitative comparison to the
NR data.
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2.4. Atomic force microscopy (AFM)

AFM measurements were performed in liquid on a Dimension
Icon (Bruker), in PeakForce QNM (Quantitative Nanomecha-
nics) mode, using ScanAsyst Air tips from Bruker. The 50:50
MBT: PS sample was produced in triplicate using template-
stripped gold surfaces (Platypus Technologies). AFM images
were acquired in 100 mM Nacl, then the solution was replaced
first by one containing 100 ppm of low molecular weight
chitosan (oligomer) and then by 20 cmc SDS. Before use,
solutions were filtered using a 0.2 pm syringe filter. At each
adsorption step, three different spots on the surface were
imaged, acquiring 2-3 images for each spot (scan size 5 pum,
256 pixels). AFM images were analysed using the software
Gwyddion,>® while those presented in the next section were
visualised using MountainsSPIP (Digital Surf).

3. Results and discussion

In this section, the characterization of the mixed thiol layer is
presented, followed by the study of adsorption of chitosan and
SDS. It was chosen to discuss the results of NR, QCM and AFM
experiments in terms of the adsorbing species rather than
following the order of the adsorption sequences listed in the
previous section. Chitosan, the most interesting species from
an applicative perspective, is discussed first since most of the
experiments start with its adsorption, the only exception being
sequence NR1. The adsorption of SDS follows, with a discus-
sion on the order of injection of surfactant and polysaccharide.
Finally, adsorption of a pre-mixed SDS/chitosan complex is
presented.

3.1. Mixing of thiols

Fig. 2(a) shows the NR data obtained for the two samples
produced. Fitting of these curves gives the SLD profiles in
Fig. 2(b).

The difference in the profiles at the left of the graph are
clearly due to the different substrates: the one used in sequence
NR1 has a defined native oxide layer just on top of silicon, and
thicker deposited layers of titanium and gold. Nevertheless, the
overlap of the SLD profiles just below x = 0 indicates that the
two thiol layers are similar, and the fitted parameters (Table 2)
are in agreement, within error. According to values in Table 1, a
50:50 mixture of MBT and PS would lead to a layer of SLD =~
0.4 x 10°° A™2, so the fitted SLDs in Table 2 indicate that, for
both samples, either the thiol layers contain some water of
hydration, or that PS adsorbed preferentially over MBT, or both.
An independent XPS analysis was performed, leveraging the
different binding energies of the two types of sulphur groups.”*
It indicates that the average composition was in fact 50: 50 (see
Section S2 in the ESIY), suggesting that hydration of the
sulphonates is responsible for the slightly elevated fitted SLD
value in solution. Note though that a certain degree of hetero-
geneity or variability is to be expected as the layer formation is
influenced by multiple factors.*!

This journal is © the Owner Societies 2025
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Fig. 2 (a) NR curves for the two samples of 50 :50 MBT : PS, with best fit

lines. Error bars are shown on the data points. Differences in reflectivity are
mainly due to the different characteristics of the gold-coated substrates.
(b) Corresponding SLD profiles. The layers considered in the slab model
are indicated. In the case of the substrate used in sequence NR2, there was
some mixing of the Ti and SiO, layers, as shown by the less defined peaks
in the profile. The zero on the x-axis is placed at the thiol/solution
interface, so that the portions of the profiles relative to the thiol layer are
aligned despite differences in the substrates.

Table 2 Fitted SLD and thickness of the thiol layer for the two 50:50
MBT : PS samples. The error in parenthesis corresponds to 2.5¢

Thiol layer Thickness (A) SLD (x10 ®A™?)

Sequence NR1
Sequence NR2

9(2)
9.00 (0.01)

0.5 (0.9)
0.95 (0.03)

The thickness obtained by fitting the NR data is slightly
higher than previously found for the pure MBT and PS
surfaces,®® suggesting the formation of upright chains and
the presence of bound water/counterions to the sulphonate
moiety.>® As the thiol samples were not measured in another
solvent with different contrast, it is not possible to define the
relative amount of each component from the NR experiments.
Considering that the MBT:PS ratio is the expected one, as
suggested by XPS, the hydration percentage would be 2% and
13% for sequence NR1 and sequence NR2, respectively.

3.2. Adsorption of chitosan

The adsorption of chitosan of two molecular weights was
studied by NR. Specifically, a 3 kDa molecule (referred to as
“oligomer”’) was used in sequence NR2 and a 27 kDa molecule
(i.e.,, the “polymer”) in sequence NR1 (see experimental
sequences in Section 2.2). It is to be noted that the latter was

This journal is © the Owner Societies 2025
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Fig. 3 Subtracted SLD profiles of chitosan (in orange), oligomer (dashed
line) and polymer (full line), adsorbed on 50:50 MBT : PS. Corresponding
rinses are shown in green. The zero of the x-axis is at the thiol/chitosan
interface, whose roughness is indicates by the blue panel. Similarly, the
yellow panel on the left represents the Au/thiol interface with its asso-
ciated roughness.

not adsorbed on a virgin surface but after exposure of the
sample to d25-SDS, whose effect is presented in Section 3.3.
Results from fitting of NR data relative to chitosan and follow-
ing rinses are shown in Fig. 3, as depth profiles from which the
substrate/solution SLD profiles (Fig. 2b) have been subtracted.
The x-axis has its zero at the thiol/adsorbed layer interface, as in
the previous graph, but the y-axis indicates the variation of SLD
values compared to the substrate/solution interface upon
adsorption (as done in our previous study®). The fitted reflec-
tivity curve and the full SLD profiles can be found in Fig. S8, S9,
S15 and S16 in the ESIf (the same applies to the other NR data
presented in the following sections). Fitted parameters are in
Table 3.

The layer formed by the chitosan oligomer is about 60 A
thick but is not well-defined, considering the large value of the
roughness. On rinsing, the thickness stays the same and the
SLD slightly increases, indicating that only little material is
removed. It is possible to calculate a surface excess (I') of the
oligomer from the fitted SLD values, by multiplying oligomer
volume fraction ¢ = (SLDsolvent SLDayer)/(SLDgolvent
SLDdrymolecule); layer thickness 7 and chitosan density p, accord-
ing to the equation I' = ¢ x 7 x p/MW (dividing by the
molecular weight MW gives I' in terms of mol cm 2).°**” By
applying this formula, the oligomer has a surface excess of
1.1 nmol em 2 (in terms of monomer units, ie., MW =
162 g mol '), reduced to 0.8 nmol cm™? after rinsing. The
volume fraction of water in the layer, then, increases from 80%
to 85%. Such high hydration levels are in agreement with
literature.>® AFM results indicate that the oligomer adsorbs as
separate aggregates on the surface. Examples of AFM images in

Table 3 Fitted SLD, thickness and roughness of the chitosan layer
adsorbed on 50:50 MBT:PS samples. The error in parenthesis corre-
sponds to 2.5¢. The number in italics were fixed

SLD (x10™®A™%)  Thickness (A)  Roughness (A)
Oligomer 4.21 (0.01) 65 (3) 28 (3)
Oligomer rinse ~ 4.41 (0.01) 68 (2) 21 (3)
Polymer 4.56 (0.03) 121 (51) 9
Polymer rinse 4.52 (0.03) 69 (15) 9
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(@

Fig. 4 AFM images of chitosan oligomer adsorbed on 50:50 MBT:PS
surfaces at two different positions (a, b) on the same sample. The detected
particles are coloured in green.

100 ppm oligomer solution are in Fig. 4. As the two images
show, the surface is quite heterogeneous. Particle coverage
varies from 13% (Fig. 4a) to 3% (Fig. 4b), and particle height
from 1 to several tens of nm, with a median value of ~3.5 nm.
Direct comparison of particle heights from AFM with effective
thicknesses from our surface techniques is not straightforward,
as has been pointed out for example by Dhopatkar et al.>®
Briefly, height thresholds to define individual particles for
software recognition need to be defined, AFM images are small
and not necessarily globally representative, (see Fig. 4) and are
defined in terms of the median value, so particle size distribu-
tions can affect the resulting value. Nevertheless, AFM was
useful to add topographical information that can be obtained
neither with NR nor QCM, and emphasises that the slab
interpretations, while capturing the amounts and degrees of
hydration, can be intuitively misleading from in-plane aver-
aging. (This may suggest the use of different models to fit the
NR data, such as applying a mixed area model that considers
the system as the sum of two structures. This approach was
eventually rejected due to neutron coherence volume argu-
ments - more details in Section S5 in the ESL.¥)

Regarding the polymer, the layer it forms is more difficult to
describe precisely, due to the poor contrast with the bulk
solution. The layer roughness was fixed as it could not be
defined by fitting. The closeness of the layer SLD to the bulk
can be due to a higher hydration but also to the presence of
residual d25-SDS from the previous adsorption steps. For this
reason, it is not possible to calculate the surface excess of
polymer. Rinsing causes the layer to condense: thickness and
SLD both decrease, indicating an increase in the volume
fraction of chitosan in the adsorbed layer. It is useful to remind
here that, while the solution of polymer is at pH 4, the rinse is
done at pH 6. The known poor solubility of chitosans of high
MW at higher pH, added to enthalpy considerations (e.g,
electrostatic interactions) that caused adsorption from the bulk
in the first place, can explain the preferential interaction of the
polymer with the surface when rinsing. This is in line with
previous literature findings on the effect of pH on the proper-
ties of chitosan.>*°

Adsorption of chitosan was also studied by QCM-D (see
Section 2.3). The fitted experimental curves are shown in
Fig. 5 and 6. The discussion is here limited to the first steps in
the graph, the effect of SDS will be described in the next sections.
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The frequency shifts due to adsorption of the oligomer in
Fig. 5 and of the polymer in Fig. 6 reach quickly their plateau
value. In the case of the polymer in Fig. 5, its adsorption is
slower and overtones are more spread. This different behaviour
is likely caused by the presence of the oligomer previously
adsorbed in sequence QCM1, which modifies the interactions
on the surface. Neither the oligomer (Fig. 5) nor the polymer
(Fig. 5 and 6) are removed by rinsing, in agreement with NR
results. In the case of the polymer, rinsing at pH 6 (Fig. 5)
causes a slight reduction in the frequency shift but it is
accompanied by a large variation in dissipation. This suggests
that there are variations in the viscoelastic properties of the
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Fig. 6 QCM-D data for adsorption on 50 : 50 MBT : PS (sequence QCM2).
The adsorption sequence is indicated on the graph. The pH is ~6 at the
beginning, for the solution of SDS and for the final rinse. It is 4 in the case
of the polymer solution and its rinse. Frequency shifts are shown in blue
and dissipation in red, for the overtones specified in the legend. The darker
plots are the corresponding fits.
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adsorbed layer more than desorption of the polymer, which is
compatible with NR findings of a condensed polymer layer
upon rinsing. This is also in line with literature data.®® (How-
ever, from QCM data only, one cannot rule out the possibility of
some desorption of chitosan as the two species, oligomer and
polymer, compete for adsorption.) Data fitting indicates that
the oligomer adsorbs in a 80 A thick layer (10 A), which
slightly decreases to ~60 A after rinsing. The polymer, when
injected after the oligomer, increases the thickness of the
adsorbed layer to ~450 A (x~300 A after rinsing at pH 6).
Instead, in sequence QCM2 it forms a ~270 A thick layer (not
affected by the rinse at pH 4). In general, thickness values
obtained by QCM are higher than those found by NR, as the
former measures mass, while NR is capable of isolating the
contribution of the adsorbed species.

3.3. Adsorption of SDS

Regarding the surfactant, its adsorption was studied at differ-
ent concentrations and before and after chitosan adsorption.
On a clean surface, d25-SDS adsorbs as a hydrated monolayer
from a 2 cmc solution. Increasing the concentration 10 times
results in almost no change in the adsorbed amount, as shown
in Fig. 7.

The rinse removes part of the adsorbed SDS. It has to be
noted that d25-SDS was used as received, so, even though
solutions were freshly prepared just before the experiment, it
is likely to contain some dodecanol, which is a known con-
taminant of SDS,*' but it was considered important to work
with industrially relevant samples.

Fitted values for SLD, thickness and surface excess of d25-
SDS are presented in Table 4. As previously in the case of
chitosan polymer, the roughness values had little effect on the
fit. For this reason, roughness was fixed to 9 A, to follow that of
gold and consequently of the thiol surface.

According to Table 4, there is a very slight increase in the
adsorbed amount of d25-SDS when increasing the concen-
tration in solution to 20 cme. The calculated surface excess is
about half of the value obtained for adsorption of SDS on pure
MBT,** which correlates well with the presence of 50% PS in the
thiol layer. It has been reported that the density of cysteic acid,

50:50 PS:MBT in GCMW + 100 mM NaCl
—— +2 cmc d-SDS

— +20 cmc d-SDS

— rinse

0.4+

0.3+

ASLD (*10°8%)

0.1+

Substrate Solution
0.0 T T T T T

-60 -40 -20 0 20 40
Z - dgio,” dri - day - Ainiol (A)
Fig. 7 Subtracted SLD profiles of d25-SDS adsorbed on 50:50 MBT : PS,
at the concentrations indicated on the graph and after rinsing. The zero of
the x-axis is at the thiol/d25-SDS interface, whose roughness is indicates
by the blue panel. Similarly, the yellow panel on the left represents the Au/
thiol interface with its associated roughness.
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Table 4 Fitted SLD, thickness and surface excess of the d25-SDS layer

adsorbed on a 50:50 MBT:PS sample. The error in parenthesis corre-
sponds to 2.5¢

Clean surface SLD (x107°A™?)  Thickness (A) I (nmol cm™2)

2 cmc d25-SDS 5.4 (0.3) 13 (4) 0.22
20 ecme d25-SDS 5.6 (0.5) 11 (5) 0.25
Rinse 5.3 (0.7) 9(8) 0.13

and thus of sulphonate moieties, on the surface of bleached hair
is 2.8 molecules nm™?, the sulphonate group having a lateral
length of 2.5 A.'* The density of a SAM of simple alkyl thiols is
typically ~4.5 molecules nm™~2>" but in this mixed-surface model
the sulphonate group of PS and the methyl branch of MBT require
both a larger area per molecule, so that the density is likely closer
to the value on bleached hair. Converting the surface excess of the
adsorbed d25-SDS in terms of molecules nm ™2, densities are 1.3,
1.5 and 0.8 molecules nm > for 2 cmc, 20 cmce and rinsing step,
respectively. This rough estimate corroborates the idea of SDS
molecules interacting with the hydrophobic groups on the model
surface. The thickness of the adsorbed SDS is compatible with a
tilted monolayer, as the SDS chain length is 17 A.®* The rinse then
removes about half of the adsorbed amount; though it should be
noted that the error on this fit is significantly higher than in the
previous steps, so the calculated surface excess is less reliable in
this case. The frequency data from QCM confirms the observation
from Fig. 7, as the frequency shift upon changing from 2 cme SDS
to 20 cmc SDS is negligible (see Fig. S3 in the ESIT). It can be
noted that, as reported previously for high SDS concentrations,*
the dissipation increases, and there is less agreement between
overtones. This behaviour is maintained upon rinsing, while the
frequency shift returns to almost zero. This renders the fitting
(of any conventional model) more challenging, so it should be at
best considered semi-quantitatively. Nonetheless, the Sauerbrey
equation®® can be applied, though only to the data from the
adsorption of 2 cmc SDS. According to this, the adsorbed mass is
~200 ng cm™> (SDS plus bound water). The surface excess of
2 emc d25-SDS shown in Table 4 corresponds to 70 ng cm™2; the
volume fraction of solvent in the layer is 46%, and thus a mass of
60 ng cm > for a total of 130 ng cm . This is quite a rough

0.4 50:50 PS:MBT in GCMW + 100 mM NaCl
: — +2cmcd-SDS
—— +100 ppm chitosan oligomer

0.31 —— +2 cmc d-SDS after chitosan

0.2+

0.0+

ASLD (*10°8%)
o
n

Substrate Solution

-0.14

-0.2

50 100 1%0
Z - dgio,~ dr; - day - diniol R
Fig. 8 Subtracted SLD profiles of 2 cmc d25-SDS adsorbed on 50:50
MBT : PS, before (same as Fig. 7) and after injection of chitosan oligomer.
For comparison, the profile corresponding to pure chitosan (same as Fig. 3)
is added. The zero of the x-axis is at the thiol/d25-SDS interface, whose
roughness is indicated by the blue panel. Similarly, the yellow panel on the
left represents the Au/thiol interface with its associated roughness.
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Fig. 9 Subtracted SLD profiles of 20 cmc d25-SDS adsorbed on 50:50
MBT : PS, before (same as Fig. 7) and after injection of chitosan polymer.
For comparison, the profile corresponding to the polymer layer after
rinsing (same as Fig. 3) is added. The zero of the x-axis is at the thiol/
d25-SDS interface, whose roughness is indicates by the blue panel.
Similarly, the yellow panel on the left represents the Au/thiol interface
with its associated roughness.

estimate based on a density of 1 g cm ™ (the actual value is likely
to be higher due to the presence of D,O and salt in the bulk
solution). Considering also the uncertainty associated to the
Sauerbrey mass, the two values for the adsorbed hydrated mass
are reasonably in agreement.

The situation is different when SDS adsorbs on a surface
previously exposed to chitosan. The results by NR are in Fig. 8
and 9. Both figures show the depth profiles relative to adsorp-
tion of SDS before and after injection of chitosan. The corres-
ponding profiles for chitosan are added. For the polymer, the
profile after rinsing was used as this is more representative of
the layer present when the SDS injection occurred, and is
additionally at the same pH.

Regarding 2 cmc d25-SDS, it adsorbs close to the surface,
causing an increase in SLD, compared to the oligomer, to an
extent compatible with a monolayer of SDS. The data is best
fitted with a two-layer model (see Table 5).

The first adsorbed layer has a lower SLD than pure SDS,
which can be explained by contrast matching of a fraction of
SDS to chitosan. The second layer is formed by the remaining
chitosan extending towards the bulk solution. The contrast
being poor, the error on the fitted parameters is higher, but the
total thickness of the adsorbed layers is compatible with the
thickness of the adsorbed (pure) oligomer (Table 3). Again,
roughness was fixed as it could not be precisely determined by
fitting. QCM data (Fig. S3 in the ESI{) qualitatively agree with
NR as the frequency shift of lower order overtones is close to
that for 2 cmc SDS adsorbed on a virgin surface (despite
dissipation being larger — the complex viscoelastic behaviour

Table 5 Fitted SLD, thickness and roughness of the d25-SDS layer
adsorbed on 50:50 MBT: PS samples exposed to chitosan. The error in
parenthesis corresponds to 2.5¢. The values in italics were fixed

After chitosan SLD (x107°A7?)  Thickness (A) Roughness (A)

2 cme d25-SDS  5.15 (0.09) 13 (2) 10
4.56 (0.01) 61 (10) 20
20 eme d25-SDS 5.7 (0.2) 29 (4) 10 (5)
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(a) (b)

Fig. 10 AFM images of 20 cmc SDS adsorbed after chitosan oligomer on
50:50 MBT:PS surfaces at two different positions (a, b). The detected
particles are coloured in green.

of polyelectrolyte/surfactant mixtures is known in the literature,
see e.g., ref. 51 and 58).

AFM images indicate a decrease in the area covered by
particles, as Fig. 10 shows. Particle coverage is 4% in Fig. 10a
and 0.8% in Fig. 10b. The maximum particle height increases
to about 100 nm, with an average of ~4.5 nm. The apparent
decrease in adsorbed particles might be an artefact, as the
adsorbed surfactant can be masking the smaller particles of
chitosan by forming a relatively homogeneous layer.

The higher concentration of 20 cme adsorbed after the poly-
mer in sequence NR1, instead, resulted in the formation of one
layer, thicker than a monolayer of SDS molecules. The fitted SLD
is almost at the value for SDS adsorbed to pure MBT,*® but here
the amount of SDS appears to be mixed with the polymer and
distributed further from the surface (see schematic in Fig. 11).
Rinsing the surface removed most of the adsorbed species:
no adsorbed layer was required in the fitting model but the
slab corresponding to the thiol layer was fitted again. It resulted
in a slightly larger thickness of 10 + 1 A and SLD of 1.7 (+0.3) x
10~° A%, suggesting some residues stayed on the surface. This
seems to agree with QCM results (Fig. 6): the thickness of the
adsorbed SDS layer does not change compared to the pure
polymer, but the fitted viscosity varies from 1.09 to 1.26 mPa s
(for reference, water has a viscosity of 0.9 mPa s at 25 °C (ref. 58)).
After rinsing, thickness decreases to ~150 A, while viscosity goes
back to 1.09 mPa s. These results can be interpreted as SDS
interacting with the chitosan layer and being preferentially
removed upon rinsing. The rinse before injection of SDS was at
pH 4, while the final one is at pH 6, and, as seen in the previous

(a) (b)

Fig. 11 Schematic drawings of SDS (green) adsorbed after chitosan
(orange): (a) oligomer, (b) polymer.
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section, the decrease in thickness can also indicate a condensa-
tion of the residual layer due to the variation of pH. As, differently
from Fig. 3, no adsorbed layer is detected by NR upon rinsing, it
can be argued that weakly bound chitosan is also desorbed with
SDS. The absence of an additional slab on the thiol surface in the
NR model, anyway, does not rule out the possibility of irreversibly
adsorbed residues in this case: considering the SLDs of the
involved species, the contrast between the residual layer and the
bulk solution may be too poor to be reliably modelled, and it
appears just as a slight variation of the thiol layer.

3.4. Adsorption of a chitosan/SDS complex

As a final step, the adsorption of a pre-mixed solution of 20 cmc
d25-SDS and 100 ppm chitosan oligomer was studied. As
mentioned in Section 2.2, this surfactant/polyelectrolyte ratio
is representative of that in a cosmetic formulation.'* Results
are in Fig. 12 and Table 6.

The structure of the adsorbed d25-SDS/oligomer complex is
reminiscent of that of the two components added sequentially.
The total thickness is conserved, within error, and again one
layer can be defined closer to surface and enriched in d25-SDS,
and one layer formed of excess chitosan extending towards the
bulk solution. In this case, though, similarly to d25-SDS
adsorbed after chitosan polymer, the SDS-rich layer is thicker
than the molecular length, suggesting that SDS molecules
interact with chitosan and distribute over a larger distance.
Rinsing removes only part of the adsorbed layers, and consid-
ering the SLD of the residual layers, it can be argued that SDS is
preferentially, even though not completely, removed. QCM
results (last steps in Fig. 5) indicate a thicker layer of about
500 A, but here the oligomer/SDS complex is adsorbed after a
polymer/SDS complex, that reached the same thickness. After
both rinsing steps, a residual layer of ~300 A is left on the
surface, the same as after the pure polymer. This suggests that,
when injecting the oligomer/SDS complex, the mixture may
compete with residual polymer to adsorb to the surface, so the
adsorbate structure will be different from the one observed by
NR.

50:50 PS:MBT in GCMW + 100 mM NaCl

- - - +2cmc d-SDS after chitosan

—— +20 cmc d-SDS and 100 ppm chitosan oligomer|
— rinse

ASLD (*10°8%)

| substrate

Z - dsio,- dri - day - Aot (R)

Fig. 12 Subtracted SLD profiles of a pre-mixed d25-SDS/chitosan
complex adsorbed on 50:50 MBT:PS (magenta line), and the following
rinse (green). For comparison, the profile corresponding to the same
molecules adsorbed in successive steps (same as Fig. 8) is added (dashed
line). The zero of the x-axis is at the thiol/d25-SDS interface, whose
roughness is indicates by the blue panel. Similarly, the yellow panel on
the left represents the Au/thiol interface with its associated roughness.
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Table 6 Fitted SLD, thickness and roughness of the d25-SDS/chitosan
oligomer layer adsorbed on 50:50 MBT:PS samples from a premixed
solution. The error in parenthesis corresponds to 2.5¢. The values in italics
were fixed

SLD (x107°A™%) Thickness (A) Roughness (A)

d25-SDS/chitosan  5.13 (0.03) 23 (10) 10
4.52 (0.07) 20 (11) 20
Rinse 4.81 (0.03) 16 (2) 6.2 (0.7)
4.53 (0.03) 37 (12) 20 (6)

4. Conclusions

This study aimed primarily to describe adsorption of SDS and
chitosan on a mixed thiol surface. As the surface film is formed
by a hydrophobic thiol and a sulphonate-terminated one, it
thus mimics the surface of an hair fibre whose lipid layer has
been partly removed. NR data, complemented by QCM and
AFM measurements, show interesting details about the inter-
action properties of this model surface, the differences between
the different chitosan samples, and their interaction with
surfactant:

1. SDS is able to adsorb on the surface, likely interacting
with the hydrophobic moieties that form ~50% of the thiol
layer. Its surface excess is, in fact, 0.22 nmol cm 2, a value
corresponding to about a half of that found on the pure
hydrophobic thiol,*® and it does not increase when increasing
SDS concentration in the bulk;

2. Both the oligomeric and the polymeric forms of chitosan
adsorb on the surface, which NR and QCM interpret as highly
hydrated layers, but which AFM clarifies as formed by isolated
aggregates spread on the surface. These two views of the inter-
face are entirely compatible. NR provides an integration over
sample areas of the order of square centimetres in lateral
dimensions, with exquisitely detailed information on the nm
scale in the surface normal direction. AFM reveals the discrete
nature of the adsorption. While it is not possible to define the
exact quantities, NR data seem to suggest that the amount of
adsorbed oligomer is bigger than the polymer, in terms of
monomer units. Both the polymer and oligomer adsorb irre-
versibly, in the case of the polymer a certain degree of con-
solidation of the layer occurs on rinsing, as the pH is raised,
reflecting the internal electrostatics of the adsorbate.

3. Adsorption of SDS increases in the presence of pread-
sorbed chitosan, but the structures are different depending on
the type of chitosan. More SDS adsorbs to the polymer and has
the effect of significantly collapsing the layer thickness, con-
sistent with electrostatic arguments but with SDS detectable at
greater distance from the surface than is the case with the
oligomer. Upon rinsing, SDS is preferentially desorbed, leaving
a residue which is likely mostly composed of chitosan. In the
case of the polymer it would appear that weakly adsorbed
chitosan is desorbed, which reduces the dissipation signifi-
cantly in QCM, but the majority of the adsorbed material
remains.

4. When chitosan oligomer and SDS were allowed to adsorb
from a mixture, instead of sequentially, rather different
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behaviour was observed. Considerably more SDS was observed
in the surface film, extending to larger distances from the
surface, though once again two regions were observed with a
more dilute chitosan fraction at larger distance. The overall
film thickness remains the same.

These findings are of interest in a cosmetic perspective: the
system mimics a “partially damaged” hair surface, which is
probably the most common situation when looking at consumers’
needs but only a few attempts have been made so far to model it.
The different behaviour of chitosan depending on its molecular
weight is of particular importance, it being a bio-sourced ingre-
dient, and thus relevant for sustainability concerns.

This hair model, though, is still rather simple as it does not
consider the mismatch in length between hydrophobic and
sulphonate moieties, which is a feature of the real surface.
Future studies will incorporate the length mismatch, and
employ more biomimetic hydrophobic species.
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Data collected on the instrument D17 at ILL (France): https://
zenodo.org/doi/10.5281/zenodo.13684104  (referred to as
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