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Abstract

Keratin/alginate hydrogels filled with halloysite nanotubes (HNTs) have been tested for the
protective coating of human hair. Preliminary studies have been conducted on the aqueous colloidal
systems and the corresponding hydrogels obtained by using Ca?* ions as crosslinkers. Firstly, we
have investigated the colloidal properties of keratin/alginate/HNTs dispersions to explore the specific
interactions occurring between the biomacromolecules and the nanotubes. Then, the rheological
properties of the hydrogels have been studied highlighting that the keratin/alginate interactions and
the subsequent addition of HNTSs facilitate the biopolymer crosslinking. Finally, human hair samples
have been treated with the hydrogel systems by the dipping procedure. The protection efficiency of
the hydrogels has been evaluated by studying the tensile properties of hair fibers exposed to UV
irradiation.

In conclusion, keratin/alginate hydrogel filled with halloysite represents a promising formulation for

hair protective treatments due to the peculiar structural and rheological characteristics.



1. Introduction

In recent years, hydrogels based on biocompatible macromolecules have been extensively
investigated for numerous applications, including soft robotics [1-3], tissue engineering [4,5] and
biomedicine [6,7]. Among biomacromolecules, alginate is a hydrophilic polysaccharide that can be
employed for the fabrication of functional hydrogel systems though both ionic and covalent
crosslinking of its polymeric chains [8]. The ionic gelation of alginate can be achieved by the addition
of divalent cations (such as Ca?*, Sr?* and Ba?*) in alginate aqueous solutions [9]. It should be noted
that the kinetics of the crosslinking process is affected by the alginate molecular weight as well by
the pH of the aqueous solvent generating the formation of hydrogels with tunable viscoelastic
characteristics [10]. Alginate hydrogels presents some limitations in terms of low shear modulus [11]
and poor cell adhesion [12] that prevent their use for bioprinting purposes. The mechanical properties
of the alginate-based hydrogels can be improved by the incorporation of fillers, such as silica [11],
clay nanoparticles [13,14], cellulose and polylactic nanofibers [15,16]. The filling of alginate
hydrogels with molybdenum dioxide nanosheets generated composite gels systems suitable as
wearable sensors due to their tunable photomechanical properties and excellent conductivity [3]. 3D
printable hydrogels were obtained by embedding halloysite clay nanotubes within the alginate
network [13,17,18].

Alternatively, alginate can be combined with another polymer that can drive to obtain hybrid
hydrogels with enhanced mechanical strength because of specific supramolecular interactions
occurring between the macromolecules [19,20]. Within this, the combination of alginate and gelatin
is proper for the preparation of blended hydrogels with high mechanical performances and suitable
cell adhesion for 3D bioprinting [12,21]. Alginate combined with carboxymethyl cellulose drives to
obtain hydrogel systems useful for drug delivery applications [22]. Composite hydrogels based on
alginate and modified chitosan exhibited excellent swelling and antimicrobial properties [23].
Hyaluronic acid can be employed as additive of alginate hydrogel to generate hybrid systems with

improved shear-thinning behavior and injectability [24]. Numerous studies [5,25] evidenced that the
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addition of proteins can favor the cell attachment of alginate hydrogels, which presents enhanced
biocompatibility and availability helpful for medical and pharmaceutical purposes. In this context,
keratin is a promising protein due to its fibrous structure related to its large content of cysteine
residues [26]. As example, the human hair keratin possesses 18 wt% of cysteine [27]. Literature
reports that keratin and alginate can be mixed to produce hybrid hydrogels with excellent mechanical
stability and biocompatibility suitable for tissue engineering regeneration [5,28]. Due its high
bioactivity, the addition of keratin within the alginate network could enhance the biomedical and
cosmetic applications of the biopolymeric hydrogel [5].

In this paper, keratin/alginate network was filled with halloysite nanotubes (HNTSs) to fabricate
composite hydrogels appropriate as cosmetic formulations for hair protection. Halloysite represents
a versatile nanofiller for biopolymeric matrices in both gel and solid phases driving to the formation
of nanocomposite materials proper for several applications, including food packaging [29-32] and
remediation [33-35]. Due to its low toxicity, halloysite can be used as nanocarrier of drugs [36-40],
reinforcing agent of scaffolds for tissue engineering [41-43] and filler for hair protective coating
[39,44-48]. Moreover, HNTSs are efficient supports for heterogeneous catalysis because of their large
specific surface and their tunable surface chemical composition, which allows to control the active
sites of the reactions [49-56]. As shown in literature, halloysite/protein hybrids are effective in
numerous applications, including enzyme immobilization [57], dye removal [58], sustained release
of bioactive molecules [59,60] and bone tissue engineering [61]. In our previous work [44], we
proved that keratin/halloysite aqueous mixtures can be employed for the protective treatment of
human hair on dependence of pH, which affect the specific interactions between the protein and the
HNTs surfaces. Here, we developed a novel protocol for the hair treatment by confining keratin and
halloysite within an alginate gel matrix, which can guarantee a broad range of applications within

hair care formulations because of the peculiar viscoelastic characteristics.



2. Experimental

2.1. Materials

Halloysite nanotubes (HNTSs) were provided by Imerys Ceramics from Matauri Bay deposit.
Hydrolyzed keratin was a gift from Kelisema srl. Sodium hydroxide (NaOH), hydrochloric acid
(HCI) and sodium alginate are Sigma products. Calcium chloride dihydrate (CaCl;-2H20) is from
Merck. Human hair samples were procured from a healthy Caucasian female, 30 years old with no

special treatment. The hair type was straight, while its color was black.

2.2. Preparation of keratin/alginate mixtures in water

Preliminarily to the preparation of the mixtures, we separately prepared keratin and alginate solutions
to investigate the colloidal properties of the pristine biopolymer and protein in water. Keratin
solutions were analyzed at variable pH values (from 1.5 to 9.5), while alginate solutions were studied
only at pH > 5 because the biopolymer cannot be solubilized under strong acidic conditions [62]. The
solutions were prepared by magnetically stirring for 2 hours at 25 °C. Both the keratin and alginate
concentrations were kept constant at 0.1 wt%. The pH conditions of the aqueous medium were
controlled by the addition of appropriate amounts of NaOH or HCI (0.1 mol dm%) dropwise. The
aqueous colloidal characteristics of keratin were compared with those obtained in our previous work
[44].

Afterwards, the keratin/alginate aqueous mixtures with variable composition were prepared by
mixing variable amounts of keratin and alginate solutions at pH = 7. The mixtures were magnetically

stirred for 2 hours at 25 °C. The keratin/alginate mass ratio (Rk:a) was varied from 0 to 3.

2.3 Preparation of halloysite dispersions in keratin/alginate agueous mixture
Variable amounts of halloysite nanotubes were added to the keratin/alginate aqueous mixture (pH =

7) with Rk:a = 1. The obtained dispersions were sonicated for 15 minutes and magnetically stirred



overnight at 25 °C. The mass ratio between halloysite and keratin + alginate (Rrik+a)) Was

systematically changed up to 0.2.

2.4 Preparation of the keratin/alginate hydrogels

The hydrogels were obtained by solubilizing both keratin and alginate in an aqueous solution of
CaCl,-2H,0 (0.1 mol dm3), which acts as crosslinker for the biopolymer. The alginate concentration
was kept constant at 2 wt%, while the keratin concentrations were systematically varied at 0.5, 1 and
2 wt%. On this basis, we prepared keratin/alginate hybrid hydrogels with variable Rk:a (0.25, 0.5 and
1). Similarly to the preparation of the corresponding aqueous mixtures, the stabilization of the hybrid
hydrogels was achieved by magnetically stirring for 2 hours at 25 °C. For comparison, hydrogel

formed by pristine alginate was prepared.

2.5 Preparation of the keratin/alginate hydrogels filled with halloysite nanotubes

Halloysite nanotubes were added to the keratin/alginate hydrogels. The HNTs concentration was
fixed at 1 wt%. The stabilization of HNTs was obtained by sonication for 15 minutes and subsequent
stirring overnight at 25 °C. For comparison, HNTs were filled to alginate based hydrogel. The

preparation of the keratin/alginate hydrogel used for the hair treatment is sketched in Figure 1la.

2.4 Human hair treatment by immersion within the hybrid hydrogels

The hybrid hydrogels were tested for the treatment of human hair by using the immersion protocol
presented in Figure 1b. In detail, the hair samples were immersed within the keratin/alginate hydrogel
(Rk:a=1and pH = 7) filled with HNTs (1 wt%). For comparison, the hair immersion procedure was
conducted using alginate and keratin/alginate (Rk:a = 1) hydrogels without halloysite. In general, the
immersion time of the hair within the hydrogel systems was kept constant at 60 minutes. Afterwards,

the hair segments were quickly washed with water for three times and then, dried at 25 °C. Finally,



the treated hair samples were stored in controlled conditions in terms of relative humidity (75 + 1%)

and temperature (25 + 0.1 °C).
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Figure 1. Schematic representation of the preparation of keratin/alginate/HNTs hydrogel (a) and the
hair treatment protocol (b).

2.5. Aging of hair samples by UV irradiation exposure

Aging tests on untreated and treated hair samples were performed by their exposure to UV-A
radiation. The irradiation was kept at 500 Wm, while the aging times were set at 3 and 7 days. After
their UV aging, hair fibers treated by keratin/alginate hydrogel filled with HNTs were also exposed
to a flux of hot air for 60 seconds by using a commercial hair dryer kept at 15 cm. During the drying,

the temperature of the hair surface was 45 °C.



2.6 Methods

2.6.1 Dynamic Light Scattering (DLS) and {-potential

Dynamic Light Scattering (DLS) and {-potential experiments were carried out by means of Zetasizer
Nano-ZS (Malvern Instruments). Both DLS and (-potential measurements were conducted on
alginate and keratin aqueous solutions at variable pH and keratin/alginate mixtures in water at pH =
7. Moreover, the experiments were performed on stable colloidal systems obtained by the addition of
halloysite nanotubes to the keratin/alginate aqueous mixture (Rk:a = 1). Details on the concentrations
of halloysite, keratin and alginate of the investigated colloids are presented in the paragraphs 2.2 and
2.3. All the analyses were conducted at 25 °C.

As concerns DLS analyses, the wavelength and the scattering angle were set at 632.8 nm and 173°,

respectively, while the field-time curves were analysed through ILT.

2.6.2 Rheological analysis

The rheological properties of the aqueous colloidal systems (2 wt% alginate solution, keratin/alginate
mixtures, and keratin/alginate/HNTSs dispersions) and the corresponding hydrogels were investigated
by using a rheometer (Discovery HR-1, TA Instruments) equipped with a parallel plate (40 mm
diameter and 1 mm gap size). The temperature was set at 25 °C for all experiments. The
concentrations of alginate, keratin, HNTs and CaCl2-2H2>0O (the crosslinker) of the hydrogels are
reported in the paragraph 2.4.

We performed shear-viscosity tests in a flow ramp mode by increasing the shear rate from 0.1 to
1000 s within 60 s. The viscosity vs shear rate trends were fitted by using the Cross equation, which
revealed successful for the data analysis of alginate solutions [63].

Moreover, we investigated the viscoelastic properties of the colloids and the hydrogels by dynamical
oscillatory frequency sweep, which was carried out with a constant strain amplitude (1%) and a

variable angular frequency (from 0.01 to 100 rad s2).



2.6.3 Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis (DMA) was carried out on untreated and treated hair samples by using
the DMA Q800 (TA Instruments). Tensile tests were conducted under a controlled force ramp (0.02
N min) at 25.0 + 0.1 °C. Based on the analysis of the stress vs strain curves, we determined the

stress values at yield and breaking points, the Young modulus and the ultimate elongation.

2.6.4 Scanning Electron Microscopy (SEM)

Morphological investigations of treated hair samples were conducted by using a SEM microscope
(Desktop SEM Phenom PRO X PHENOM). The energy of beam ranged between 4.8 and 20.5 kV.
As concerns SEM analyses, each sample was preliminarily coated with gold to avoid charging effects

under an electron beam.

3. Results and discussion

3.1 Effect of pH on the surface charge of keratin and alginate

Firstly, we investigated the influence of pH on the surface charge of both keratin and alginate
dispersed in water. As shown in Figure 1S (see Supplementary Material), the £ potential of keratin
decreases with the pH due to the specific ionization equilibria of the functional groups of protein.
The fitting analysis of the C potential vs pH trend by an exponential decay function allowed us to
estimate that the isoelectric point of keratin corresponds to pH = 3.8, which is close to that observed
in our previous study [44]. We observed that keratin possess a positive ¢ potential for pH < 3.8
reaching the largest value of +17.6 mV at pH = 1.5. Above the isoelectric point, the protein is negative
with a minimum value of -37.4 at pH = 9.5.

As concerns alginate, the { potential experiments were conducted only at pH > 5 being that the
biopolymer is poorly soluble in water under acidic conditions [62]. According to its anionic
characteristics due to the presence of the carboxylate groups, alginate possess a negative charge

within the investigated pH interval. Specifically, the  potential of the biopolymer ranges between -
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48.3 and -60.2 mV at pH equals to 5.0 and 9.5, respectively. Similar results were observed in literature
[64].
The obtained data were useful to interpret the colloidal properties of keratin/alginate mixtures before

and after the addition of halloysite nanotubes.

3.2 ¢'potential and dynamic behavior of keratin/alginate mixtures in water

We explored the surface charge and the aqueous dynamic behavior of keratin/alginate mixtures with
variable composition. These studies were carried out at pH = 7, where both keratin and alginate
present negative ¢ potential values (-22.8 and -59.8 mV, respectively).

Figure 2 shows the dependence of the ¢ potential on the keratin/alginate mass ratio (Rk:a).
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Fig. 2. C potential of keratin/alginate aqueous mixtures at pH = 7 as a function of the mass ratio

between the protein and the biopolymer. The dashed line represents the C potential (-22.8 mV) of
the keratin aqueous solution at pH = 7.

As expected, the surface charge of the mixtures is negative within the whole composition interval. In
particular, the ¢ potential ranges between those of the pristine components. We observed that the ¢

potential vs Rk:a profile shows an exponential increasing trend. Namely, the ¢ potential becomes less
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negative by increasing the keratin amount in the mixture. It should be noted that the £ potential
variations cannot be explained by considering a simple additive effect of keratin on the surface charge
of alginate. We detected that the absolute values of the experimental { potential are lower compared
with those calculated by using the rule of mixtures for all the investigated mixtures (see
Supplementary Material) evidencing that specific supramolecular interactions occur between
alginate and keratin. Additional information on the colloidal and structural characteristics of the
keratin/alginate hybrids were determined by DLS measurements. All the autocorrelation curves can
be described by monoexponential decay functions, which provided the aqueous diffusion coefficients
of the keratin/alginate complexes. Based on the Stockes Einstein equation, we calculated the
corresponding hydrodynamic diameters (see Supplementary Material). We detected that the
hydrodynamic diameters of the keratin/alginate mixtures are not significantly altered compared to
those of pure keratin and alginate. Namely, the aqueous diffusion characteristics of the complexes
are similar to those of pristine keratin and alginate. On this basis, we can state that the keratin/alginate
interactions do not induce the formation of large aggregates that could enhance the sedimentation of

the biomacromolecules.

3.3 ¢'potential and dynamic behavior of halloysite dispersed in keratin/alginate aqueous mixtures
We studied the C potential of halloysite nanotubes dispersed in keratin/alginate mixtures under

neutral pH conditions (Figure 3). These experiments were conducted by systematically changing the

HNTSs concentration, while the keratin/alginate was fixed at 1.
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Fig. 3. € potential of halloysite dispersions in keratin/alginate mixtures at pH = 7 as a function of
their composition. Both alginate and keratin concentrations were fixed at 0.1 wt%, while the
halloysite content was systematically varied. The dashed line represents the { potential of pure
halloysite in water at pH = 7.

As shown in Figure 3, the C potential of halloysite is negative for all the investigated dispersions,
which possess variable composition in terms of mass ratio between HNTSs and total amounts of both
biomacromolecules (Rnik+a)). We observed that the C potential vs Ruyk+a) profile exhibits a
sigmoidal decreasing trend that could be attributed to the adsorption of the keratin/alginate complex
onto the HNTSs surface. Specifically, the interactions are driven by electrostatic attractions between
the HNTSs inner surface (positive at pH = 7) and the keratin/alginate hybrid, which is negatively
charged as demonstrated by its { potential (-31.8 mV). It should be noted that the { potential
variations are negligible for Rn/k+a) > 0.1, which corresponds to the composition at the saturation
point. Namely, the C potential data highlighted that the HNTSs inner surface is saturated by the
keratin/alginate complex once the mass of the keratin/alginate complex is 10 times larger than that
of halloysite. Similar results were observed for the adsorption of keratin onto halloysite nanotubes
[44]. Interestingly, halloysite saturated by keratin/alginate possesses a lower { potential (ca. -50 mV)

with respect to that of pristine HNTs (-35.0 mV). These results agree with the neutralization of the

HNTs positive charges due to the specific attractive interactions between the keratin/alginate
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complex and the halloysite inner surface. This consideration is supported by literature, which reports
similar effects for the adsorption of anionic species (proteins, surfactants, biopolymers) onto
halloysite nanotubes [65].

DLS measurements evidenced that the adsorption of keratin/alginate at the saturation point induces
a small decrease of the HNTs hydrodynamic diameter. In particular, we determined hydrodynamic
diameters of 520 £ 61 and 615 + 70 for saturated and pristine nanotubes, respectively. On this basis,
we can assert that HNTs mobility in water is slightly enhanced by the interactions with the
keratin/alginate complex. This effect can be related to the increase of the net negative charge of HNTs
evidenced by C potential data (Figure 3). Remarkably, DLS measurements highlighted that the
adsorption of the biomacromolecules does not promote the aggregation of the nanotubes. The latter
could indicate that the keratin/alginate complex is mostly confined within the HNTs lumen avoiding

the hydrophobic interactions between the polypeptide and polymeric chains.

3.4 Rheological properties: influence of the biopolymer crosslinking on alginate/keratin/HNTs
dispersions

Rheological measurements were conducted to investigate the actual formation of hydrogels after the
addition of calcium chloride in the aqueous colloidal systems. According to the rheological data, we
explored the mechanism of alginate crosslinking in the presence of keratin and halloysite nanotubes.
Specifically, the keratin/alginate and keratin/alginate/HNTs systems (before and after the CaCl;
addition) were studied by shear flow and frequency sweeps experiments to determine their viscosity
characteristics and their rheological moduli, respectively. For comparison, the mentioned

experiments were performed on the colloid and hydrogel based on pristine alginate.

3.4.1 Simple shear flow (steady measurements)
Figure 4 shows the influence of the CaCl» addition on the flow curves of the investigated colloidal

systems (alginate, keratin/alginate and keratin/alginate/HNTS). As a general result, the viscosity
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() decreases with the shear rate (y) indicating that all the samples behave like Non-Newtonian fluids.
A more quantitative analysis of the n vs y trends was conducted using the Cross fit model, which can

be expressed by the following equation

N= M + (Mo - M)/ (1+(a- 1)7) 1)
where no and m« are the asymptotic viscosity values for low and high shear rate, o represents the
relaxation time, and m is a dimensionless parameter related to the degree of dependence of n on y'in
the shear—thinning region. Specifically, m equals to 0 and 1 can be attributed to Newtonian and plastic
fluids, respectively, while m ranging between 0 and 1 reflects non-Newtonian pseudoplastic
characteristics. According to literature [66,67], we assumed n. = 0 being that the Newtonian plateaus
at large velocities were not observed in the experimental n vs y trends. This assumption was valid
for the fitting analysis of flow curves of both polysaccharides solutions and polysaccharides/laponite

clay dispersions [66].
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Fig. 4. Flow curves (shear viscosity as a function of shear rate) for alginate (a), keratin/alginate (b)
and keratin/alginate + HNTs (c) before and after the addition of calcium chloride dihydrate. The

black lines represent the fitting according to the Cross model (equation 1).

As evidenced in Figure 4, the Cross model was suitable for the data fitting analysis of both colloids

and the corresponding hydrogels. The obtained parameters for all the samples are presented in Table

1.
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Table 1. Fitting parameters obtained from the analysis of the flow curves based on Cross model.

Colloidal system no/ Pa:s al/s m

Colloidal system
(before CaCl, addition)

Alginate 1.164 + 0.001 (6.08 £ 0.02) - 10°® 0.759 + 0.002
Keratin/Alginate (Rk.a= 1) 1.1261 + 0.0007 (5.660 £ 0.019) - 10°  0.6268 + 0.0011
Keratin/Alginate (Rk.a= 1) + HNTs 1.1186 + 0.0006 (5.622 £ 0.009)- 10°  0.6677 + 0.0010

Hydrogel
(after CaCl, addition)

Alginate 45+04 3.7+08 0.286 + 0.011

Keratin/Alginate (Rk.a= 1) 4004 42+0.6 0.175+0.014

Keratin/Alginate (Rk:a= 1) + HNTs 5.95+0.11 0.32+0.02 0.529 + 0.007

In general, we observed that nois enhanced after the CaCl; addition in agreement with the hydrogel
formation due to the alginate crosslinking caused by calcium ions. On this basis, we can state that
the presence of both keratin and halloysite does not prevent the hydrogel formation. As concerns the
exponential parameter m, we estimated values lower than 1 for both colloids and hydrogels
confirming their rheological behavior as non-Newtonian pseudoplastic fluids. Regarding the
colloidal systems, both keratin and halloysite induced a slight m decrease proving that the shear-
thinning behavior of alginate solution was reduced. Similar effects were detected for alginate/laponite
aqueous dispersions [66]. The obtained data are consistent with literature, which reports that polymer
aqueous solutions possess m values of ca. 0.66 [63]. As a general result, the hydrogels exhibited
lower m values compared with the corresponding colloids. Among the hydrogel systems, we
determined the largest m value for keratin/alginate/HNTs evidencing that the halloysite addition
enhanced the pseudoplastic behavior of keratin/alginate hydrogel. Accordingly, it is reported that the
presence of halloysite nanotubes enhances the shear thinning behavior of alginate crosslinked by
calcium ions [13]. Due to the reduction of the mobility of polymeric chains, the hydrogels possess a
values larger compared to those of the corresponding colloidal systems. Interestingly, the addition of

calcium ions induced o increases by ca. 3 orders of magnitude in both alginate and keratin/alginate
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systems, while o, was enhanced by ca. 2 orders of magnitude in keratin/alginate/HNTSs dispersions.
These results indicate that the relaxation time of the crosslinked alginate is not significantly
influenced by its interactions with keratin, while the filling of halloysite nanotubes within the
keratin/alginate structure determined a reliable reduction of the mobility of biopolymeric chains.
Namely, the rupture of the linkages in the keratin/alginate hydrogel is favored by the addition of
halloysite nanotubes. As reported for alginate/HNTs hydrogels [18], clay nanotubes can limit the
diffusion of the polymeric chains during shear altering the rheological characteristics of the gel
systems.

The reciprocal of the relaxation time o allowed us to estimate the critical shear rate (y"), which is
related to the transition from Newtonian to non-Newtonian behavior. As concerns the colloids, we
determined y* values equal to 164, 178 and 177 st for alginate, keratin/alginate and
keratin/alginate/HNTSs, respectively. As expected, the crosslinking of alginate produced the y*
reduction indicating the shinning behavior was facilitated in the hydrogels. The interactions with
keratin did not determine significant y* variations. In particular, we estimated y" of 0.27 + 0.06 and
0.24 + 0.01 s for alginate and keratin/alginate, respectively. In contrast, HNTs generated a

significant increase of the critical shear rate (y"=3.11 £ 0.19 s1).

3.4.2 Frequency sweeps experiments

Figure 5 compares the rheological moduli as a function of the angular frequency for alginate solution

before (a) and after (b) the addition of calcium chloride.
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Fig. 5. Storage (G”) and loss (G’”) moduli as functions of the angular frequency for alginate solution
before (a) and after (b) the addition of CaCl..
As a general result, the loss modulus (G””) is larger than the storage modulus (G’) for alginate prior
to its crosslinking by calcium ions (Figure 6a). These results indicate that the viscous component is
predominant in agreement with the liquid-like behavior of the alginate solution [11].
The addition of calcium chloride generated an inversion of rheological moduli (G’ > G’” within the
whole angular frequency range), which reflect the variation of the viscoelastic properties of alginate.
As expected for hydrogel system, the elastic component became predominant due to the crosslinking
of the biopolymeric chains. Similar findings were detected on 2 wt% alginate solution after the CaSO4
addition [11].
Then, we investigated the viscoelastic properties of keratin/alginate hydrogels with variable

composition (Figure 6).
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Fig. 6. Storage (G’) and loss (G’’) moduli as functions of the angular frequency for keratin/alginate
hydrogels (after the CaCl addition) with variable composition. The alginate concentration was fixed
at 2 wt%, while the keratin concentration was systematically changed.

In general, we observed a crossing point between the G’ and G’ curves indicating that the alginate

crosslinking in the hybrid hydrogels is a reversible process. The angular frequency (»*) at the crossing

point is related to variations on the rheological behavior of the composite hydrogels. Namely, the

elastic part of the keratin/alginate hydrogels is predominant (G’ > G”’) for ® < ®* because the long-

range rearrangements are slow. Oppositely, the composite hydrogels behave like a fluid (G’ > G”)

for ® > o indicating that short-range rearrangements are fast. Similar results were observed for

aqueous suspensions of sodium alginate and montmorillonite clay [68]. As reported elsewhere for
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polysaccharides based gels [9], we can determine the terminal relaxation time of keratin/alginate
hydrogels by the inverse of the angular frequency at the crossover point of the rheological moduli.
As shown in Table 2, the crossing point between G’ and G’” moduli are shifted to higher frequencies
by increasing the keratin content. Accordingly, the Rk:a enhancement generates a reduction of the
terminal relaxation time in the hybrid hydrogels. Specifically, we estimated terminal relaxation times

ranging between 1.78 and 3.96 s for Rk:aequals to 1 and 0.25, respectively.

Table 2. Frequency at the crossover point and terminal relaxation time of alginate in the composite
hydrogels

Hydrogel Crossover frequency / Hz ~ Terminal relaxation time / s
Keratin/Alginate (Rk:a= 0.25) 0.252 3.96
Keratin/Alginate (Rk.a = 0.5) 0.400 2.50
Keratin/Alginate (Rk.a= 1) 0.560 1.78
Keratin/Alginate (Rk:.a= 0.25) + HNTs n.d. n.d.
Keratin/Alginate (Rk.a= 0.5) + HNTs 6.34 0.058
Keratin/Alginate (Rk.a= 1) + HNTs 0.676 1.48

As displayed in Figure 5, the hydrogel based on pure alginate does not show any crossover point
between the rheological moduli demonstrating that the corresponding terminal relaxation time is >
628 s or < 0.0628 s. This consideration is consistent with previous studies on alginate crosslinked
with several bivalent cations [9].

Furthermore, frequency sweeps experiments were conducted on keratin/alginate hydrogels filled with

halloysite nanotubes. The obtained rheological data are displayed in Figure 7.
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Fig. 7. Storage (G’) and loss (G’”) moduli as functions of the angular frequency for keratin/alginate
hydrogels (after the CaCl» addition) filled with halloysite nanotubes with variable composition. The
alginate and the halloysite concentrations were fixed at 2 and 1 wt%, respectively, while the keratin
concentration was systematically changed.

We detected that the influence of halloysite on the rheological behavior of keratin/alginate hydrogels
depends on their composition. In particular, we observed the crossover point between G’ and G’
functions for Rk:a equal to 0.5 and 1 allowing us to estimate the terminal relaxation times of the
hydrogels filled with HNTs. Contrarily, this estimation was not conducted for Rk:a=0.25 being that

the elastic component is predominant (G’ > G””) within the whole  interval.
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As shown in Table 2, the presence of halloysite reduced the terminal relaxation time for both
hydrogels with the crossover point. Specifically, we estimated a reduction of ca. 20% for the
keratin/alginate hydrogel with Rk:a = 1, while the terminal relaxation time decreased by ca. 2 orders
of magnitude for Rk:a = 0.5. On this basis, we can state that the effect of HNTs on the biopolymer
crosslinking process is strongly more relevant for the hybrid hydrogel with the lower keratin amount.
It is noteworthy that the addition of HNTs on the composite hydrogel with the lowest keratin content
(Rk:a = 0.25) generated the greatest changes of the rheological characteristics being that crossing
point was canceled out and the storage modulus became predominant to the loss modulus within the
whole investigated o range. According to the rheological data, we can conclude that the presence of
HNTSs favors the gelation process in the keratin/alginate hydrogels. Nevertheless, this effect is
reduced by increasing the keratin content due to the specific interactions that occurs between the
protein and the biopolymer. In this regard, it should be noted that literature reports that the addition
of halloysite favored the formation of the network structure in the hydrogel based on pure alginate

[13].

3.5 Hair treated by hydrogels: tensile performances and structure

Hydrogel systems (alginate, keratin/alginate and keratin/alginate filled with HNTs) were tested for
the protective treatment of hair using the immersion protocol sketched in Figure 1. It should be noted
that the Rk:a was fixed at 1 for both composite hydrogels. The efficacy of the protection was
investigated by studying the tensile properties of the treated hair samples after their exposure to UV
irradiation for variable times (3 and 7 days). For comparison, DMA experiments were conducted on
pristine hair. As shown in Figure 8, the stress vs strain curves of all hair samples present three
consecutive characteristic regions: 1) linear increasing trend (elastic region); 2) a “plateau” with a
slight increase of the stress on dependence of the strain (yield region); 3) enhancement of the slope
of the stress vs strain profile up to the breaking (post-yield region). Similar trends were detected for

human hair under different conditions in terms of temperature and relative humidity [69].
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Fig. 8. Stress vs strain curves for untreated and treated hair samples exposed to UV irradiation for 3
(@) and 7 (b) days.

The analysis of the stress vs strain curves allowed us to determine several tensile properties related
to the three mentioned regions. As concerns the elastic region, we calculated the Young modulus
(Tables 3,4) from the slope of the stress vs strain trends. Within this, we detected that the treatment
by keratin/alginate hydrogels induced enhancements of the Young modulus for the hair exposed to

UV irradiation.
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Table 3. Young modulus for untreated and treated hair samples exposed to UV irradiation for 3 days.

Sample Young Modulus / MPa
Untreated hair 5540 + 321
Hair treated by alginate hydrogel 5789 + 315
Hair treated by keratin/alginate hydrogel 6202 + 355
Hair treated by keratin/alginate/HNTs hydrogel 6607 + 342

Table 4. Young modulus and ultimate elongation for untreated and treated hair samples exposed to
UV irradiation for 7 days.

Sample Young Modulus / MPa
Untreated hair 4289 + 202
Hair treated by alginate hydrogel 3773 £230
Hair treated by keratin/alginate hydrogel 5380 + 331
Hair treated by keratin/alginate/HNTs hydrogel 5001 + 307

As concerns the hair samples aged for 3 days, we estimated that the treatment by unfilled
keratin/alginate hydrogel induced an increase of ca. 12% for the Young modulus. Remarkably, a
better improvement (ca. 19%) was achieved by adding halloysite nanotubes within the
keratin/alginate hydrogel. Contrary to these results, the hair coating by pure alginate generated
negligible variations on the Young modulus. Similarly to the Young modulus, the elongation at break
(within the post-yield region) was enhanced by the hair treatment with the composite hydrogels. As
concerns the hair exposed to UV irradiation for 3 days, we estimated the largest value (47.4 %) on
the sample treated by keratin/alginate hydrogel filled with HNTs. After the UV exposure for a longer
time (7 days), the treatment with unfilled keratin/alginate produced the hair with the highest
elongation at break (48.6 %).

Moreover, we estimated the stress values at yield and breaking points (Figure 9). These parameters
are crucial to evaluate the efficiency of the treatments because they provided direct information on

the mechanical resistance of hair aged under UV irradiation.
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Fig. 9. Stress at yield point and stress at breaking point for untreated and treated hair samples after
their exposure to UV irradiation for 3 and 7 days.

The stress at yield point is related to the transition from the elastic to the yield region, where structural
changes of the hair occur because the a-helix coils can convert into $-sheets [70].

As shown in Figure 9, the hair treated with keratin/alginate/HNTs hydrogel possess the highest stress
at yield point compared to the other samples. Regarding the hair aged for 3 days, we observed that
the treatments by both alginate and keratin/alginate hydrogels do not determine variations on the
stress at yield point, while we estimated an increase of ca. 21% after the coating through the composite
hydrogel filled with HNTs. For a longer UV exposure (7 days), the hair coated with
keratin/alginate/HNTSs exhibited an enhancement of ca. 33% proving that the protection is extended
over time. These observations are supported by the results on the stress at break (Figure 9), which
showed that the hair treated by keratin/alginate/HNTs hydrogel possess the strongest mechanical
resistance. Compared to the untreated hair samples, the coating by the HNTs filled hydrogel

determined improvements equal to ca. 38% and 23% after UV aging of 3 and 7 days, respectively.

25



We observed that the treatment by unfilled keratin/alginate does not affect the stress at break for hair
aged for 3 days, while an improvement of ca. 21% was detected after the UV exposure for 7 days.
Furthermore, we calculated the stored energy up to breaking by the integration of the stress vs strain
curves considering the specific sizes of the hair fibers. The obtained data are presented in
Supplementary Material. After the UV exposure for 3 days, the hair treated by keratin/alginate/HNTs
hydrogel exhibited the largest stored energy (132820 kJ m) with an enhancement of 49% with
respect to the untreated hair (89280 J m?). The effect of the hair coating on the capacity to store
energy during the tensile experiments was attenuated by extending the UV irradiation to 7 days. We
determined stored energy values of 67062 and 77240 kJ m™ before and after the treatment with
halloysite filled hydrogel, respectively.

As concerns the hair treated by keratin/alginate/HNTSs hydrogel, we studied the effects of the thermal
action produced by a commercial hair dryer on the tensile properties of UV aged fibers. The obtained
results are reported in Supplementary Material (Table 5S). As a general result, we observed that the
exposure to a flux of hot air slightly affect the mechanical performances of the fibers. This finding
could be promising for the use of the keratin/alginate/halloysite hydrogel in shampoo formulations.
For instance, the stress at breaking point was reduced by ca. 5% for the hair aged for 3 days. On the
other hand, the thermal action of the hair dryer did not generate any significant variation on the hair
aged by UV irradiation for 7 days being that the stresses at break are 268 + 25 MPa and 266 + 24
MPa before and after the exposure to the hot air flow, respectively.

Based on the tensile results, we can assert that the keratin/alginate/HNTs hydrogel is the most
efficient as protective coating of hair fibers. The protection is due to both the deposition of keratin,
which forms a UV shielding layer, and the adhesion of halloysite, which increases the light reflectivity
of hair [44]. Namely, the addition of halloysite within the keratin/alginate hydrogel guarantees a
stronger barrier effect that preserves the hair structure from the exposure to UV irradiation. This
consideration is supported by SEM images of the treated hair samples (Figure 10), which evidenced

the immobilization of the clay nanotubes on the cuticles.
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Fig. 10. SEM images of hair samples treated by keratin/alginate hydrogel filled with HNTSs.

According to literature [44,45,48], the anchoring of HNTSs protects the cuticles from the photo-
damage and, consequently, the hair structure is slightly affected by the UV irradiation. The latter
agrees with the previous observations on the mechanical characterization of the treated hair samples.
In addition, SEM images showed a partial coating of the inter-cuticle spaces with the nanotubes
randomly distributed and oriented. Similar observations were detected for hair treated by halloysite
aqueous dispersions [45]. In conclusion, alginate/keratin hydrogel filled with HNTs acts as a UV

protective coating layer that can be exploited for hair care formulations.

4. Conclusions

We proposed a novel protocol for the protective treatment of human hair based on the dipping
procedure within keratin/alginate hydrogels containing halloysite nanotubes.

In order to determine the suitable conditions for an effective hair protective coating, preliminary
investigations were conducted on keratin/alginate aqueous mixtures (before and after the halloysite
addition) and their corresponding hydrogels, which were obtained by using Ca2* ions as crosslinkers

of the biopolymeric chains.
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According to ¢ potential results, we observed that supramolecular interactions occur between keratin
and alginate dispersed in water at pH = 7 although both macromolecules are negatively charged. It
should be noted that the keratin/alginate complexes can be confined within the positive inner surface
of halloysite due to electrostatic attractions. It should be noted that the adsorption of keratin/alginate
improved the aqueous colloidal stability of clay nanotubes due to the increase of their surface charge.
In this regard, Dynamic Light Scattering (DLS) evidenced that the interactions with keratin/alginate
complexes did not alter the diffusion of the nanotubes in water confirming the interpretation of the C
potential data.

Then, we performed rheological measurements to explore the influence of keratin/alginate
interactions and the subsequent filling with halloysite on the crosslinking of the biopolymeric chains.
Based on the shear flow curves, we observed that the formation of the alginate network is not
prevented. Remarkably, the shear thinning behavior of keratin/alginate composite hydrogel is
enhanced by the filling with halloysite nanotubes. Frequency sweep experiments revealed that the
viscoelastic properties of alginate hydrogel are significantly affected by the addition of both keratin
and halloysite. Contrary to the pristine alginate, composite hydrogels showed a crossover point
between storage and loss moduli trends highlighting that the biopolymer crosslinking in the hybrid
systems is a reversible process. We detected that the increase of the keratin content generates a
reduction of the terminal relaxation time in the composite hydrogels. This effect is largely enhanced
by the filling with halloysite indicating that the nanotubes favor the formation of the network
structure in the keratin/alginate gels.

Finally, we employed the hydrogel systems (alginate, keratin/alginate and keratin/alginate/halloysite)
for the protective coating of human hair using an immersion procedure for 60 minutes. Their
protection capacity was investigated by performing tensile tests on uncoated and coated hair fibers
after their exposure to UV irradiation for different times. As a general result, we observed that the
hair coated by keratin/alginate/halloysite hydrogel possess the greatest mechanical performances in

terms of elasticity as well as strengths at yield and break points. Compared to untreated hair, we
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estimated improvements of 38 and 23% for the breaking stress of samples aged for 3 and 7 days,

respectively, evidencing that the hair protection is prolonged over time. It is important to evidence

that the hair protection from photo-damage is related to the simultaneous presence of keratin and

halloysite nanotubes, which adhere to the hair cuticles as visualized by SEM images.

On this basis, we can conclude that the keratin/alginate hydrogel filled with halloysite nanotubes is

effective for the protective coating of human hair. Moreover, this work demonstrates that the

rheological characteristics of alginate hydrogels can be controlled by the specific interactions with

keratin as well as by the filling with halloysite. The attained knowledge can be helpful for designing

novel formulations within biotechnological applications.
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