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Abstract

Controlled intradermal placement of colorants remains a challenge in materials research due to the
competing effects of molecular solubility, particle size, and matrix interactions on retention and
diffusion, with implications for medical reconstructive marking and aesthetic applications. In this study,
we evaluate a detachable hyaluronic acid (HA) microneedle platform as a delivery system for depositing
a diverse set of colorants spanning multiple chemical classes. Microneedle patches were fabricated
from HA and loaded with fifteen colorants, including conventional synthetic pigments, Food, Drug, and
Cosmetic (FD&C) dyes, natural pigments, and natural dyes. All formulations demonstrated sufficient
mechanical strength (withstanding up to 70 N) to enable reliable insertion into ex vivo porcine skin and
reproducible transfer of colorant-loaded needles. Comparative assessment revealed that conventional
synthetic pigments produced the most vivid and spatially stable intradermal patterns, whereas molecular
dyes exhibited broader diffusion and reduced pattern persistence. Pigment particle size emerged as a
key determinant of local retention: intermediate-sized particles (3—5 um) yielded sharper and more
persistent patterns than smaller particulates. Furthermore, increasing the cross-linking density of the HA
matrix effectively restricted the diffusion of hydrophobic dyes, providing a materials-based strategy for
tuning the spatial precision of intradermal deposits. These findings establish a rational design
framework for tailoring intradermal delivery systems to meet specific requirements for precision,
duration, and visual outcome in dermatological and reconstructive procedures.

1. Introduction

Intradermal pigmentation is a critical technique utilized in both medical and aesthetic dermatology.
Beyond its common use in decorative tattooing, the precise placement of colorants within the skin is
essential for reconstructive procedures, including repigmentation of vitiligo-affected tissue, areola
reconstruction following mastectomy, and permanent marking for radiotherapy target localization [1-3].
Despite its widespread application, conventional intradermal delivery relies primarily on manual needles
or mechanical tattoo machines. These approaches frequently result in permanent coloration, significant
epidermal trauma, and potential complications, including localized infection and inflammatory reactions
to synthetic pigments [4, 5].

Recent advances in materials science have introduced microneedle-based platforms as alternative
approaches for intradermal delivery. Dissolvable microneedle tattoo patches have been reported as
single-use systems capable of delivering various cargoes, including colorants, into the skin [6]. While
these systems enhance reproducibility and user convenience, incomplete needle dissolution and
inconsistent pattern transfer remain important limitations. Prolonged application times and sustained
pressure are often required to ensure complete needle separation, and partial needle retention in the
backing layer can result in incomplete pattern transfer.

Beyond delivery mechanics, the physicochemical properties of colorants critically influence diffusion,
retention, and pattern stability following intradermal deposition. Tattoo-related adverse reactions are
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frequently associated with immunological responses to pigments and their degradation products [1, 7-
9]. Many synthetic tattoo pigments are composed of polycyclic, phthalocyanine, or azo-based structures
and may contain trace heavy metals, raising concerns regarding long-term dermal accumulation and
chemical safety [10, 11]. Migration of pigment particles from the dermal deposition site to regional
lymph nodes has been demonstrated, with particle size and chemical composition identified as key
determinants of this behavior [9, 12, 13]. In 2022, the European Union implemented new restrictions
under the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) Regulation,
prohibiting tattoo inks from containing substances considered harmful to human health. Nevertheless,
concerns regarding ink composition, degradation products, and regulatory compliance continue to be
reported [14].

From a materials perspective, tattoo persistence reflects a balance between colorant immobilization and
diffusion. Insoluble pigment particles generally remain localized within the skin, whereas molecular dyes,
due to their small size and high solubility, diffuse more rapidly and fade faster. Despite this distinction,
systematic comparisons of pigments and dyes with different chemical classes and particle sizes in
tattoo applications remain limited. Reports on the use of Food, Drug, and Cosmetic (FD&C) dyes and
natural colorants are particularly scarce [15]. These materials typically exhibit high water solubility and
reduced chemical stability, resulting in temporary or short-lived tattoo patterns, as exemplified by natural
dyes such as henna or jagua [16].

While microneedles have been extensively studied for the delivery of small molecules and vaccines, their
application as precision tools for colorant deposition remains underexplored [6, 15]. In particular, the
effects of microneedle matrix cross-linking density, colorant solubility, and pigment particle size on the
resulting visual and spatial outcomes have not been systematically investigated. Understanding these
parameters is essential for engineering devices capable of producing either sharp, high-definition lines
for reconstructive marking or soft, diffused gradients for aesthetic applications such as cheek or lip
tinting. Furthermore, such understanding may enable the more effective use of biocompatible natural
colorants, including those with anti-inflammatory and antioxidant properties [17].

In this work, we systematically investigate a detachable hyaluronic acid (HA) microneedle platform for
the delivery of fifteen chemically distinct colorants, including synthetic pigments, FD&C dyes, and natural
alternatives. We evaluate how colorant chemical class, pigment particle size, and HA matrix cross-linking
density collectively influence deposition efficiency and spatial retention in ex vivo porcine skin. By
characterizing the skin patterning across various colorant classes and probing the influence of HA cross-
linking on lateral diffusion, this work establishes the fundamental design principles required to optimize
microneedle systems for clinical and aesthetic applications.

2. Materials and Methods
2.1 Materials
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HA with molecular weights of 2000 kDa (high-Mw-HA) and 5 kDa (low-Mw-HA), as well as sorbitol, were
purchased from Baoding Faithful Industry Co., Ltd. (Baoding, Hebei, China). 1,4-Butanediol diglycidyl
ether (BDDE) was obtained from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Sodium hydroxide
was purchased from Merck (Darmstadt, Germany). Lint-free polyester sheets (gamma-sterilized prior to
use) were supplied by Mineed Technology (Bangkok, Thailand). Dry powdered tattoo pigments, including
a phthalocyanine-based blue tattoo pigment (hereafter referred to as blue tattoo pigment; Navy Blue,
TN15, Lot No. 210903), an azo-based yellow tattoo pigment (hereafter referred to as yellow tattoo
pigment; Mellow Yellow, TN13, Lot No. 907160), and an azo-based red tattoo pigment (hereafter referred
to as red tattoo pigment; Horizon Red, TN50, Lot No. 216150), were obtained from National Tattoo
Supply (Allentown, PA, USA). Additional powdered pigments, including carbon black, melanin black,
bamboo charcoal (particle sizes of 1-2 pm, 3—-5 pm, 4-9 ym, and 0.3-0.7 mm), and beta-carotene, as
well as powdered natural dyes (butterfly pea, gardenia blue, curcumin, beetroot, and red yeast rice) and
Food, Drug, and Cosmetic (FD&C) dyes (FD&C Blue No. 1, Yellow No. 5, and Red No. 40), were purchased
from Chanjao Longevity Co., Ltd. (Bangkok, Thailand). Carbopol, 1,2-hexanediol, and caprylyl glycol were
obtained from the same supplier. Sucrose was purchased from Lab Valley Ltd., Part. (Bangkok,
Thailand). Ethanol was obtained from RCI Labscan Co., Ltd. (Bangkok, Thailand). Sodium benzoate and
potassium sorbate were purchased from Chemipan Corporation Co., Ltd. (Bangkok, Thailand), and citric
acid was obtained from Carlo Erba Reagents (Rodano, Milan, Italy).

Silicone microneedle molds containing forty-six conical cavities (depth: 1.06 mm, base diameter: 0.40
mm), arranged in a heart-shaped pattern with a center-to-center needle spacing of 0.55 mm (Fig. S1 in
the Supplementary Information, Sl), were obtained from Mineed Technology (Bangkok, Thailand). Fresh
porcine ear skin from crossbred pigs (Sus scrofa domesticus) was obtained from a local slaughterhouse
and transported under cold-chain conditions (4°C) prior to use.

2.2 Fabrication of Detachable Dissolvable Microneedle
Tattoo Patches

Detachable dissolvable microneedle tattoo patches were fabricated using a two-step mold-casting
procedure. The microneedle (needle) layer was first formed by casting a colorant-containing HA solution
into the mold cavities, followed by formation of the base layer using a separate casting solution after
drying of the needle layer.

2.2.1 Preparation of needle-layer casting solution

Two HA-based needle matrices were prepared: non-cross-linked HA and cross-linked HA (cHA).

For non-cross-linked HA microneedles, a 3% (w/v) HA stock solution was prepared by dissolving high-
Mw-HA in distilled water. The solution was autoclaved at 121°C for 15 min, cooled to room temperature,
and stored at 4°C until use (pH = 5).
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Pigment-type colorants (blue tattoo pigment, yellow tattoo pigment, red tattoo pigment, carbon black,
melanin black, bamboo charcoal, and beta-carotene) were dispersed in 1% (w/v) sucrose in ethanol to a
final concentration of 0.5% (w/v). Curcumin was dissolved in the same solvent system at an equivalent
concentration. Dye-type colorants (butterfly pea, gardenia blue, beetroot, red yeast rice, and FD&C dyes)
were dissolved in 1% (w/v) sucrose aqueous solution at 0.5% (w/v). Each colorant suspension or
solution was then mixed with the HA stock solution at a volume ratio of 1:1 to obtain the final needle-
layer casting solution.

cHA was prepared following a previously reported method [18]. Briefly, an 8% (w/v) HA solution was
prepared in 0.25 mM NaOH, autoclaved at 121°C for 15 min, cooled, and reacted with 0.0028% BDDE
(weight BDDE/weight HA). The reaction mixture was incubated at 40°C for 72 h. The resulting cHA gel
(pH = 8) was stored at 4°C until use. Selected colorants (curcumin, gardenia blue, and FD&C dyes) were
mixed with the cHA gel at a 1:1 (v/v) ratio prior to casting.

2.2.2 Preparation of base-layer casting solution

The base-layer casting solution consisted of low-Mw-HA (8% w/v), sorbitol (1.5% w/v), carbopol (0.4%
w/v), 1,2-hexanediol (0.05% w/v), and caprylyl glycol (0.05% w/v) dissolved in distilled water.

2.2.3 Mold casting procedure

Microneedle patches were fabricated using a two-step mold-casting process under reduced pressure.
First, 300 pL of the needle-layer casting solution was dispensed into the mold cavities under vacuum and
allowed to air-dry. Subsequently, 100 pL of the base-layer casting solution was applied over the dried
needle layer and air-dried. A polyester backing sheet was then laminated onto the base layer using a fine
water mist to promote adhesion. The finished microneedle patches were stored in airtight containers
until use.

For solubility testing, microneedles were fabricated using only the needle-layer casting solution, without
the base layer or backing sheet.

2.3 Mechanical Characterization

Mechanical properties of the microneedle patches were evaluated using a universal testing machine
(UTM) (Shimadzu EZ-S, Shimadzu Corp., Tokyo, Japan). Each patch was placed needle-side up on a
glass slide mounted on the stationary plate. A flat compression probe (2 cm in diameter) was advanced
toward the sample at a rate of T mm min-", with a maximum applied force of 200 N. Force—displacement
curves were recorded, and measurements were performed in triplicate. Microneedle morphology before
and after compression was examined using a stereomicroscope (Olympus JP22, Japan).

2.4 Dissolution and Swelling of Cross-Linked HA
Microneedles
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The dissolution and swelling behavior of cHA microneedles were evaluated as previously described [18].
Five cHA microneedle samples were immersed in 20 mL of distilled water for 30 min, removed using a
sieve, and allowed to drain. The swollen samples were weighed and subsequently dried at 50°C for 3
days prior to reweighing. Swelling ratios were calculated relative to the dry mass.

2.5 Administration to Ex Vivo Porcine Skin

Fresh porcine ear skin was rinsed with distilled water, shaved, and gently dried. Microneedle patches
were manually pressed onto the skin for 10 s, followed by application of three drops of distilled water
onto the polyester backing. The patch was then pressed for an additional 1 min before removal. The skin
surface was immediately examined using a stereomicroscope.

2.6 Needle Embedment and Colorant Diffusion Analysis

To evaluate needle embedment, tattooed skin samples were cross-sectioned immediately after patch
removal along the tattoo pattern and examined under a stereomicroscope. Penetration depth was
measured as the distance from the stratum corneum surface to the distal end of the visible color region.

For diffusion studies, tattooed skin samples were placed in closed Petri dishes containing preservative-
soaked paper towels and stored at 4°C. Observations were performed at 0, 1, 3, and 5 h, and 7 days after
application. Diffusion was qualitatively assessed from stereomicroscopic images of both surface and
cross-sectioned samples and quantitatively estimated using the ratio of color intensity measured at
depths of 0.3 mm and 0.05 mm from the stratum corneum.

2.7 Statistical Analysis

Data are presented as mean * standard deviation (SD). Statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Tukey’s post-hoc test (GraphPad Prism 10, GraphPad Software
Inc., San Diego, CA, USA). Differences were considered statistically significant at p < 0.05.

3. Results and Discussion

3.1 Morphology and Mechanical Properties of Tattoo
Microneedle Patches

Stereomicroscopic images confirmed that all tattoo microneedle patches consisted of forty-six conical
microneedles arranged in a heart-shaped pattern (Fig. 1A-0), with overall dimensions consistent with
those of the silicone mold (Fig. S1C and D in the SI). Individual microneedles exhibited a uniform conical
geometry with an average height of approximately 1000 ym and a base diameter of 400 pm. No visible
defects, incomplete filling, or structural collapse were observed across patches loaded with different
colorants, indicating that incorporation of pigments or dyes did not adversely affect microneedle
formation.
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Mechanical characterization showed that all microneedle patches withstood compressive forces in the
range of 55-70 N, with needle displacement values of 0.005-0.01 mm N-". These values are
comparable to or exceed those reported for dissolvable microneedle systems capable of consistent skin
insertion [19, 20]. Minor variations in force—displacement behavior were observed among formulations
containing different colorants; however, all patches retained sufficient mechanical integrity to maintain
needle shape during compression. The favorable mechanical performance is attributed primarily to the
use of high-Mw-HA (2000 kDa) as the structural matrix, supplemented by sucrose to enhance stiffness
and reduce shrinkage during drying.

Collectively, these results demonstrate that a broad range of pigments and dyes can be incorporated into
HA microneedles without compromising structural robustness.

3.2 Transfer of Tattoo Patterns onto Ex Vivo Porcine Skin

All fifteen microneedle formulations successfully transferred their predefined heart-shaped patterns onto
ex vivo porcine skin following application (Fig. 2). Visual inspection of the polyester backing sheets after
patch removal revealed no residual needles or fragments (representative examples shown in Fig. 3),
confirming complete detachment and reliable intradermal deposition of the microneedles. This
consistent needle transfer highlights a key advantage of the detachable microneedle design over
conventional dissolvable microneedles, where incomplete needle separation can result in pattern loss.

Despite comparable microneedle morphology, the clarity and intensity of the transferred tattoo patterns
varied substantially depending on the type of colorant incorporated. Among black colorants,
microneedles loaded with carbon black and bamboo charcoal produced darker and more clearly defined
patterns than those containing melanin black (Fig. 2A—C). Cross-sectional analysis confirmed
successful intradermal deposition of all three black colorants; however, the color intensity of melanin
black within the tissue was markedly lower. This reduced visibility is likely attributable to the poorer
dispersibility and lower effective color strength of melanin black under the formulation conditions used.

Among the remaining colorants, vivid and well-defined patterns were obtained from microneedles loaded
with commercial tattoo pigments (blue tattoo pigment, yellow tattoo pigment, and red tattoo pigment),
FD&C dyes (FD&C Blue No. 1, Yellow No. 5, and Red No. 40), and selected natural dyes (gardenia blue,
curcumin, and red yeast rice) (Fig. 2D-1, K, M, and 0). In contrast, microneedles containing butterfly pea,
beetroot, or beta-carotene produced faint or poorly discernible patterns (Fig. 2J, L, and N). Cross-
sectional images showed that these latter colorants exhibited minimal visible deposition within the skin,
consistent with their lower intrinsic color intensity at the tested loading levels.

Based on pattern clarity and intradermal visibility, twelve colorants were selected for further diffusion
and retention analysis, whereas formulations yielding faint patterns (butterfly pea, beetroot, or beta-
carotene) were excluded from subsequent evaluation.

3.3 Diffusion Behavior and Pattern Stability
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The temporal stability of tattoo patterns was assessed by monitoring both skin surface appearance and
intradermal color distribution over a seven-day period. Skin samples were maintained under hydrated
conditions at 4°C to minimize dehydration effects.

Tattoo patterns generated from carbon black showed minimal lateral or vertical diffusion throughout the
observation period, retaining sharp boundaries and high contrast (Fig. 2A and a). Bamboo charcoal
exhibited slightly greater diffusion, accompanied by gradual fading (Fig. 2B and b), while melanin black
produced weak and diffuse patterns from the outset (Fig. 2C and c). These observations are consistent
with previous reports describing the high stability of carbon black-based tattoo pigments [21].

The three commercial tattoo pigments (blue tattoo pigment, yellow tattoo pigment, and red tattoo
pigment) displayed excellent spatial stability, with negligible diffusion and only minor intensity loss over
time (Fig. 2D-F and d-f). In contrast, FD&C dyes (FD&C Blue No. 1, Yellow No. 5, and Red No. 40)
exhibited pronounced diffusion, manifested as lateral spreading and deeper penetration into the tissue
over time (Fig. 2G-1 and g-i). Similar diffusion behavior was observed for curcumin and red yeast rice,
whereas gardenia blue displayed the most rapid diffusion and pronounced fading (Fig. 2K, M, O and k, m,

0).

These results clearly distinguish pigment-type colorants from dye-type colorants in terms of intradermal
mobility. Pigments, which exist as insoluble particulate matter, remain relatively localized following
deposition, whereas molecular dyes readily diffuse through the hydrated tissue environment. This
behavior reflects fundamental differences in particle size, solubility, and interactions with the
surrounding matrix.

3.4 Effect of Pigment Particle Size on Diffusion

To further elucidate the role of particle size, bamboo charcoal pigments with four different size ranges
(1-2 ym, 3=5 pm, 4-9 pm, and 0.3-0.7 mm) were incorporated into microneedles and evaluated.
Pigments with particle sizes of 1-2 pm, 3—5 pm, and 4-9 pm were successfully cast into microneedles,
producing uniform needle loading. In contrast, the largest particles (0.3-0.7 mm) could not be effectively
incorporated into the microneedle cavities, resulting in poor pattern transfer (Fig. 4).

Among the successfully fabricated formulations, bamboo charcoal particles in the 3—5 pm range
produced the darkest and most persistent tattoo patterns, outperforming both smaller and larger
particles (Fig. 4). These findings indicate that particle size influences not only the manufacturability of
pigment-loaded microneedles but also the quality and durability of the resulting tattoo patterns.
Intermediate particle sizes appear to provide an optimal balance between color intensity, dispersion
within the microneedle matrix, and retention within the skin.

3.5 Influence of HA Cross-Linking on Dye Diffusion

The effect of matrix structure on dye diffusion was examined by comparing microneedles fabricated
from non-cross-linked HA and cHA. Unloaded cHA microneedles exhibited swelling without complete
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dissolution when immersed in water, whereas non-cross-linked HA microneedles dissolved completely
within 30 min, confirming successful cross-linking of the HA network.

Microneedles loaded with curcumin (hydrophobic natural dye), gardenia blue (water-soluble natural dye),
and FD&C Blue No. 1 (water-soluble synthetic dye) were evaluated to assess the influence of cross-
linking on diffusion behavior. cHA significantly reduced the diffusion of curcumin relative to non-cross-
linked HA (Fig. 5). In contrast, no appreciable reduction in diffusion was observed for gardenia blue or
FD&C Blue No. 1.

These results suggest that hydrogel cross-linking selectively influences the mobility of hydrophobic dyes,
likely by restricting molecular transport within the swollen polymer network. Water-soluble dyes,
however, readily migrate through the hydrated cHA matrix and into surrounding tissue, rendering cross-
linking ineffective in limiting their diffusion. The observed behavior underscores the dominant role of dye
solubility in governing intradermal transport, even in the presence of a structurally constrained matrix.

4. Conclusions

This study demonstrates the feasibility of a detachable HA microneedle platform as a materials-based
approach for intradermal placement of tattoo colorants and for systematically evaluating their diffusion
and retention behavior in skin. A diverse set of colorants, including conventional synthetic tattoo
pigments, FD&C dyes, natural pigments, and natural dyes, was successfully incorporated into HA
microneedles without compromising structural integrity or transfer reliability. Clear distinctions were
observed between pigment-type and dye-type colorants. Insoluble pigments generated vivid and spatially
stable patterns with minimal diffusion, whereas molecular dyes exhibited rapid spreading and reduced
pattern persistence. Pigment particle size was identified as a critical factor governing both microneedle
fabrication and intradermal retention, with intermediate-sized particles (3—5 pm) providing the most
favorable balance between color intensity and stability. Modification of the microneedle matrix through
HA cross-linking selectively reduced the diffusion of hydrophobic dyes but had little effect on water-
soluble dyes, underscoring the dominant role of colorant solubility in governing intradermal transport.

Overall, these findings highlight how colorant chemistry, particle size, and matrix structure collectively
dictate diffusion behavior and pattern stability in microneedle-assisted tattoo systems. The results
provide materials-level insight into the rational design of alternative tattoo colorants and delivery
platforms and offer a comparative framework for selecting pigments and dyes based on their
physicochemical properties.
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Figure 1

Morphology of tattoo microneedle patches loaded with different colorants. Each rectangular panel
presents three stereomicroscopic views of a single tattoo microneedle patch: the whole patch (left) and
side-view images of the microneedles at two magnifications (middle and right). Scale bars
corresponding to each magnification are shown at the top of each column. The microneedles are loaded
with carbon black (A), bamboo charcoal (B), melanin black (C), blue tattoo pigment (D), yellow tattoo
pigment (E), red tattoo pigment (F), FD&C Blue No. 1 (G), FD&C Yellow No. 5 (H), FD&C Red No. 40 (1),
butterfly pea (J), curcumin (K), beetroot (L), gardenia blue (M), beta-carotene (N), and red yeast rice (0).
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Figure 2

Tattoo pattern transfer and retention on ex vivo porcine skin. Stereomicroscopic images of tattoo
patterns on porcine skin surfaces (A-0) and corresponding cross-sectional images of the skin (a-0).
Surface images were captured immediately after application (top) and at 7 days post-application
(bottom). Cross-sectional images were obtained immediately after application (top) and at 7 days post-
application (bottom). The colorants used were carbon black (A, a), bamboo charcoal (B, b), melanin
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black (C, c), blue tattoo pigment (D, d), yellow tattoo pigment (E, e), red tattoo pigment (F, f), FD&C Blue
No. 1 (G, g), FD&C Yellow No. 5 (H, h), FD&C Red No. 40 (I, i), butterfly pea (J, j), curcumin (K, k), beetroot
(L, 1), gardenia blue (M, m), beta-carotene (N, n), and red yeast rice (0, 0).

A

Figure 3

Patch backing before and after application. Stereomicroscopic images of a tattoo microneedle patch
before application (A) and after removal from the skin (B and C), showing complete detachment of the
microneedles from the backing layer.
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Figure 4

Effect of pigment particle size on microneedle fabrication and tattoo pattern stability. Stereomicroscopic
images of microneedle patches loaded with carbon black (top row) and bamboo charcoal of different
particle sizes: 0.3-0.7 mm (second row), 4-9 pym (third row), 3—5 pym (fourth row), and 1-2 pm (bottom
row). For each formulation, corresponding stereomicroscopic images of ex vivo porcine skin surfaces at
Day 0 and Day 7 post-application are shown on the right.
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Figure 5

Influence of HA cross-linking on colorant diffusion in porcine skin. Top-view stereomicroscopic images
(top panels) and corresponding cross-sectional images (bottom panels) of ex vivo porcine skin after
application of microneedle patches fabricated from non-cross-linked HA and cross-linked HA.
Microneedles were loaded with curcumin, gardenia blue, and FD&C Blue No. 1 (left to right). Skin images
were obtained immediately after application and at 7 days post-application to evaluate the effect of
matrix cross-linking on colorant diffusion.
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