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Abstract

Conventional oxidative hair dyes rely on aromatic amines, raising concerns about hu-
man health and environmental safety. This study reports a natural hair-coloring system
using size-controlled ink particles (SIPs, ~170 nm in diameter) from cuttlefish ink and
chitosan. Because both SIPs and hair surfaces carry negative charges near neutral pH,
original SIPs exhibited poor deposition onto hair. Polyelectrolyte complexation with chi-
tosan reversed the SIP surface charge under acidic conditions (maximum ¢ ~ +41 mV at
pH 2.4), enabling electrostatic deposition onto hair fibers. Dynamic light scattering (DLS)
revealed pH-responsive aggregation at pH 1.6-1.8 and redispersion at pH 2.8—4.3, while
ultraviolet-visible (UV-Vis) spectra confirmed that the broadband absorption of melanin
was preserved, consistent with predominantly noncovalent interactions. Scanning electron
microscopy (SEM) showed a particle-based composite coating on hair fibers. An optimal
SIP:chitosan weight ratio of 10:1 at pH ~4.7 yielded the darkest and most uniform col-
oration (L* = 32.89, AE*,, = 55.89) without metallic mordants, achieving darker coloration
than representative plant-based natural colorants reported in the literature. These results
demonstrate a marine-biomass-derived approach to natural black hair coloration with
strong darkening performance.

Keywords: size-controlled ink particles (SIPs); cephalopod ink melanin; chitosan; natural
hair coloration; electrostatic deposition; marine biomass

1. Introduction

Hair coloring has become a widespread cosmetic practice around the world, and the

global hair colorants market is projected to experience significant growth in the coming
W) Check for updates . . . . . .
years [1,2]. However, conventional synthetic hair colorants typically contain aromatic
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. have been used as hair colorants for centuries [7,8]. However, these botanical colorants often
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one of the most sought-after hair colors worldwide, remains particularly challenging using
botanical colorants alone. This creates a significant opportunity to explore alternative
natural black pigments that can overcome these limitations.

Melanin, the universal biological pigment responsible for the color of human hair,
skin, and eyes [9], is an ideal candidate for natural hair colorants. It exhibits excellent
biocompatibility, inherent black coloration, and UV-protective properties [10-14]. Melanin
from cephalopod ink, such as that of cuttlefish and squid, has several advantages over other
melanin sources. Cephalopod ink melanin is abundantly available as a by-product of the
seafood industry, with global cephalopod catches exceeding 3 million tons annually [15,16].
It can be easily isolated at high purity and exists as well-defined nanoparticles that are
suitable for cosmetic formulations [17]. Previous studies have established methods for iso-
lating size-controlled ink particles (SIPs) from squid and cuttlefish, yielding monodisperse
melanin particles with diameters ranging from 170 to 300 nm, whose physicochemical
properties have been well characterized [18-21].

Despite these advantages, a critical challenge prevents the direct application of SIPs
to hair. The surfaces of SIPs and human hair carry a negative charge at neutral pH due to
the presence of carboxylic acid groups in melanin [22] and ionized amino acid residues
in hair proteins [23,24]. This electrostatic repulsion inhibits SIP deposition onto hair
surfaces, resulting in limited coloring performance. Previous research on melanin-protein
interactions has demonstrated that electrostatic forces play a dominant role in binding
behavior, with minimal interaction observed at neutral pH [25]. A similar trend was
confirmed for SIPs by quartz crystal microbalance measurements, which showed negligible
adsorption of the original SIPs onto negatively charged surfaces [26].

To overcome this electrostatic barrier, which remains a key obstacle to the practical
application of melanin-based hair colorants, chitosan was selected as a cationic agent.
Derived from crustacean shells, chitosan is a natural cationic polysaccharide that carries
a positive charge in the acidic to neutral pH range [27]. The cationic nature of chitosan
may reverse the surface charge of SIPs from negative to positive, thereby facilitating their
deposition onto negatively charged hair surfaces. In addition, chitosan has been reported
to exhibit favorable properties in hair-care formulations, including conditioning effects
and reinforcement of hair fibers [28-30]. The combination of chitosan with SIPs may thus
provide a synergistic effect, improving both coloration efficiency and hair quality.

This study tested the hypothesis that chitosan, a weak cationic polyelectrolyte, can
induce charge reversal of SIPs via noncovalent complexation and thereby promote their elec-
trostatic deposition onto hair. pH-dependent colloidal stability, surface charge regulation,
preservation of melanin optical properties, surface coating morphology, and colorimetric
performance were systematically evaluated as functions of the SIP:chitosan ratio and pH.

2. Materials and Methods
2.1. Materials

SIPs were isolated from the ink sacs of the common cuttlefish (Sepia officinalis) accord-
ing to previously reported procedures [31,32]. The cuttlefish ink sacs were cut open with a
dissecting knife, and the ink was extracted and collected through a sieve with 500 pm pore
size. These samples were then mixed with a 0.1 M glycine-NaOH buffer solution (pH 10)
containing protease (SD-AY10, Amano Enzyme Inc., Nagoya, Japan) at a protease dosage
of 0.5 wt% relative to the dry weight of the ink. After shaking at 150 rpm and 50 °C for 24 h,
the enzyme-treated samples were filtered through a 25 pm pore size sieve. Removal of
impurities from the samples through ultrafiltration for 100 h at room temperature enabled
purification and concentration of the SIPs. The purified SIPs were dispersed in ultrapure
water (18.2 M()-cm) to obtain a stock suspension and then stored at 4 °C. The samples were
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not frozen during purification or storage. The concentration of SIPs in the suspension was
defined based on the dry mass, which was determined by drying suspension aliquots.

The chitosan solution (North Kiton V, 75% deacetylated) was supplied by Hokkaido
SODA Co., Ltd. (Tomakomai, Japan). The solvent was an acetic acid solution at a con-
centration of 1.2 wt%, and the concentration of chitosan was adjusted to be 1 wt% at pH
4.0. Citric acid and other reagents were purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan) and used as received.

2.2. Preparation of SIP-Chitosan Mixtures

SIP suspensions were mixed with the chitosan solution at weight ratios of 25:1, 10:1,
5:1, and 2:1 (SIP:chitosan). The mixtures were diluted with ultrapure water to adjust the
concentration, and then stirred for 5 min. The final concentration of SIPs was adjusted to
0.03-7.0 g/L, depending on the experiment. The pH value of each mixture was adjusted by
adding a 1 wt% aqueous citric acid solution to obtain the target pH values (pH 1.6-5.5).

2.3. Hair Coloring Test Procedure

Tresses of bleached human hair (100% white, 1 g, 10 cm) were obtained from STAFFS
Co., Ltd. (Ichinomiya, Japan). Prior to use, each hair tress was gently washed by hand
using a commercial shampoo and rinsed thoroughly with warm water at approximately
40 °C. The washed samples were then placed on paper towels and allowed to dry overnight
at room temperature.

For the hair coloring experiments, the final concentration of the SIPs in the mixtures
was 7.0 g/L. A volume of 1.4 mL of the mixture was applied to each tress of bleached human
hair, spread evenly using gloved fingers. The treated hair tresses were covered with plastic
wrap and incubated for 5 min to prevent drying during treatment. The tresses were then
rinsed thoroughly with running water to remove excess mixture, placed on paper towels,
and allowed to dry overnight at room temperature. A separate hair tress was assigned
to each coloring condition, including each combination of pH and SIP:chitosan weight
ratio, and the same tress was not re-used across different conditions. Each condition was
tested in at least triplicate using independent hair tresses, all drawn from the same batch
of bleached human hair and pre-treated under identical washing and drying conditions,
to enable statistical evaluation while avoiding carry-over effects from repeated coloring
treatment, rinsing, or drying.

2.4. Characterization
2.4.1. pH Measurement

The pH values of all samples were measured using a pH meter (SevenCompact s220,
Mettler-Toledo AG, Greifensee, Switzerland) equipped with a glass electrode. The pH meter
was calibrated with standard buffer solutions (pH 4.01, 6.86, and 9.18) before measurement.
All pH measurements were performed at 25 °C.

2.4.2. Dynamic Light Scattering (DLS)

The hydrodynamic diameter was measured using a DLS analyzer (DLS-8000HAL,
Otsuka Electronics Co., Ltd., Osaka, Japan) equipped with a solid-state blue laser
(A = 488 nm). To minimize dust contamination, all cuvettes were rinsed with ultrapure
water and dried prior to use. All measurements were conducted at 25 °C. The reported
values represent the average of three measurements.

2.4.3. Zeta Potential Measurement

The zeta potentials were measured using electrophoretic light scattering with a zeta
potential analyzer (ELSZ-1000, Otsuka Electronics Co., Ltd., Osaka, Japan). Each sample
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was transferred into a flat cell, avoiding the introduction of air bubbles. The electrophoretic
mobility was converted to zeta potential using the Smoluchowski relationship [33]. All
experiments were performed at 25 °C. Each value represents the average of at least three
independent measurements.

2.4.4. Ultraviolet-Visible (UV-Vis) Spectroscopy

UV-Vis spectra were recorded using a UV-Vis spectrophotometer (UV-1280, Shimadzu
Corporation, Kyoto, Japan) over the wavelength range of 200-800 nm. A quartz cuvette with
a path length of 1 cm was used. All measurements were performed at room temperature
(approximately 25 °C).

2.4.5. Scanning Electron Microscopy (SEM)

The surface morphology was observed using SEM (SU3500, Hitachi High-Tech Cor-
poration, Tokyo, Japan, and JSM-6360LA, JEOL Ltd., Tokyo, Japan). The samples were
mounted on aluminum stubs with double-sided carbon tape and sputter-coated with gold
prior to observation. The acceleration voltages were set to 1.0-5.0 kV.

2.4.6. Color Measurement

The color of samples was evaluated using a spectrophotometer (Spectrol, Variable
Inc., Chattanooga, TN, USA). The L* value represents lightness on a scale from 0 (black) to
100 (white). A lower L* value therefore corresponds to more effective darkening of the hair.
The a* and b* values represent the red-green axis and the yellow-blue axis, respectively.
The total color difference (AE*,;,) was calculated using the following equation:

AE*, = \/(AL*)2 + (Aa*)? + (Ab*)? (1)

where AL*, Aa*, and Ab* are the differences in L*, a*, and b* values between untreated and
colored hair samples. Each measurement was repeated at least nine times. The results
are expressed as the mean + standard deviation (SD). All calculations were performed
using Microsoft Excel (Microsoft 365). Because photographic images of hair tresses may be
affected by minor differences in lighting or imaging conditions, the standardized colori-
metric data described above served as the primary quantitative basis for comparisons of
coloration across different conditions.

3. Results

To establish the proposed charge-reversal and electrostatic-deposition mechanism, the
SIP—chitosan system was characterized by a combination of complementary techniques:
DLS (colloidal stability and aggregation; Figure 1), electrophoretic light scattering (surface
charge; Figure 2), UV-Vis spectroscopy (optical absorption and chromophore preserva-
tion; Figure 3), SEM (deposited coating morphology; Figure 4), and spectrophotometric
colorimetry on bleached human hair tresses (coloration performance; Figures 5 and 6 and
Tables 1 and 2). A comprehensive pH- and composition-dependent dataset (Tables S1-S3)
further supports the quantitative trends. Together, these measurements provide a coherent
picture of how pH and the SIP:chitosan ratio jointly control surface charge, dispersion
stability, and, ultimately, hair-coloration efficiency.
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Figure 1. Hydrodynamic diameter of SIPs and SIP-chitosan mixtures as a function of pH, measured
by DLS at a fixed SIP:chitosan weight ratio of 10:1.
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Figure 2. pH dependence of the zeta potential of SIPs and SIP—chitosan mixtures (SIP:chitosan = 10:1).
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Figure 3. UV-Vis absorption spectra of SIPs, chitosan, and SIP—chitosan mixtures at different
SIP:chitosan weight ratios.
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Figure 4. SEM images of hair surfaces after coloration with the SIP—chitosan mixture (SIP:chitosan =

10:1, pH ~4.7). (a) Lower magnification; (b) Higher magnification.
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Figure 5. Representative photographs of independently treated hair tresses colored with SIP-chitosan
mixtures at different SIP:chitosan weight ratios under moderately acidic conditions (pH ~4.7). A
separate hair tress was used for each coloring condition, and quantitative colorimetric data are

summarized in Table 1.
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Figure 6. Representative photographs of independently treated bleached hair tresses colored with
the SIP—chitosan system at a fixed SIP:chitosan weight ratio of 10:1 under different pH conditions. A

separate hair tress was used for each pH condition.
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Table 1. Colorimetric parameters of hair tresses treated with SIP-chitosan mixtures at different weight
ratios under moderately acidic conditions (pH ~4.7). Reference (natural black hair) is shown for
comparison and was not included in the statistical comparison among treated bleached hair samples.

Weight Ratio

* * * * *
(SIP:chitosan) L a b AL AEap
Untreated (bleached) 8518+£219  2612+586 1862 +3.13
1:0 (SIPs alone) 7077 + 487 16974260 1446+ 064  —1441+487  17.67 +5.19
25:1 5770 £ 6.67  12.02+287 12274132 27484667  31.60 + 7.03
10:1 32.89 + 0.87 8.77 +0.33 9264022  —5229+087 5589 +0.85
5:1 5156 £195  1066+091 11704033  —33.62+195  37.67 + 1.68
2:1 69.33+£227  1618+324  11.09+089 15854227 2036 +2.75
Reference 24.40 +1.17 6.90 + 0.78 348 +046  —6078+117 6552+ 131
(natural black hair)

Table 2. Effect of pH (1.99-5.18) on the colorimetric parameters of hair tresses treated with SIP-
chitosan mixtures at a fixed weight ratio (SIP:chitosan = 10:1). Color differences were calculated

relative to untreated bleached hair.

pH L* a* b* AL* AE*y,

199  67.84+330 1598 +3.67 1467 +110 —1734+330 20.71+3.77
219  6661+7.81 1516+329 14694100 —1857+7.81  22.11+7.96
301  6756+837 1431 +348 1419+1.04 —17.62+837  22.08+7.95
353  6021+821 1290+340 13.024+140 —24974+821 29224735
468 3296+102 858+032 9314021  —52224+1.02 55874095
488 38254132 975+072 10924021  —4693+132  50.30 + 1.38
508 5027 +208 10.40+098 11374051  —34914+208 3897 +2.16
518  5293+4.02 11.75+096 12514 0.63  —3225+4.02 3588+ 3.72

Figure 1 presents the variation in particle size of the SIPs and the SIP—chitosan mixture
as a function of pH. The diameter of the original SIPs was approximately 170 nm at neutral
pH and remained relatively constant across the investigated pH range. This indicates that
the SIPs were well dispersed and maintained colloidal stability without significant aggre-
gation. This behavior is consistent with electrostatic stabilization of negatively charged
SIPs (see ¢ potentials in Figure 2). In contrast, the diameters of the SIP—chitosan mixture
showed a pronounced pH dependence. Under strongly acidic conditions (pH 1.6-1.8), the
apparent diameter increased dramatically to 610-680 nm, indicating the formation of large
aggregates; this behavior is consistent with chitosan-mediated interparticle bridging in
polyelectrolyte—colloid systems [34,35] (see Section 4.2). As the pH increased to around
2.8-4.3, the apparent diameters decreased to approximately 220-290 nm, indicating that
the large aggregates disintegrated and a relatively stable dispersion was obtained. These
values are slightly larger than those of the original SIPs, possibly due to chitosan adsorp-
tion on the SIP surface, but are far smaller than the aggregates observed under strongly
acidic conditions. This pH-dependent transition from aggregation to stable dispersion is
important for identifying the optimal processing conditions for hair coloring applications.
DLS measurements at pH > ~4.5 yielded broad and time-dependent size distributions that
were not sufficiently reproducible for reliable quantitative analysis and are therefore not
included in Figure 1. This behavior is consistent with incipient colloidal destabilization of
the SIP—chitosan composites as their positive surface charge decreases toward higher pH
(Figure 2), and it parallels the reduced coloration efficiency observed at pH > 5 (Figure 6,
Table 2).

Figure 2 shows the pH dependence of the zeta potential of the SIPs and the SIP-
chitosan mixture. The original SIPs exhibited negative zeta potentials over the entire pH
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range examined (pH 1.6-6.9). The zeta potential became more negative with increasing pH,
changing from approximately —2 mV under acidic conditions to around —37 mV under
near-neutral conditions. This behavior is attributed to the progressive deprotonation of
carboxylic and phenolic functional groups present in melanin, resulting in an increasingly
negatively charged particle surface. In contrast, the SIP-chitosan mixture showed positive
zeta potentials under acidic conditions, with a maximum value of approximately +41 mV
at pH 2.4. This indicates that cationic chitosan was successfully adsorbed onto the SIP
surface, leading to charge reversal through electrostatic interactions between protonated
amino groups of chitosan and negatively charged melanin sites. It should be noted that
the decrease in zeta potential of the SIP—chitosan mixtures toward higher pH reflects
pH-dependent charge regulation of the SIP-chitosan complex, rather than unsuccessful
adsorption; SEM observations under the optimized coloration condition further support
the formation and deposition of SIP-chitosan composite particles (Figure 4).

Figure 3 shows the UV-Vis absorption spectra of SIPs, chitosan, and SIP—chitosan
mixtures under acidic conditions. The original SIPs exhibited a typical monotonic absorp-
tion profile, with strong absorbance in the UV region that gradually decreased toward the
visible and near-infrared regions. This broadband, featureless spectrum is characteristic of
melanin, reflecting its heterogeneous 7-conjugated structure, which enables efficient light
absorption over a wide wavelength range. In contrast, chitosan alone showed negligible
absorption across the measured range, confirming that it does not contribute significantly
to coloration.

The SIP—chitosan mixtures displayed spectral shapes nearly identical to those of the
original SIPs regardless of the weight ratio (25:1 to 2:1); the individual spectrum of each
sample is shown separately in Figure S1 for direct verification. No new absorption bands
or peak shifts were observed, suggesting that the interaction between SIPs and chitosan is
predominantly electrostatic rather than involving substantial chemical modification of the
melanin chromophores or alteration of their electronic structure. These results demonstrate
that the mixture with chitosan preserves the intrinsic optical properties of melanin while
enabling physicochemical modification of the particle surface, which is advantageous for
maintaining natural coloration in the proposed hair-coloring system.

Figure 4 shows SEM images of hair surfaces after coloration with the SIP—chitosan
mixture. At lower magnification (left image), the treated hair fiber is covered with a rela-
tively continuous coating layer along the hair shaft. The coated surface appears broadly
and relatively uniformly distributed over the observed area, although some local surface
irregularities remain visible. At higher magnification (right image), numerous spherical
particles with submicrometer diameters are clearly observed on the hair surface. These
particles are attributed to the deposited SIP—chitosan composites. In many regions, the
particles are densely packed, whereas locally less densely covered areas and small aggre-
gates are also observed. These observations provide morphological evidence of substantial
deposition of the SIP—chitosan composites on the hair surface and support the interpreta-
tion that chitosan-mediated charge reversal promotes the electrostatic adsorption of SIPs
onto negatively charged hair surfaces. For comparison, an SEM image of the bleached
hair surface without SIP—chitosan treatment is provided as Figure S2 in the Supplementary
Materials. The untreated control shows a relatively smooth, particle-free surface, whereas
the SIP—chitosan-treated hair surface exhibits numerous deposited particles (Figure 4).
This comparison provides direct morphological support for the deposition of SIP—chitosan
composites on the hair surface.

Figure 5 shows the visual appearance of hair tresses treated with SIP—chitosan mixtures
at different weight ratios under moderately acidic conditions (pH ~4.7). Distinct differences
in coloration were observed depending on the SIP-to-chitosan weight ratio. The tresses
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treated with the original SIPs alone (without chitosan, 1:0) exhibited only slight coloration,
which is consistent with electrostatic repulsion between negatively charged SIPs and hair
surfaces. At a weight ratio of 25:1, coloration remained weak and uneven, suggesting that
the amount of chitosan was insufficient for effective charge reversal. Conversely, excess
chitosan at weight ratios of 5:1 and 2:1 produced lighter and somewhat grayish tresses. The
weight ratio of 10:1 yielded the most intense and uniform dark coloration, suggesting that
an appropriate balance between charge reversal and dispersion stability was achieved at
this weight ratio. This non-monotonic dependence on chitosan content is consistent with
two competing effects supported by the present quantitative data. At 25:1, the amount
of chitosan is considered insufficient to fully reverse the SIP surface charge, which is
reflected in weak coloration and relatively large variation in the colorimetric parameters
among independently treated hair tresses (Table 1). At 5:1 and 2:1, the mean lightness is
substantially higher than that at 10:1, although the variation among replicates is relatively
small. This result suggests reproducible but less intense coloration, which is consistent
with aggregation of SIP-chitosan composites in solution prior to deposition, as supported
by the DLS data (Figure 1; see Section 4.2). Such aggregation would reduce the effective
population of dispersible composite particles available for electrostatic adsorption onto
hair. The 10:1 ratio produced the lowest mean lightness and the smallest variation among
replicates, indicating the most effective and reproducible coloration under the conditions
examined. For the optimized 10:1 condition, this deposition state is directly supported by
the SEM image in Figure 4, which shows a densely distributed SIP—chitosan composite
coating on the hair surface.

Figure 6 shows the effect of pH on the coloration of hair tresses treated with SIP-
chitosan mixtures at a SIP:chitosan weight ratio of 10:1. At the optimal weight ratio of 10:1
identified in Figure 5, a clear pH dependence was observed. Under near-neutral conditions
(above pH 5), only weak coloration occurred, consistent with reduced protonation of
chitosan and consequently weaker electrostatic attraction to the hair surface. Under strongly
acidic conditions (below pH 2), coloration was also ineffective, which corresponds to the
large-aggregate formation observed in DLS measurements (Figure 1). The most effective
coloration was achieved at approximately pH 4.7, where moderate protonation of chitosan
amino groups provided sufficient positive charge for efficient deposition while maintaining
stable particle dispersion. Other weight ratios (25:1, 5:1, and 2:1) showed less effective
coloration across all pH conditions, confirming that the coloring performance depends on
the interplay between weight ratio and pH (Figure S3 and Tables S1-S3).

Table 1 summarizes the colorimetric parameters (L*, a*, b*, AL*, and AE*,,) of hair
tresses treated with SIP—chitosan mixtures at different weight ratios under moderately
acidic conditions (pH ~4.7). These values quantitatively confirm the visual trends ob-
served in Figure 5 and provide a detailed comparison of coloration across different weight
ratios. Untreated bleached hair exhibited high lightness (L* = 85.18 + 2.19) with a pro-
nounced yellowish tone (b* = 18.62 & 3.13). Among all mixtures tested, the 10:1 weight
ratio produced the most pronounced darkening, yielding an L* value of 32.89 + 0.87
(AL* = —5229 £ 0.87) and the highest total color difference from untreated hair
(AE*y, = 55.89 £ 0.85). The 10:1 weight ratio yielded the largest AL* and AE*,, values
among all colored samples, confirming its strong darkening performance. This mixture
also brought both a* (8.77 £ 0.33) and b* (9.26 £ 0.22) closest to those of the natural
black hair reference (a* = 6.90; b* = 3.48), indicating a simultaneous reduction in resid-
ual redness and yellowness. It is also worth noting that the 10:1 weight ratio exhibited
the smallest standard deviations across all colorimetric parameters, suggesting superior
uniformity of coloration compared with the other mixtures. In contrast, SIPs alone (1:0)
produced only a modest decrease in lightness (L* = 70.77 &£ 4.87) while increasing redness
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(a* =16.97 £ 2.60), and mixtures with excess chitosan (2:1) similarly showed limited dark-
ening (L* = 69.33 £ 2.27) with elevated a* values (16.18 £ 3.24). The relationship between
chitosan content and darkening efficiency was non-monotonic: increasing the chitosan
proportion from 25:1 to 10:1 markedly enhanced coloration, whereas further increases to 5:1
and 2:1 diminished the effect. This trend suggests that an optimal SIP-to-chitosan balance
is required to maximize deposition of the pigment onto the hair surface.

Overall, these results indicate that optimal hair coloration is achieved through a bal-
ance of weight ratio and pH. The 10:1 mixture at pH 4.7 produced the darkest and most
uniform coloration, with color coordinates closest to those of the natural black hair refer-
ence, highlighting the importance of controlled deposition of SIPs on the hair surface. To
further examine the pH dependence at the optimal weight ratio identified above, Table 2
summarizes the colorimetric parameters of hair tresses treated with the SIP—chitosan mix-
ture at a fixed weight ratio of 10:1 over a pH range of 1.99-5.18. These results quantitatively
support the optimal coloration observed at approximately pH 4.7 in Figure 6. Under
strongly acidic conditions (pH 1.99-3.01), the hair tresses exhibited relatively high L* values
(66.61-67.84), indicating limited darkening. Correspondingly, the total color difference
remained moderate, with AE*,,, values ranging from 20.71 to 22.11. A gradual decrease in L*
was observed as the pH increased, reaching 60.21 £ 8.21 at pH 3.53. A pronounced change
occurred around pH 4.68-4.88, where the L* values dropped markedly to 32.96 £ 1.02 and
38.25 & 1.32, respectively. At these pH values, the largest color differences were observed
(AE*,, =55.87 £ 0.95 and 50.30 £ 1.38), indicating the most effective coloration. At higher
pH values (pH 5.08-5.18), the L* values increased again (50.27-52.93), accompanied by a
decrease in AE*,}, (38.97-35.88), indicating reduced coloration intensity. These quantitative
results confirm that the coloration efficiency of the SIP-chitosan mixture at a weight ratio
of 10:1 is strongly dependent on pH, with the most effective darkening occurring in the
moderately acidic region around pH 4.7.

4. Discussion
4.1. Electrostatic Complexation Between SIPs and Chitosan

The zeta potential measurements demonstrated that the original SIPs were negatively
charged throughout the examined pH range, whereas the SIP—chitosan mixtures exhibited
charge reversal under acidic conditions. This behavior is attributed to protonation of the
primary amino groups of chitosan, which have a pKa of approximately 6.5 [36]. Below this
pKa, chitosan exists predominantly in the -NH3* form, enabling strong electrostatic attrac-
tion to negatively charged SIPs. Such pH-dependent charge regulation is a characteristic
feature of chitosan as a weak cationic polyelectrolyte [27]. The observed charge reversal
therefore confirms the formation of a SIP—chitosan polyelectrolyte complex governed by
Coulombic interactions rather than covalent modification. This noncovalent binding be-
havior is consistent with the broader capacity of melanin to bind a wide variety of drugs
and other chemicals through noncovalent interactions, a property that has been extensively
documented and is known to have both functional and toxicological implications [37].
In contrast, covalently bound chitosan—-melanin complexes have been reported to occur
naturally in the exoskeleton-derived biomass of Hermetia illucens [38]. Our SIP—chitosan
system therefore represents a noncovalent, pH-responsive alternative that preserves the
intrinsic optical properties of melanin while allowing straightforward control of surface
charge through composition.

4.2. pH-Controlled Aggregation and Dispersion Behavior

DLS revealed that SIP—chitosan mixtures aggregated under strongly acidic conditions
but redispersed under moderately acidic conditions. At extremely low pH (below 2), two
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mechanisms likely contribute to the pronounced aggregation. First, the high charge density
of fully protonated chitosan promotes interparticle bridging, in which highly charged
polymer chains adsorb onto multiple particles simultaneously, leading to network-like
aggregates [34]. Second, the protonation of carboxylic acid groups in melanin (pKa ~4-5
for 5,6-dihydroxyindole-2-carboxylic acid (DHICA)-type carboxyl groups [22]) reduces
the negative surface charge density of SIPs, thereby weakening the electrostatic repulsion
between particles and further facilitating aggregation. The combined effect of enhanced
bridging by chitosan and diminished interparticle repulsion likely accounts for the large
aggregates observed in this pH regime.

With increasing pH, partial deprotonation of chitosan reduced bridging while main-
taining sufficient electrostatic attraction for surface complexation, producing stable hybrid
particles. Such pH-responsive aggregation—dispersion transitions are well documented in
chitosan-based colloidal systems and are governed by the balance between electrostatic
attraction and steric stabilization [35].

4.3. Preservation of Melanin Optical Properties

UV-Vis spectroscopy showed that the broadband absorption profile characteristic
of the SIPs remained unchanged after complexation with chitosan. This monotonic ab-
sorption profile, well documented for eumelanin [14], arises from chemical disorder in
the m-conjugated structure. The absence of new spectral features indicates that the inter-
action between SIPs and chitosan is physical rather than chemical, suggesting that the
chromophore structure responsible for coloration is preserved. This is advantageous for
cosmetic applications, because the surface properties can be modified without altering the
intrinsic optical functionality of the pigment.

4.4. Deposition Mechanism onto Hair Surfaces

SEM observations confirmed that SIP-chitosan composites formed a coating layer on
hair surfaces. Human hair carries a net negative surface charge arising from ionized amino
acid residues in keratin [24]. Because the isoelectric point of hair is around pH 3.6 [39], hair
surfaces are negatively charged under mildly acidic conditions. Under these conditions, the
charge-reversed SIP—chitosan composites can efficiently deposit onto hair surfaces through
electrostatic attraction. Such electrostatic interactions between oppositely charged surfaces
are widely recognized as a key mechanism governing the adsorption and deposition of
colloidal particles onto solid substrates. A direct morphological comparison of SIP—chitosan
deposition on hair across the full range of weight ratios examined here, particularly by SEM
imaging at non-optimal weight ratios, would further strengthen the proposed mechanistic
interpretation and represents an important objective for future studies.

To frame this electrostatic deposition more quantitatively, it is useful to compare
the relevant ionization equilibria of the two interfaces. Chitosan primary amines are ap-
proximately 50% protonated at pH ~ 6.5 [36] and essentially fully protonated at pH < 4.
Eumelanin DHICA-type carboxyl groups have pKa values in the range 4-5 [22], so they
are increasingly deprotonated above pH ~5. Human hair carries a net negative surface
charge above its isoelectric point of pH = 3.6 [39]. Consequently, the pH window 4-5 is
uniquely favorable because it satisfies three conditions simultaneously: chitosan retains a
high cationic charge density (driving attraction to SIPs and to hair), SIP surfaces are suffi-
ciently deprotonated to support electrostatic complexation with chitosan, and hair surfaces
are negatively charged. Outside this window, either chitosan protonation is insufficient
(pH > 5) or bridging-induced flocculation dominates (pH < 2), explaining the sharp col-
oration maximum at pH ~ 4.7 (Figure 6) and providing the quantitative basis for Figure 7.
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(a) Original SIPs (b) Polyelectrolyte complexation (c) Electrostatic deposition
(near-neutral pH) with chitosan (pH ~4.7) onto hair
=o- chitosan (glucosamine chain) +
oy NH;*  protonated amine
- O - SIPs coo melanin carboxyl groups + +
- ¢=-gTmv
- - —o- +@+ o4 : +
I+ chitosan)| . 3 apply + : i : + 5+
electrostatic repulsion ; ' — : : :
pH ~4.7 \ : to hair v v ¥
- Hair surface : @ m
negatively charged Net charge: + Particle-based coating
{=+20to +41 mV on the negatively charged hair surface
(cf. SEM, Fig. 4)
No deposition Charge reversal Black coloration
Key ionization parameters: chitosan -NH,*: pka~ 6.5 | melanin -COOH (DHICA): pKa~4—5 | hair isoelectric point: pH ~ 3.6
Optimal operation window: pH 4-5 — chitosan retains high cationic charge; hair remains anionic;
bridging flocculation is suppressed; melanin carboxyl groups partially deprotonated.

Figure 7. Schematic illustration of the charge-reversal and electrostatic-deposition mechanism for SIP—-
chitosan hair coloration. (a) The original SIPs (negatively charged, { ~ —37 mV at near-neutral pH)
do not deposit onto the negatively charged hair surface because of electrostatic repulsion. (b) Under
moderately acidic conditions (pH ~4.7), protonated chitosan (-NH;3*) adsorbs onto SIPs through
complexation with deprotonated melanin carboxyl groups (-COO™), producing charge-reversed SIP-
chitosan composites (¢ ~ +20 to +41 mV). (c) The positively charged composites undergo electrostatic
deposition onto the negatively charged hair surface, forming a particle-based coating (cf. Figure 4).
Key ionization parameters are chitosan amine pKa = 6.5, DHICA carboxyl pKa ~ 4-5, and the hair
isoelectric point (pH ~ 3.6). These ionization parameters jointly define the optimal operating window
of pH 4-5.

Unlike oxidative hair dyes, which rely on in situ chemical reactions within the cortex,
this system functions through surface deposition of naturally derived pigments and thus
represents a fundamentally different coloring mechanism. Because the colorant is deposited
on the outermost surface of the hair shaft rather than being incorporated into the cortex,
the color fastness upon repeated shampooing may be lower than that of oxidative dyes [6].
Three mechanistic strategies, however, are available to improve the fastness of the present
system while preserving its noncovalent, mordant-free character. First, chitosan is known
to form continuous polymeric films on negatively charged surfaces under acidic to mildly
neutral pH [28], and the same film-forming ability is expected to encapsulate and retain
deposited SIPs on hair fibers. Second, the multivalent nature of chitosan—bearing many
protonated amino groups per chain—provides multiple anchoring points to both the SIP
surface and the hair fiber, resulting in entropic resistance to single-point desorption. Third,
a post-treatment mild chemical crosslinking of the chitosan layer can convert the initial elec-
trostatic coating into a more durable covalently reinforced network if even higher durability
is required. A dedicated quantitative evaluation of wash fastness employing standardized
protocols is currently underway and will be reported in a follow-up publication.

4.5. Optimization of the SIP:Chitosan Weight Ratio and pH

Coloration experiments revealed that an intermediate weight ratio (10:1) provided the
most effective coloration. Insufficient chitosan failed to induce adequate charge reversal,
whereas excess chitosan promoted aggregation and reduced SIP deposition efficiency. Simi-
lar composition-dependent behavior has been reported for polymer—particle complexes,
where optimal performance is achieved near charge-stoichiometric conditions [34,35]. The
strong dependence on pH further confirms that controlled protonation of chitosan is es-
sential: under near-neutral conditions, insufficient protonation weakened the electrostatic
attraction to the hair surface, whereas under strongly acidic conditions, excessive protona-
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tion promoted large-aggregate formation. The optimal pH of approximately 4.7 represents
a balance between these competing effects.

4.6. Implications for Marine Biomass—Derived Functional Materials

Because melanin extracted from cephalopod ink is an abundant marine byproduct
and chitosan is derived from crustacean shells, their combination represents a sustainable
strategy for valorizing marine biomass. The ability to tune surface charge, dispersion
stability, and deposition behavior through simple pH control suggests a versatile platform
for designing bio-derived functional coatings beyond hair-coloring applications.

4.7. Design Rule for Cosmetic Deposition

On the basis of ¢ potential and DLS results, effective hair deposition requires (i) pos-
itive surface charge for electrostatic attraction and (ii) suppression of bridging-induced
aggregation. Practically, this is achieved at pH ~4-5 with an intermediate SIP:chitosan
ratio (10:1), where charge reversal is sufficient while colloidal stability is retained. To
contextualize the coloring performance of the present system, the AE*,;, values can be
compared with those reported for other natural hair colorants applied to human hair.
Sargsyan et al. reported AE values of 38.76—40.23 for a tannin—-mordant system (matcha
and iron(Il)-lactate) on unpigmented Caucasian hair tresses, with the darkest shade reach-
ing L* ~ 40.81 [40]. Cui et al. evaluated four plant colorants with ferrous mordant on
human bleached hair and reported AE values of 28.16 for henna, 31.42 for walnut husks,
35.22 for sappanwood, and 36.45 for Chinese gallnuts [41]. The AE*,}, of 55.89 and L* of
32.89 achieved by the SIP-chitosan system at the 10:1 weight ratio exceed the reported
values under the respective experimental conditions, suggesting strong darkening per-
formance relative to representative plant-based natural colorants. Importantly, the SIP—-
chitosan system achieves black coloration without the use of metallic mordants, which
may pose concerns regarding metal accumulation on hair and potential photosensitization
via Fenton-type reactions [41]. In a broader cosmetic context, chitosan—-melanin polymer
complexes derived from insect biomass have been successfully incorporated into photopro-
tective emulsion products: Khairova et al. reported a sunscreen cream (SPF = 20) based
on a Hermetia illucens chitosan—melanin complex that exhibited good colloidal stability
(C-potential ~ +56 mV), compatibility with commercial UV filters, and demonstrable in vivo
skin hydration and conditioning effects [42]. The present work extends this general con-
cept of chitosan-assisted melanin—complex deployment from skincare emulsions to hair
coloration, where the pH-responsive surface-charge reversal enables efficient electrostatic
deposition onto negatively charged keratin fibers without the need for chemical mordants
or oxidative dye chemistry. These practical and safety-related advantages highlight the
potential of the marine-biomass-derived SIP—chitosan platform as a competitive alternative
to existing natural hair colorants.

5. Conclusions

This study established a natural hair-coloring system based on SIPs derived from
cuttlefish ink and chitosan. Electrostatic complexation with chitosan reversed the negative
surface charge of SIPs, enabling their efficient deposition onto negatively charged hair sur-
faces without chemical oxidation. SEM confirmed the formation of a particle-based coating
layer, providing direct morphological evidence for the electrostatic adsorption mechanism.
The system exhibited pH-dependent colloidal behavior, where stable dispersions formed
under moderately acidic conditions while preserving the intrinsic broadband optical ab-
sorption of melanin. Optimal coloration was achieved at a weight ratio of 10:1 around pH
4-5, yielding L* = 32.89 and AE*,;, = 55.89, which are larger than several values reported for
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plant-based natural colorants without metallic mordants. These findings establish a design
rule for melanin-based hair colorants: effective deposition requires sufficient positive sur-
face charge combined with suppression of bridging-induced aggregation, both achievable
through pH control and an optimized SIP:chitosan ratio. A systematic evaluation of color
fastness under standardized washing protocols will be reported in a follow-up publication.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/0rg7020023/s1. Figure S1: UV-Vis absorption spectra of indi-
vidual samples: (a) SIPs alone, (b) chitosan alone, and SIP—chitosan mixtures at SIP:chitosan weight
ratios of (c) 25:1, (d) 10:1, (e) 5:1, and (f) 2:1; Figure S2: SEM image of a bleached hair fiber with-
out SIP—chitosan treatment. The surface appears relatively smooth and lacks particulate deposits,
providing a control for comparison with the particle-covered surface after SIP-chitosan treatment
shown in Figure 4; Figure S3: Representative photographs of independently treated hair tresses
colored with SIP—chitosan mixtures under different pH conditions. SIP:chitosan weight ratios are
(a) 25:1, (b) 5:1, and (c) 2:1. A separate hair tress was used for each coloring condition. The corre-
sponding quantitative colorimetric data are summarized in Tables S1-S3; Table S1: Effect of pH on
the colorimetric parameters of hair tresses treated with SIP-chitosan mixtures at a fixed weight ratio
(SIP:chitosan = 25:1); Table S2: Effect of pH on the colorimetric parameters of hair tresses treated
with SIP—chitosan mixtures at a fixed weight ratio (SIP:chitosan = 5:1); Table S3: Effect of pH on the
colorimetric parameters of hair tresses treated with SIP—chitosan mixtures at a fixed weight ratio
(SIP:chitosan = 2:1).
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