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Abstract: The objective of this study is the development of an in vitro cell culture model of pigmented
gingival keratinocytes to provide a unique tool to assess oral care products such as toothpaste and
evaluate whether pigmented gingival cells might be less susceptible than unpigmented cells to
cytotoxicity by any toothpaste. Sepia melanin at various concentrations was added to primary
human gingival keratinocyte (HGK) monolayers to identify the concentration at which melanin
is sufficiently phagocytosed in the absence of cytotoxicity; this concentration was subsequently
used to generate pigmented HGK model. Extracts from three commercial adult toothpastes (Crest
3D White, Sensodyne, and Colgate Optic) at different dilutions were evaluated in pigmented and
unpigmented HGKSs for cytotoxicity over a 24 h duration by MTS [3-(4,5-dimethylthiazol-2-y1)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] assay. Results demonstrated that HGKs
showed a concentration-dependent uptake of sepia melanin with a significant linear correlation
of pigment uptake. Moreover, the melanin was distributed perinuclearly in the cells, that was
similar to the distribution of physiological gingiva in vivo. Further experiments were conducted
with 25 pg/mL sepia melanin as higher concentrations induced cytotoxicity. Evaluation of three
commercial toothpastes on unpigmented and pigmented HGKs showed no differential effects at
any dilution. In summary, a model of pigmented HGKs with the ability to create a controlled level
of pigmentation was demonstrated. Examination of extracts from three commercial toothpastes
revealed similar cytotoxicity to both pigmented and unpigmented HGKs. In conclusion, this study
shows that the artificially pigmented HGK model is an easy and low-cost tool that mimics the
in vivo gingival pigmentation. Moreover, the evaluated toothpastes showed similar cytotoxicity to
pigmented and unpigmented HGKSs, suggesting that the presence of melanin did not impart any
protective effects. Further studies to employ this pigmented HGK model to evaluate a large number
of oral care products and include repeated exposures and longer duration are warranted.
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1. Introduction

The gingival epithelium is the first line of barrier against pathogens [1] and is also
the most frequently pigmented tissue of the oral cavity [2-4]. Melanin that imparts pro-
tective benefits in the oral cavity is synthesized by gingival melanocytes, exported to
gingival keratinocytes, and distributed perinuclearly, which results in a dark gingival
epithelium leading to visible pigmentation [5-8]. Gingival pigmentation can be physio-
logical (racial) or pathological, dependent on endogenous or exogenous factors such as
tobacco smoking [9,10]. It has a higher prevalence in dark-skinned individuals [11], with
a frequency of 54% in blacks and 21% in whites. Removal of dental plaque biofilms is
necessary to maintain good oral hygiene and prevent tooth decay and the development
of gingival inflammation and periodontitis [12]. Toothpaste, a standard oral care prod-
uct, is ubiquitously used as an effective aid for oral hygiene on a daily basis by every
race/ethnicity. Yet, the gingival tissue that contacts these products in the mouth is not
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unpigmented in most cases, owing to the greater frequency of the population with dark
gingiva due to genetic or external factors. Thus, shades of brown-black pigmentation
occur in gingiva in the ethnic population (African-American, Hispanic, and Indian). The
contributing factor in the visible spectrum of gingival pigmentation is the differential
uptake and distribution of melanin pigment around the nucleus of keratinocytes, and
the pivotal role of keratinocytes in regulating melanin distribution and the final visible
pigmentation has been demonstrated [13]. With the rapid global growth of the market
of oral care products for cosmetic or medical use [14], their safety and biocompatibility
in ethnic populations is an unmet need. Evaluation of the biocompatibility of oral care
products on keratinocytes (containing melanin pigment and pigment-free) is imperative
as they are the first cells to contact oral care products. Since the keratinocytes not only act
as a barrier to external pathogens and chemicals but are also the key cells to receive the
exported melanin from gingival melanocytes and distribute them around the nucleus [7,15],
cytotoxicity to keratinocytes might disrupt the homeostasis of the keratinocyte-melanocyte
unit in the oral epithelium and cause untoward effects.

Toothpaste comprises surfactants, abrasives, and active compounds as primary in-
gredients with humectants, preservatives, binders, colors, and flavoring agents [16,17].
Surfactants are incorporated in toothpastes for their cleaning and foaming efficacy [18].
Toothpastes are meant to be used intra-orally in conjunction with toothbrushes to provide
adequate teeth cleaning and should not damage the soft or hard tissues in the oral cavity
with continued use. Despite this, certain components of toothpastes (such as the surfactant
sodium lauryl sulfate, SLS) are capable of inducing damage; hence, the use of alternative
natural surfactants instead of SLS has been recommended for child toothpastes [19]. Like-
wise, desirable features of toothpastes for the elderly comprise low cytotoxicity and low
amounts of abrasives to avoid soft tissue damage, dentin wear, and dry mouth [20]. Previ-
ous studies have shown that pigmented cells are protected from adverse effects compared
to unpigmented cells [21], and the presence of melanin diminished the cytotoxicity action
of chemotherapeutic drugs [22]. Hence, cells containing melanin (either artificially fed or
by endogenous biosynthesis, such as in melanocytes) might display lower cytotoxicity than
cells lacking melanin. Accordingly, the biocompatibility of a specific toothpaste might be
nonidentical in various ethnicities with different degrees of gingival pigmentation and
warrants consideration.

Compared to melanocytes that are commercially available from light-, medium-,
or dark-skinned neonatal and adult donors, keratinocytes (skin or gingiva) from dif-
ferent ethnic donors are not commercially available. Keratinocytes used in previous
studies [13,23-25] primarily for the study of differential responses with melanocyte cultures
in terms of melanin distribution were isolated from light and dark skin. To our knowledge,
there are no reports on the use of keratinocytes isolated from light and dark gingival tissue.
The genetic variability between donors, the disease history of donors, and the cumber-
some isolation procedures necessitate the use of a single keratinocyte model that can be
pigmented to varying degrees to represent the different spectrums of pigmentations of the
gingiva to offer convenience and reproducibility. Notably, the commercially available gingi-
val keratinocytes (primary or immortalized) are unpigmented, and in the absence of donor
information, it is difficult to ascertain whether they were isolated from unpigmented or
pigmented gingival tissue. The latter is also a possibility, as the pigmentation after in vitro
cultivation is diminished due to dilution amongst daughter cells; hence, the cells received
from vendors might have become depigmented. A similar occurrence has been noted with
human retinal pigment epithelial cells (ARPE-19) that lack any detectable melanin in vitro
cultures [26] or with primary RPE cells that, despite containing melanin in vitro, rapidly
lose their pigmentation levels in subsequent passages [27,28], thus introducing variability
in the cell model per se. Consequently, the use of artificially pigmented single-cell models
that overcome these challenges of variation in the degree of baseline pigmentation has
become an attractive alternative.
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Sepia melanin is a melanoprotein extracted from the ink gland of the cephalopod Sepia
officinalis and is considered a standard model that mimics natural melanin more closely
than synthetic melanin [29,30]. Moreover, it has been used as a model melanin in binding
studies [31,32]. In multiple prior studies, sepia melanin, synthetic melanin, or melanosomes
have been employed to generate melanized models of different cells. For instance, sepia
melanin has been used to pigment dermal dendritic cells [33] and retinal pigment epithelial
(RPE) cells [34,35], while synthetic melanin was used to pigment HaCaT cells [36,37],
PC12 neural cells [38,39], and RPE cells [40]. In other studies, human melanosomes have
been used to pigment human epidermal keratinocytes [41,42] or ARPE-19 cells [43], while
porcine melanosomes were used to pigment ARPE-19 cells [44]. We have previously used
synthetic melanin to artificially pigment HaCaT cells [37]. However, it does not result
in sufficiently dark pellets compared to sepia melanin; this was also observed in another
study, where keratinocytes demonstrated lower uptake of synthetic melanin compared to
isolated melanosomes [42]. Herein, we chose sepia melanin as it is commercially available
and has high reproducibility compared to melanosomes, which require tedious isolation
and purification methods. Additionally, the physicochemical properties of sepia melanin
have been well-characterized previously [45-48] and shown to have a uniform dispersion
of spherical melanosomes, while melanosomes isolated from different mammalian cells
lack a well-defined characterization.

Hence, this study had a two-fold objective: (i) to develop an in vitro model of ar-
tificially pigmented human gingival keratinocytes (HGKs) and (ii) to evaluate whether
commercial oral care products (toothpastes) exhibit differential biocompatibility to pig-
mented and unpigmented HGKs. We hypothesize that pigmented HGKSs exhibit lower
cytotoxicity to toothpastes than unpigmented HGKSs, due to the presence of melanin.

2. Materials and Methods
2.1. Materials

Melanin derived from Sepia officinalis (Cat# M2649, >99% purity), hereafter referred to
as sepia melanin, was procured from Millipore-Sigma (St. Louis, MO, USA). MTS reagent
was procured from Promega Corporation (Madison, WI, USA). Hank’s buffered salt saline
(HBSS; Hyclone™), penicillin-streptomycin (10,000 U/mL), sodium hydroxide (NaOH)
solution, and Dulbecco’s phosphate-buffered saline (DPBS) were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). The three kinds of commercial toothpastes, Crest
3D White, Sensodyne, and Colgate Optic White (detailed compositions are listed under
Table 1), were procured from a local store.

Table 1. Compositions of three commercial toothpastes used in this study.

Toothpaste Active Ingredients Inactive Ingredients

. Sodium fluoride 0.243% (0.15% w/ Water, sorbltgl, hydrated silica, disodium pyropho.sphate, sodl}lm hydroxide,
Crest 3DWhite i flavor, sodium lauryl sulfate, cellulose gum, sodium saccharin, carbomer,
fluoride ion) . .o, ..
polysorbate 80, mica, titanium dioxide, blue 1
Sodium fluoride 0.243% (0.15% w/v Water, sorbitol, hydrated silica, glycerin, pentasodium triphosphate, PEG-8,
Sensodyne fluoride ion), sodium hydroxide, flavor, titanium dioxide, cocamidopropyl betaine, sodium
Potassium nitrate 5% methyl cocoyl taurate, xanthan gum, sodium saccharin, sucralose
Water, sorbitol, hydrated silica, glycerin, pentasodium triphosphate,

Colgate Optic White Sodium fluoride 0.24% (0.15% w/v tetrapotassium pyrophosphate, PEG-12, sodium hydroxide, sodium saccharin,

fluoride ion) sodium lauryl sulfate, xanthan gum, cocamidopropyl betaine, flavor, cellulose
gum, titanium dioxide

2.2. Cell Culture

Primary human gingival keratinocytes (HGKs) were procured from American-type
culture collection (ATCC® PCS-200-014; lot# 80523333) and cultured using dermal cell basal
medium (ATCC® PCS-200-030™) supplemented with keratinocyte growth kit (ATCC® PCS-
200-040™) and 1% penicillin-streptomycin antibiotics. The cells were incubated at 37 °C in
a humidified environment in 5% CO, and 95% air. Trypsin-EDTA (ATCC® PCS-999-003)
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and trypsin neutralizing solution (ATCC® PCS-999-004) were used to detach cultures. For
all experiments, cells were used between passages 2-6.

2.3. Melanin Feeding Procedure
2.3.1. Phagocytosis of Melanin

Varying concentrations of sepia melanin were initially examined to identify the con-
centration at which a significant melanin uptake occurs in the absence of cytotoxicity; this
optimized concentration was used in subsequent experiments. HGKs (1.9 x 10° cells per
well in 2 mL culture medium) were grown in a six-well plate for 24 h to full confluency.
After 24 h period, various concentrations (25400 ng/mL) of sepia melanin diluted from a
2 mg/mL stock solution in HBSS (bath sonicated to prevent aggregation) were added to
confluent cultures. Cultures were maintained for 24 h to allow phagocytosis of melanin
granules. After 24 h, the cultures were imaged using bright-field microscopy (for visual-
ization of uptake of melanin particles) and phase-contrast microscopy (to evaluate any
cytotoxicity to cell monolayer).

2.3.2. Spectrophotometric Analysis of Melanin

A total of 24 h post-melanin feeding, cells were detached, centrifuged, and washed in
Dulbecco’s phosphate-buffered saline. At this step, the cells in each group were manually
counted using a hematocytometer. After this, the cell pellets were resuspended in 1N
NaOH and heated at 70 °C for 30 min to dissolve melanin pigment. A total of 100 uL of
lysates was transferred to a 96-well plate, and the absorbance of melanin was determined
at 405 nm using a Versamax™ microplate reader. A standard curve was generated using
sepia melanin that was similarly dissolved in NaOH at various concentrations (Figure S1)
and used to estimate melanin amounts reported as pg melanin/cell.

2.4. Experiments on Pigmented HGK Model
2.4.1. Preparation of Toothpaste-Conditioned Medium (TCM)

Three commercial adult toothpastes, Crest 3D White, Sensodyne, and Colgate Optic
White, were used in this study. The TCM preparation method was similar to that reported
in a previous study [49]. Each toothpaste was weighed and resuspended in culture medium
in a sterile tube at 50% w/v and vigorously vortexed to mix the slurry, followed by centrifu-
gation (13,000 rpm, 30 min). The supernatants were recovered and considered as 50% w/v
TCM. For all experiments, only freshly prepared TCM was used.

2.4.2. Generation of In Vitro Sepia Melanin-Loaded HGK Model

To compare the response of different kinds of toothpaste on melanin-loaded and
unloaded HGKs, cells growing in culture were split into two T-25 tissue culture flasks
identically (to keep the same passage). After 72 h culture, 25 pg/mL sepia melanin was
added to the second flask, and both T-25 flasks were maintained in the CO, incubator
for 24 h. After 24 h, cells from pigmented and unpigmented cultures were detached and
replated (1.45 x 10% cells/well in 0.2 mL culture medium) onto a 96-well tissue culture
plate and maintained for 24 h.

2.4.3. Viability of Pigmented and Unpigmented HGKs after Treatment with TCM

TCM of all three toothpastes was diluted using culture medium to ratios of 1:50, 1:100,
1:250, 1:500, and 1:1000 (equivalent to 1%, 0.5%, 0.2%, 0.1%, and 0.05% w/v, respectively)
and added to pigmented and unpigmented HGKs that were already cultured in the 96-well
plate for 24 h (as reported in Section 2.4.2 above). The cultures were maintained for another
24 h. After this, 20 uL of MTS reagent was combined with 100 uL of culture medium, and
the plate was incubated at 37 °C. Subsequently, the absorbance of 100 pL aliquots was
recorded at 490 nm using a microplate reader and expressed as a percentage of control to
denote cell viabilities.
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2.5. Statistical Analysis

Data are presented as mean + SD. A p-value at a level of <0.05 was regarded as
statistically significant. The normality of data was evaluated by the Shapiro-Wilk test, and
normality was accepted at p > 0.05. An unpaired, two-tailed student’s t-test was employed
to compare differences between the two groups. One-way analysis of variance (ANOVA)
with Dunnett’s test was used for comparing multiple groups. The correlation analysis was
evaluated by the Pearson’s correlation test. For all statistical analyses, GraphPad Prism
software 9.5.0 (San Diego, CA, USA) was used.

3. Results
3.1. Effects of Melanin Loading on HGKs

Qualitative observation of HGKs showed that the cell density was lower for cells
treated with sepia melanin at 100, 200, and 400 pug/mL concentrations compared to the un-
treated control (0 ng/mL) group, with effects more pronounced at the highest concentration
of 400 ng/mL where cellular morphology appeared altered, and a lower number of cells
remained intact (Figure 1A). Examination of cells under bright-field microscopy showed
a concentration-dependent uptake of melanin particles with a perinuclear distribution
(Figure 1B).

Figure 1. (A) Representative phase-contrast micrographs of HGKs incubated with sepia melanin
(0400 pug/mL) for 24 h. (B) Representative bright-field images of HGKs after incubation with
sepia melanin at various concentrations for 24 h; red arrows denote aggregation of melanin in the
perinuclear zone in HGKs.
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50 pg/mL sepia melanin were 97.73% and 98.33%, respectively, and did not differ from the
control group. However, significant cytotoxicity was noted at concentrations > 50 pug/mlL;
cell survival was diminished by 13.69% (p = 0.0489), 32% (p = 0.0002), and 32.15% (p < 0.0001)
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Figure 2. (A) Viability of HGKs after a 24 h incubation with sepia melanin (0400 pg/mL) estimated
by manual cell count. (B) Melanin amounts in HGKs determined spectrophotometrically after
sepia melanin feeding with corresponding photos of cell pellets. (C) Linear correlation between
the incubated sepia melanin amounts and cellular pigmentation; R? and r denote the coefficient
of determination and Pearson correlation coefficient, respectively. The significant correlation was
obtained with p < 0.0001; (* p < 0.05, ** p < 0.01, $ p < 0.001, and # p < 0.0001 vs. control group,
unpaired t-test), and all data are average of at least three independent experiments.

Visual inspection of cell pellets showed darker coloration with increased concentra-
tions of sepia melanin (photo panel; Figure 2B). Quantitation of melanin content in HGKs
revealed a significant concentration-dependent uptake of sepia melanin; melanin contents
were 129.75, 245.54, 538.87, 910.69, and 2048.16 pg/cell at 25, 50, 100, 200, and 400 pg/mL
concentrations, respectively (Figure 2B).

Linear correlation (R?> = 0.996) was achieved for applied concentrations of sepia
melanin to that of the melanin content in cells; the correlation coefficient (r = 0.998) was
also found to be statistically significant (p < 0.0001), indicative of the ease of controlling
pigmentation in cells (Figure 2C). Based on these results, 25 nug/mL sepia melanin was
selected for melanin feeding in subsequent experiments as it generated significant melanin
content without altering cell count.

3.2. Effects of TCM on Pigmented and Unpigmented HGKs

The scheme of the generation of pigmented and unpigmented HGKSs is shown in
Figure 3A. HGKSs pigmented with 25 pg/mL sepia melanin did not show any changes in
viability compared to unpigmented cells as evaluated by MTS assay (Figure S2). Next,
results revealed no significant differences between the cytotoxic responses of unpigmented
and pigmented HGKs at any concentration to Crest 3D white toothpaste (Figure 3B),
Sensodyne toothpaste (Figure 3C), and Colgate Optic White toothpaste (Figure 3D).

The results of IC5( values for each toothpaste in unpigmented and pigmented HGKs
(Table 2) further confirmed no significant difference in cytotoxicity between both groups.
However, Crest toothpaste displayed the greatest cytotoxicity to unpigmented HGKs; the
cytotoxicity was significantly greater than Sensodyne (p = 0.001) and Colgate toothpaste
(p = 0.0196). In pigmented HGKSs, Crest toothpaste continued to demonstrate greater
cytotoxicity that was also significantly greater than both Sensodyne (p = 0.0121) and Colgate
toothpaste (p = 0.0336) (Table 2).
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Figure 3. (A) Scheme to show the steps involved in developing pigmented HGK culture model
and its use to examine the cytotoxicity of commercial toothpastes. Viabilities of unpigmented and
pigmented HGKs after 24 h treatment with conditioned medium of (B) Crest 3D white toothpaste,
(C) Sensodyne toothpaste, and (D) Colgate Optic toothpaste. Data for (B,C) are the average of
three independent experiments (n = 3); data for (D) are the average of values combined from two
independent experiments (n = 4) (* p < 0.05, ** p < 0.01, $ p < 0.001, and # p < 0.0001 vs. control
(ctr]) group by One-way ANOVA with Dunnett’s test); dilutions of each toothpaste were compared
for unpigmented and pigmented cell groups by unpaired t-test, and no significance (ns) was found
(p > 0.05).

Table 2. ICs5 values of cytotoxicity of toothpastes in unpigmented and pigmented HGKs.

Unpigmented Pigmented
Toothpaste 1Csp (% wlo) ICsg (% wlo)
Crest 3DWhite 0.05 + 0.04 2P 0.04 +0.01 <4
Sensodyne 0.24 £ 0.01 0.20 £ 0.06
Colgate Optic White 0.31 £0.11 0.28 £0.13

Values expressed as mean =+ SD (n = 3). Values with lowercase letters a (p = 0.001) and b (p = 0.0196) show a
significant difference between Crest toothpaste from Sensodyne and Colgate toothpaste in unpigmented HGKs,
respectively; values with lowercase letters ¢ (p = 0.0121) and d (p = 0.0336) denote significant difference of Crest
toothpaste from Sensodyne and Colgate toothpaste in pigmented HGKSs, respectively; analysis was carried out by
student’s t-test.

4. Discussion

To our knowledge, this is the first study that reports a model of artificially pigmented
HGKs and its use to examine the cytotoxicity of oral care products. Keratinocytes in
culture have been shown to accumulate phagocytosed melanin [50]. After keratinocytes
phagocytose melanin, it accumulates in the perinuclear zone forming supranuclear caps,
characteristic of the distribution found in the in vivo gingiva tissue [5,51], which was also
observed in our study, thus establishing the physiological relevance of the pigmented
HGK model. We selected sepia melanin at 25 pg/mL to generate an optimized pigmented
model that was used for further testing; a similar concentration of sepia melanin has been
used in a previous study that generated pigmented dermal dendritic cells [33]. Previously,
it was demonstrated that retinal cells loaded with melanosomes at the confluent stage
retained phagocytosed melanin stably for many days [44], as loading in confluent cells
prevents pigment dilution by cell division. In our experiments that comprised a duration
of 48 h after cells were initially loaded with melanin (24 h culture and 24 h treatment
with product), we did not anticipate any significant loss of melanin from cells that may
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affect the response of the experimental model to test products. Owing to the occurrence
of binding of drugs and chemicals to melanin [52], it is necessary to identify any potential
confounders in our model where melanin might bind to exogenous additives present in
the culture medium. Streptomycin is a common antibiotic that is routinely added to the
medium of cell cultures. Wiernek et al. [53] incubated synthetic melanin (1 mg/mL) with
varying streptomycin concentrations (0.1-10 mM) for 24 h in a cell-free system and showed
concentration-dependent binding of streptomycin to melanin. In another study [31], sepia
melanin showed greater binding than synthetic melanin to a drug (memantine); the authors
concluded that the melanin type and incubation medium influence melanin binding. In
our experiments, sepia melanin at a concentration of 25 pg/mL (40 times lower than the
concentration of synthetic melanin of study [53]) was added to HGKSs that were cultured
in a medium supplemented with streptomycin at a concentration of 0.17 mM. Hence, we
speculate that the likelihood of any significant binding of streptomycin to sepia melanin
that may have interfered in the response of cells to toothpaste dilutions might be minimal,
although future studies are warranted to specifically address this. Our standard curve
included cell matrix effects that accounted for the background of cells without melanin
loading. The use of subcultured cells (after melanin loading) to evaluate the cytotoxicity of
TCM also excluded the presence of extracellular melanin in the culture medium that might
have interacted with toothpaste and interfered with results [39].

Our results of the greatest cytotoxicity by Crest 3D toothpaste might be attributable
to the detergent sodium lauryl sulfate (SLS). However, another toothpaste, Sensodyne,
contained Cocamidopropyl betaine (CAPB) with sodium methyl cocoyl taurate. In contrast,
Colgate Optic White contained CAPB with SLS. Prior reports that have studied the effects
of toothpaste extracts on cells have used an exposure time of 2 min as it is the standard
brushing time [54,55]. However, an exposure duration of 24 h has also been used previ-
ously [56]. We selected a treatment of 24 h with TCM as it represents residual toothpaste in
the oral cavity post-brushing. Mouthwashes are also used alongside toothpaste as part of
oral care. A commercial mouthwash (composition listed in Table S1) at different dilutions
was also preliminarily examined and found to have similar cytotoxicity to pigmented and
unpigmented HGKs after a 24 h treatment (Figure S3).

Interestingly, a previous study also showed that pigmented and unpigmented PC12
neural cells had similar cytotoxicity to amyloid-{3 [39]. Hence, it seems that melanin-loaded
cells might not always protect against toxic insults, but it should be emphasized that
the protective effects depend on treatment duration. However, our results showed no
differential effects of toothpaste on unpigmented or pigmented gingival cells; whether
similar effects occur in the oral cavity where saliva, mucus layer, and microbiota are
present warrants future investigation. Interestingly, darkly pigmented skin has a higher
barrier function than lightly pigmented skin, owing to which SLS is less irritating to dark-
skinned individuals [57-59]; whether this is also applicable in the case of dark gingiva
and light gingiva is unknown. Further studies to examine the response of SLS-containing
toothpaste on pigmented HGKSs’ barrier function will also be essential, as some toothpastes
are known to alter gingival barrier function [60]. Additionally, the in vivo amounts of
melanin in gingiva have yet to be quantified. Hence, we cannot compare the amounts of
melanin loaded in HGKSs in this study to physiological numbers. Nevertheless, the in vivo
amounts of melanin have been reported to range from 0 to 1.25 mg/mL in the human
epidermis [61], while another in vitro study suggested that melanocytes from Caucasians
(light skin) and African-Americans (dark skin) can be estimated to contain melanin in the
range of 25 pg/cell and 250 pg/cell, respectively [62]. This study postulates a first-screen
proof-of-principle model to evaluate the impact of oral hygiene products on gingival cells
artificially pigmented by melanin and provides a convenient way to control pigmentation
to mimic different degrees of gingival pigmentation index.

The results of this study should be considered in light of some limitations. First, a
limited set of toothpastes were evaluated on pigmented /unpigmented HGKSs. Moreover,
the cellular responses of HGKs (pigmented /unpigmented) on toothpastes were assessed
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only at a single time-point (24 h). Longer time points might be needed to ascertain if
pigmented HGKs might be protected from cytotoxicity compared to unpigmented coun-
terparts. For example, a previous study evaluated the cytotoxicity of child toothpaste to
gingival fibroblasts after a 72 h duration [63]; hence, a 72 h duration can be employed in
further studies. Another limitation is that the HGK pigmented model of this study is a
2D monolayer culture model; thus, it cannot truly recapitulate the multilayered gingival
tissue that is achievable in 3D organotypic models that have been used to evaluate the
biocompatibility of different oral care materials [64,65]. Moreover, the oral cavity has a
complex microenvironment with the presence of microbiota, saliva flow, and mucus layer,
which were absent in the in vitro model used in this study. Future studies with pigmented
HGK model and biofilms will allow examining the host-biofilm interactions, as has been
shown in previous reports that have evaluated the effects of therapeutic agents using such
a model, although the keratinocytes used in them were unpigmented [66-68]. We propose
that the pigmented HGK model with cultured biofilms (single/poly species) can be used
as the next step to examine the effects of oral care product biocompatibility and antibac-
terial efficacies. Finally, the pigmented model we obtained in this study cannot mimic
the non-uniform distribution of melanin pigmentation as found in the realistic scenario.
For example, it has been shown that gingival pigmentation in vivo may not always be
present as a uniform generalized pigmentation; rather, some individuals have gingival
pigmentation that can appear as patches or ribbon-like bands [69,70]. Nonetheless, our
study provides a promising tool for initial screening using the novel in vitro model of
pigmented HGKs.

In conclusion, the pigmented HGK model can have clinical applications to identify
biocompatible oral care products that may be better suited for specific racial /ethnic groups
to aid in personalized oral care. There is an abundance of over-the-counter (OTC) products
that are marketed for oral care. Although this study focused on evaluating a limited
number of toothpastes, further studies that include the examination of a large number of
commercial toothpastes (cosmetic and medical-grade) and other oral care products will
significantly help expand the suitability of this model. This model can also be employed to
examine the biocompatibility of novel experimental toothpaste formulations.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/0ral3020021/s1, Figure S1. Standard curve for sepia melanin standard
samples (0-200 pug; 0-2 pg/puL) according to the measured absorbances at 405 nm. Each data point
is the mean & SD of samples in duplicates. Figure S2. MTS assay absorbances of unpigmented
HGKSs and HGKs pigmented with 25 pg/mL sepia melanin; both groups were insignificant (p > 0.05)
as analyzed by unpaired t-test; data are mean £ SD of three independent experiments. Figure S3.
Viabilities of unpigmented and pigmented HGKs after treatment with mouthrinse at various dilutions
for 24 h; Mouthrinse (considered 100%) was diluted using culture medium to ratios of 1:2, 1:5, 1:10,
and 1:1000 to yield concentrations of 50%, 20%, 10%, and 0.1% v/v, respectively; data are mean %+ SD
of one experiment with duplicate determinations. Table S1. Composition of mouthrinse used in this
study.
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