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Abstract

Background: The knowledge about the location and kinetics
of tattoo pigments in human skin after application and
during the recovery is restricted due to the limitation of
in vivo methods for visualizing pigments. Here, the locali-
zation and distribution of tattoo ink pigments in freshly and
old tattooed human skin during the regeneration of the
epidermis and dermis were investigated in vivo. Methods:
Two-photon excited fluorescence lifetime imaging (TPE-
FLIM) was used to identify tattoo ink pigments in human skin
in vivo down to the reticular dermis. One subject with a
freshly applied tattoo and 10 subjects with tattoos applied
over 3 years ago were investigated in the epidermal and
dermal layers in vivo. One histological slide of tattooed skin
was used to localize skin-resident tattoo pigment using light
microscopy. Results: The carbon black particles deposited
around the incision have still been visible 84 days after
tattoo application, showing delayed recovery of the epi-
dermis. The TPE-FLIM parameters of carbon black tattoo ink
pigments were found to be different to all skin components
except for melanin. Distinction from melanin in the skin was

based on higher fluorescence intensity and agglomerate
size. Using TPE-FLIM in vivo tattoo pigment was found in
75% of tattoos applied up to 9 years ago in the epidermis
within keratinocytes, dendritic cells, and basal cells and in
the dermis within the macrophages, mast cells, and fibro-
blasts. Loading of highly fluorescent carbon black particles
enables in vivo imaging of dendritic cells in the epidermis
and fibroblasts in the dermis, which cannot be visualized in
native conditions. The collagen | structures showed a higher
directionality similar to scar tissue resulting in a greater
firmness and decreased elasticity of the tattooed skin.
Conclusions: Here, we show the kinetics and location of
carbon black tattoo ink pigment immediately after appli-
cation for the first time in vivo in human skin. Carbon black
particles are located exclusively intracellularly in the skin of
fresh and old tattoos. They are found within macrophages,
mast cells, and fibroblasts in the dermis and within kerati-
nocytes, dendritic cells, and basal cells in the continuously
renewed epidermis even in 9-year-old tattoos in skin
showing no inflammation. © 2023 S. Karger AG, Basel
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Fig. 1. Schematic illustration of tattoo ink
injection into the skin and freshly applied
tattoo. a The tattoo ink pigments cover the
metal micro-needle puncturing the epi-
dermis and the dermis with resident cells,
depositing tattoo ink pigments down to
approx. 1 mm. The epidermis is labeled *,
keratinocytes with 1. The dermis is marked
with #, mast cell with 2, macrophage with 3,
and fibroblast with 4. b A freshly hand-
poked tattoo on the thigh with the inves-
tigated area of interest (yellow square); the
photo was taken immediately after tattoo
application. The average depth of the epi-

== *Epidermis:

(1: Keratinocyte)

| # Dermis:

(2: Mast cell

3: Macrophage
4: Fibroblast)

dermis on the thigh is 70 pm.

Introduction

Skin markings are an old tradition around the globe,
with Otzi the Iceman, the 5,300-year-old Tyrolean
mummy, and the Maori in modern-day New Zealand [1].
In a transformation from ritualistic and tribal markings to
decorative temporary tattoos, tattooing became ubiqui-
tous and more professional with the development of
tattoo machines, reducing application time and manual
labor. Scientific research on tattooed skin is mainly fo-
cused on the safety [2] and content of tattoo inks [3, 4], as
well as the application [5], complications [6], and mo-
tivation of tattoo removal [7].

In the European Union, tattoo inks are regulated under
Registration, Evaluation, Authorisation and Restriction of
Chemicals (REACH) which became effective under the
guidance of the European Chemical Agency (ECHA), for
the limit concentrations and amounts of hazardous
substances, e.g., heavy metals or azo pigments in January
2022, and are about to take effect for pigments blue 15:3
and green 7 in January 2023. The safest tattoo inks are
black colored [8], consisting of carbon black due to the
chemical inertness of carbon, even though there is a risk
of polycyclic aromatic carbohydrates and a carcinogenic
risk [9], whereas blue and green inks often contain high
concentrations of heavy metals and red inks often contain
potentially carcinogenic azo pigments [10]. Hogsberg
et al. [3] showed that black tattoo inks are composed of
particles of 1-100 nm in size, which may increase their
toxicity in the human body. The toxicity of carbon
particles is dependent on size, aspect ratio, and surface
charge [11], where smaller size and a higher aspect ratio
indicate a higher toxicity [12]. The role of dermal in-
jection of particles [13], the effect of particles on fibro-
blasts [14, 15] and keratinocytes [16, 17], and the
dynamics of carbon black particles [18] were investigated
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previously. While ink particles can lead to, among others,
allergic, toxic, and granulomatous skin reactions, their
variability in charge, size, and topology as well as the
immunomodulatory effects have remained unclear [19,
20]. The investigated carbon black tattoo inks originate
from soot and can contain polycyclic aromatic hydro-
carbons and benzo(a)pyrene, causing photo toxicity and
possibly apoptosis and autophagy in keratinocytes [2].

After insertion into the skin, carbon black particles and
their agglomerates can be taken up by macrophages,
migrating to perivascular regions (Fig. la). Additional
processes like pinocytosis [21], which is a form of
receptor-mediated endocytosis, where fluids are incor-
porated into the cell by folding of membrane extrusions,
can be involved as a form of cellular nanoparticle
incorporation.

Antigen-presenting cells (macrophages, dendritic cells,
and B cells) are activated leading to rapid maturation and
further infiltration of immune cells into the dermis and
epidermis [22-24]; furthermore, antigen-presenting cells
initiate a reaction from T cells. From here, the particles
can be transported to regional lymph nodes [25], where
they remain detectable years after tattooing. Tattoo
particles could be even detected in Kupffer cells of the
liver indicating a possible hematogenic distribution [26].
Baranska et al. [27] could recently show how tattoo ink
pigments are captured and retained dermally by
phagocytosis of macrophages, remaining in the cells until
the end of their life cycle. Furthermore, dermal fibroblasts
which are involved in wound healing, formation of
collagen I [28], and phagocytosis [29] are expected to take
up tattoo ink pigments up to 2 pm in size [15], at a lower
concentration compared to macrophages.

The current understanding is that the epidermis is
mostly free of tattoo ink pigments after approximately
4 weeks due to epidermal renewal [30] and clearance of
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carbon black particles by keratinocytes, macrophages, as
well as regeneration of the dermo-epidermal barrier [31].
Nevertheless, previous histological studies found cases of
epidermal carbon tattoo particles in tattoos after
6 months and 7 years of application [32, 33]. Milton and
Okun [33] hypothesized that ink particles may be taken
up by macrophages, which migrate to the epidermis.

Epidermal ink particles have also been described in a
case of chronic photosensitivity and general tattoo re-
actions to ink particles [34]. Hogsberg et al. [35] described
a leakage of red pigment across the dermal-epidermal
junction, with transepidermal elimination in 28% of
investigated subjects with tattoo reactions. Macrophages
and Langerhans cells were commonly found in 95% of
biopsies of the dermis and in 47% of the epidermis.
Pigments were predominantly engulfed by CD68+
macrophages, and free pigment grains as well as intra-
cellular pigment in Langerhans cells were observed.
Transepidermal elimination is a transport process,
forming channels from the dermis through the dermal-
epidermal junction to the skin surface in order to
eliminate exogenous substances from the skin [36-38].
Nickel and chromium from the tattoo needle inserted
into the skin have a possible impact on allergic
reactions [39].

Pheo- and eumelanins are pigmented biopolymers
produced in melanosomes located in melanocytes around
the dermal-epidermal junction with a light to dark brown
color [40, 41]. In healthy skin, the size of melanosomes
and melanin normally does not exceed 500 nm [42],
which is smaller compared to carbon black nanoparticle
agglomerations, up to several um in size, as appearing in
skin [11] and their concentration strongly decreases from
the basal layer of the epidermis with the highest con-
centration toward the stratum corneum (SC) showing the
lowest concentration.

Furthermore, induced structural changes and particles’
distribution have been described using histological
analysis [43], but detailed structural and cellular changes
induced by tattooing over time have been missing. Using
animal models or excised human skin, many tattoos have
been investigated for inflammation, adverse reactions,
and poor cosmetic outcome [44], which limits the fea-
sibility of detailed in vivo studies on tattoo particle dis-
tribution under physiological conditions. For the first
time, tattoo ink pigments in regularly regenerating and
healing tattoos are investigated here for their location
non-invasively in vivo.

Previous research often relied on biopsies, which are
ethically problematic to obtain from newly tattooed
asymptomatic human subjects. A method is missing to
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monitor particle migration in the tattooed skin, to assess
the effectiveness of tattoo cosmetics, and to optimize laser
tattoo removal. Two-photon excited fluorescence lifetime
imaging (TPE-FLIM) [4, 45] is superior in selectiveness
and reproducibility compared to single-photon methods
[46, 47]. The TPE-FLIM method is capable of non-
invasively separating dermal components as recently
shown by our group for M1 and M2 macrophages [48],
resting and activated mast cells [49], and the main ex-
tracellular matrix (ECM) proteins and capillaries of the
papillary dermis [49-51] in vivo. Being a non-invasive
imaging method, TPE-FLIM enables ethically unprob-
lematic investigations of tattoos on different skin sites.

This study, using TPE-FLIM, focused on the dermal-
and epidermal-resident carbon black tattoo ink pigments.
First, the TPE-FLIM parameters of carbon black particles
were determined in vitro to identify them in human skin
biopsies ex vivo. Afterward, the method was transferred
to in vivo. A hand-poked tattoo in human skin was used
for a case study, where structural changes in tattooed skin
were investigated in vivo with tattoo ink pigment location
in epidermal and dermal cells over time for 30 months at
irregular intervals. Additionally, a cohort study in 10
subjects was conducted, monitoring the epidermal and
dermal carbon black nanoparticle distribution and the
collagen I fibril directionality.

Materials and Methods

Study Design

At first, the size and aspect ratio of carbon black tattoo ink
consisting of carbon black particles (Silverback Ink, Los Angeles,
CA, USA) were measured in vitro at a laser power of <1 mW
directly on an 18-mm diameter cover glass (VWR, Darmstadt,
Germany) at a suspension of 1 uL/mL in PBS. The TPE-FLIM
parameters were recorded at the same time at the excitation
wavelengths of 735, 760, 775, 790, 805, and 830 nm.

The attenuation spectrum of the carbon black tattoo ink was
measured in PBS suspension (60 nL/mL) between 300 and 900 nm
in steps of 0.27 nm using a Lambda 650 S UV/VIS spectrometer
(PerkinElmer, Waltham, MA, USA). Cultured dermal mast cells
isolated from peripheral mononuclear blood cells [52] were ex-
posed to 100 nL/mL carbon black tattoo ink for up to 16 h and
measured after 2 and 16 h. Fibroblasts from foreskin were isolated
[53] and cultured in a collagen matrix for 24 h and measured as a
reference for in vivo investigations.

One 30-year-old subject with skin type II according to the
Fitzpatrick classification [54], with pre-existing tattoos, was
measured at a recently applied tattoo site (Fig. 1b) on the ventral
thigh 14 times, i.e., after 1,2, 7,9, 12 days, 3, 4 weeks, and 3, 4, 6, 12,
18, 24, and 30 months after tattooing, from October 2018 to April
2021. Furthermore, 10 additional subjects between 25 and 35 years
of age with skin type II-III with tattoos that had been applied at
least 3 years ago were measured in vivo at one time point by
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TPE-FLIM at the site of their tattoos and in adjacent non-tattooed
skin. The tattoos were measured on the volar forearm of 9 subjects
and on the calf in 1 subject. Each subject was investigated on at least
one tattoo: in 6 subjects, only one tattoo was measured, in 2 subjects
two tattoos were measured, and in other 2 subjects three tattoos were
investigated. Each tattoo was measured six times per visit in the
epidermis and dermis up to a depth of 106 pm. The tattoos were 3, 4,
5, 6,9, and 10 years old, respectively, and their size ranged between
1 cm x 1 cmand 10 cm x 10 cm. The majority of the tattoos consist
of bold black lines with thicknesses between 3 mm and 1 cm. Only in
one case, on the 10-year-old tattoo, adverse reactions were self-
reported including eczematous skin eruptions that appeared
1 month after tattooing and persisted for 6 months. The residual
information about the machine-made old tattoos is summarized in
online supplementary Table S1 (for all online suppl. material, see
www.karger.com/doi/10.1159/000529577).

The freshly hand-poked tattoo in Figure 1b was located on the
thigh. The tattoos in the 10 other subjects were located on the volar
forearm and calf, thus on UV-exposed skin sites. A 25-year-old
female volunteer of skin type VI without a tattoo was included in
the study for melanin control measurements.

TPE-FLIM Tomography

A two-photon tomograph (Dermalnspect; JenLab GmbH, Jena,
Germany) equipped with a tunable femtosecond Ti:sapphire laser
(Mai Tai XF, Spectra Physics, USA, 710-920 nm, 100 fs pulses at a
repetition rate of 80 MHz) was used for in vivo imaging of human
skin. Under the excitation wavelengths at 760, 795, and 830 nm, a
410-680-nm band-pass filter was used to detect two-photon ex-
cited autofluorescence (TPE-AF), and a 375-385-nm filter was
used to detect second-harmonic generation (SHG) signals at an
excitation wavelength of 760 nm. The lateral and axial resolutions
were <0.36 um and <1.7 um, respectively [55]. Two-photon ex-
cited time-correlated single-photon counting fluorescence lifetime
imaging (TPE-FLIM) was processed in the SPCImage software
(Becker & Hickl, Berlin, Germany) incorporated into the Der-
malnspect tomograph. Fluorescence lifetime decay in each pixel
was fitted with two exponents (fast and slow decays) with a fixed
shift value, and the intensity threshold was chosen depending on
the image quality. The obtained lifetime (7; and 7,) and amplitude
(a; and a,) values were further exported and used for the eval-
uation of lifetime distributions and image segmentation [50]. The
mean lifetime was defined as 7,, = (a;1; + a,15)/(a; + a,) and
further used in the analysis. The instrument response function,
whose value is = 80-90 ps, determines the detection limit for TPE-
AF lifetimes. In SPCImage (version 8.0; Becker & Hickl, Berlin,
Germany), images were processed with an appropriate binning of
3 (square of 49 pixels). The threshold was high enough to block
background fluorescence. Relevant parameters were fluorescence
lifetimes 7; and 7, as well as the amplitudes a; and a,.

TPE-FLIM allows a maximal depth of up to approx. 150 pm in
non-tattooed skin, which can include the stratum reticulare of the
lower dermis depending on the skin site and individual skin
conditions. The acquisition time was 6.8 s. The utilized two-
photon tomography combined with the fluorescence lifetime
imaging (TPE-FLIM) system has been previously described in
detail elsewhere [49, 56]. Incision size and size of particles were
measured through autofluorescence images in the SC.

Tattoo Pigments Are Localized
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Skin Biopsy Sections

One skin section of a 15-year-old tattoo was taken from black
tattooed skin of a 35-year-old woman after abdominal reduction
surgery. Punch biopsies of 6-mm diameter were obtained, snap
frozen, and stored at —80°C before cryo-sectioning. Vertical his-
tological cryo-sections of 10-pm thickness were prepared on a
cryostat (MICROM cryostat HM 560; MICROM International
GmbH, Walldorf, Germany) after embedding in a cryomedium
(Tissue Freezing Medium; Leica Biosystems Richmond Inc,
Richmond, IL, USA) and placed on 18-mm diameter microscope
cover glasses (VWR, Darmstadt, Germany). The anatomical
condition of the biopsies was continuously examined using a
transmission microscope (Olympus IX 50; Olympus K.K., Shin-
juku, Tokyo, Japan). Only high-quality histological sections were
used for further analysis. Cell nuclei were stained with Mayers
Hematoxylin (Merck, Darmstadt, Germany).

Tattooing Method

The fresh hand-poked tattoo was applied by a professional
tattoo artist on the thigh using water-based carbon black tattoo ink
(InstaBlack, Silverback Ink, Los Angeles, CA, USA) with a primary
nanoparticle size of 50-250 nm, given by the manufacturer.
According to the material safety data sheet, the tattoo ink contains
the following ingredients and additives: carbon black, CI 77266 as
colorant pigment, water as solvent, proprietary alcohol as solvent
and regulator of viscosity, proprietary polyvinyl polymer as
binding agent, proprietary aliphatic triol as thixotropic agent,
proprietary glycol ether as binding agent and humectant, pro-
prietary pyrone acid as preservative. The tattoo needle consists of
18 micro-needles, each of 350 um in diameter, soldered together in
the shape of a circle (Killerink, Liverpool, UK). The length of the
taper of the micro-needles is 5.5 mm. The micro-needles are made
of 74% steel, 18% chrome, and 8% nickel, known under the
specification 304 in AISI nomenclature and 1.4301 in the Euro-
pean EN standard.

In preparation, the area of interest was shaved to avoid in-
sertion of hair into the tattoo and wiped down with 70% ethanol
for disinfection. Tattoo ink was injected into the skin up to a depth
of approx. 1 mm, as shown schematically in Figure la. Carbon
black particles were deposited in the skin due to shear forces
resulting in a rapidly decreasing viscosity [57] of the tattoo ink;
thus, the ink flowed into the skin and stripped off the needle.
Overly superficial tattooing can result in a non-saturated and
fading tattoo. Tattooing below 2-3 mm within the skin leads to
unwanted migration of particles into the capillaries and into the
subcutaneous fat, also known as blowout with a typical blue
discoloration. Aftercare consisted of the application of a mois-
turizing ointment twice daily under foil occlusion in order to avoid
dryness and to keep the scab and skin flexible.

The older tattoos in the ten other volunteers were machine-
made by professional tattoo artists using a tattoo needle (with 1-15
micro-needles) penetrating deeper into the skin than a hand-
poked tattoo, with a frequency of up to 3,000 times per minute
with unknown carbon black-based tattoo inks. The tattoos in these
10 subjects were at least 3 years old. Aftercare included the same
procedures as described above. None of the tattoos, except for the
freshly applied tattoo, showed clinical or subjective signs of in-
flammation, adverse reactions, or other side effects.
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Skin Elasticity

The skin elasticity was measured using the Cutometer
MPA580 (Courage Khazaka, Cologne, Germany). A negative
pressure was applied to a 2 mm X 2 mm area of the skin for 2 s,
returned to normal pressure, and repeated for 10 times in each skin
spot. Utilizing an optical method, the displacement of the skin was
measured. The resulting parameters were calculated for firmness
and elasticity of the skin: Rgmness describing the amplitude of
displacement with lower values indicating firmer skin, lower values
indicating a higher firmness, and Rejagicity describing the relation
between the maximum of the amplitude to the degree of back
formation with higher values indicating a higher elasticity. Each
measurement was performed three times in the tattooed skin and
three times in non-tattooed skin in close proximity.

®

Directionality of Altered ECM

Changes in the dermal ECM, especially collagen I structures,
were measured by directionality as an indicator of skin alteration
[51, 58]. The alteration of collagen I structures was processed by
the SHG images, following binarization of the image. A fast Fourier
transformation was performed, and the result was fitted to an
ellipse consisting of the short axis a and the long axis b. The
directionality parameter d was calculated as d = a/b, with a higher
value of d indicating a higher directionality.

Statistical Analysis

TPE-FLIM data for all dermal components were recorded,
descriptive statistics were applied, and directionality processed
using MATLAB R2020b (MathWorks, Natick, MA, USA). All
values were presented as mean + standard deviation.

Results

Determination of TPE-FLIM Parameters of Carbon

Black Particles in vitro

Carbon black particles are fluorescent active. It was
observed that the additives in the tattoo ink, listed in the
materials section, showed no or negligible fluorescence;
thus, only the carbon black particles are responsible for
the fluorescence signal. In order to detect carbon black
particles in human skin, first their TPE-FLIM parameters
were determined in vitro. TPE-FLIM lifetimes were 1; =
108 + 25 ps at a; = 96%, 7, = 800 + 100 ps at a, = 4%, and
T, = 125 + 50 ps, with wavelength independence between
735 and 830 nm (data not shown). The average size of
carbon black particle aggregates in PBS was 500 + 150 nm
measured using the TPE-FLIM method. Smaller carbon
black particles can be detected as blurry spots with the
characteristic TPE-FLIM parameters. The one-photon
excited attenuation spectrum of the carbon black was
measured as a suspension in PBS. As expected and
according to aggregate size, the attenuation decreased
from =0.46 at 300 nm to =0.15 at 900 nm, which is shown
in online supplementary Figure S1.
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TPE-FLIM parameters of carbon black particles are
shown in online supplementary Table S2 compared to
dermal cells. The fluorescence lifetimes of carbon black
are close to the instrument response function. The dermal
cells present significantly different TPE-FLIM parameters
and, thus, can be distinguished in the skin.

Carbon Black and Melanin ex vivo and in vivo

A cryo-biopsy of tattooed abdominal skin (tattooed
15 years ago) of a 37-year-old female was measured to
establish a baseline of carbon black particle distribution in
fully recovered skin after tattooing. Carbon black particles
are found exclusively inside the cells close to the cell
nuclei (Fig. 2a) and within the cell agglomerations
(Fig. 2b) in the dermis, which are marked with green
arrows in the dermis (Fig. 2). Melanin in the epidermis is
gray translucent, due to the light skin color of the subject,
marked with an orange ellipse in Figure 2 in the stratum
basale (SB). On rare occasions, carbon black agglomerates
are seen in the epidermis as black spots (yellow circle).
The agglomerations of carbon black are significantly
larger with a higher fluorescence intensity and contrast
compared to melanin in the SB (Fig. 2b).

To identify the carbon black particle distribution in the
skin in vivo, tattooed skin of one subject of Fitzpatrick
skin type II, with an old hand-poked tattoo applied
18 months ago (Fig. 1b), was scanned from the SC toward
the papillary/reticular dermis (depth 75-90 um) with
20-50 mW laser power and excited between 735 and 830
nm using TPE-FLIM. The TPE-FLIM parameters of
carbon black were found to be the same as determined
in vitro and wavelength and time invariant. The TPE-
FLIM parameters of the skin components however were
dependent on wavelength, with shorter fluorescence
lifetimes toward longer excitation wavelengths. Addi-
tionally, the excitation wavelength at 760 nm allowed to
visualize collagen I in a separate channel at 380 nm due to
the appropriated contrast of skin structures and high
quality of the recorded images; see online supplementary
Figure S2.

The fluorescence intensity of carbon black particles in
this subject is 2.75 times higher with 4,125 photons/mW
compared to 1,500 photons/mW in the melanin-rich SB.
The size of melanin granules was below the detection
limit of the two-photon tomograph, yet the melanin was
visualized as FLIM-lifetime overlay indicating short
fluorescence lifetimes in red (online suppl. Fig. S3). In the
keratinocytes in non-tattooed skin of a volunteer with
skin type II, melanin was visible, while parts of the non-
tattooed skin of type VI were similar in appearance to the
tattooed skin type II (online suppl. Fig. S2a, ¢).
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Fig. 2. Biopsy section of 15-year tattooed human abdominal skin of
37 y.o. woman. Representative light field microscopic images of
tattooed skin: blue - the cell nuclei; black - the carbon black
nanoparticles; gray translucent — melanin. Carbon black nano-
particles are located exclusively in the cells (green arrows) in close

Regeneration of Tattoo Needle-Induced Skin Incisions

in Hand-Poked Tattoo

The skin healing progress of needle-induced damage of
one hand-poked tattoo was investigated at different time
points, and the TPE-AF image of incision holes is shown
in Figure 3. The incision size decreased over time from an
average of 60 + 30 um at day 1 after application (Fig. 3a)
to 10 £ 5 pm at day 84 post-application (Fig. 3b-d)
decreasing in size thereafter. Epidermal and dermal
damage caused by the incisions of the 350 um micro-
needle is expected to fully recover following application.
In Figure 3d-f, the carbon black particle agglomerates are
clearly visible inside the keratinocytes of the stratum
spinosum (SSp), sometimes even reaching up to the SC for
months after application. The size of carbon black ag-
glomerations over time is shown in online supplementary
Figure S4, where the agglomerates of 1.5 + 0.9 um at day 1
increased in size up to 7.2 £ 0.7 pm at approx. 100 days
and then decreased, partially retrieved from Figures 3
and 4.

Epidermal-Resident Carbon Black Particles in

Hand-Poked and Old Machine-Made Tattoos

After initial skin regeneration, the epidermis of the
hand-poked carbon black tattoo (Fig. 1b) was measured
during 30 months to investigate the distribution of
carbon black particles in the clinically fully regenerated
tattooed skin. Carbon black nanoparticle agglomerates
were visible in all layers of the epidermis after 30 months
(Fig. 4; online suppl. Fig. S5¢, d). As shown in Figure 4a
and online supplementary Fig. S8 (6 years old), the

Tattoo Pigments Are Localized
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proximity to the nuclei (a) and in cell agglomerations with carbon
black nanoparticles in the epidermis, marked with a yellow circle
(b). Melanin in the stratum basale is marked with an orange oval.
Cell nuclei were stained with Mayers Hematoxylin. Scale bar for all
images is 50 um.

TPE-FLIM intensity of carbon black agglomerates is
significantly higher compared to cellular epidermal
structures, while TPE-AF lifetime is significantly shorter
compared to the corneocytes of native SC (Fig. 4a, b),
stratum granulosum (Fig. 4c, d), and SSp (Fig. 4e, f).
Here, small carbon black particle agglomerates were
observed inside the keratinocytes. In Figure 4g and h, an
epidermal carbon black-loaded suspected dendritic cell in
the SSp in tattooed skin is shown with fluorescence
lifetimes t; = 100 + 5 ps, T, = 1,299 + 60 ps, and T, =
141 + 15 ps, clearly distinguishable from the keratinocytes
by its dendritic appearance. In the SB, carbon black
particles with TPT-AF lifetimes 1, = 95 + 5 ps, 1, =
1,161 + 50 ps, and T1,,, = 136 + 20 ps could be observed by
their high TPE-AF intensity (online suppl. Fig. S5a), as
melanin located in melanocytes masked the TPE-FLIM
parameters of the carbon black particles due to slightly
longer lifetimes (Fig. 4j) T, = 121 £ 10 ps, T, = 1,524 + 50
ps, and 1, = 181 + 10 ps. Using the FLIM method,
melanin could only be observed as a homogeneous area
without visualization of the melanosome substructures.
The size of carbon black nanoparticle agglomerates in
epidermal cells was smaller than 4 pm (Fig. 4). No carbon
black particles were observed in the intercellular space of
the epidermis 3 weeks after the application.
Furthermore, 16 machine-made carbon black tattoos,
which were applied at least 3 years ago, were investigated
in the skin of 10 subjects. Although the tattooed skin sites
had regenerated without any clinical sign of inflammation
or adverse reaction to the ink, carbon black particle
agglomerates could be detected in epidermal cells in 8 of
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Fig. 3. Time dynamics of skin micro-needle incisions (dotted
oval) after application. Representative TPE-AF image of inci-
sion holes (a-f) and surrounding keratinocytes (d-f) and
carbon black tattoo ink pigments measured consecutively after
tattoo application in one volunteer (Fig. 1b) on day 1 (a), depth
10 um, day 9 (b), day 23 (c), day 84 (d), day 136 (e), and day 365

10 subjects several years after application. While 12 of 16
(75%) individual tattoos showed tattoo ink particles in
epidermal cells, in other tattoos of the same subjects, no
carbon black particles were detected within the epidermis.

Carbon black particle agglomerates were still observ-
able in the epidermis of a 3-year-old machine-made
tattoo on the volar forearm, as shown in online sup-
plementary Figure S3c, with fluorescence lifetimes 1; =
105 + 5 ps, T, = 1,430 £ 80 ps, and T,,, = 125 + 10 ps. The
size of the particle agglomerates does not exceed 4 pm. In
the SB, the carbon black tattoo pigments were distin-
guishable from melanin by higher TPE-AF intensity and
distinct, point-like morphology, and slightly longer TPE-
AF lifetimes in Fitzpatrick skin type II. Melanocytes were
clearly observed at 52 um depth in a subject of skin type II
without tattoos (online suppl. Fig. S3d), a non-tattooed

484 Dermatology 2023;239:478-493
DOI: 10.1159/000529577

(f). T marks images acquired in the stratum corneum, * marks
images in the SSp. Carbon black nanoparticles are visible as
bright white spots around the incisions. All images were ac-
quired using TPE-FLIM at 20 mW, 760 nm, and 6.8 s acqui-
sition time at a depth of 35-50 um (b-f). Scale bar for all images
is 30 pm.

subject with skin type VI (online suppl. Fig. S3e), and at
55 um depth in the tattooed subject of skin type II (online
suppl. Fig. S3f). While carbon black particles could be
detected within epidermal cells as bright short lifetime
spots inside epidermal cells, for up to 9 years after ap-
plication (online suppl. Fig. S5a, b), a decrease in in-
tracellular ink pigment density was observed.

Carbon Black Nanoparticle Distribution in Dermal

Cells in Hand-Poked Tattoo and Older,

Machine-Made Tattoos

In the dermis, carbon black particle agglomerates were
detected in TPE-FLIM images as bright red spots located
exclusively inside the cells - macrophages (Fig. 5a, b),
mast cells (Fig. 5¢, d), and fibroblasts (Fig. 5e-h), char-
acterized by the short fluorescence lifetime and in the
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TPE-AF images by their intense TPE-AF intensity, as
presented in Figure 5 as bright fluorescent green areas
inside the fibroblasts. Identification of dermal cells by
their morphology, location, and the specific TPE-FLIM
parameters was described elsewhere by our group
(48, 49].

M1 macrophages (Fig. 5b; online suppl. Fig S6¢c) were
10-18 um in dimension, of an irregular shape, and had an
exceptionally high TPE-FLIM intensity of 1,900 photons/
mW at 82 pm depth with fluorescence lifetimes t; = 100 +
5ps, T, = 1,150 £ 50 ps, and t1,,, = 122 + 10 ps. Only around
half of the usual laser power was required (approx. 28
mW) to achieve the same photon density at this depth
compared to non-tattooed skin, which indicates the
presence of highly fluorescent carbon black particles inside
the macrophages. The cross section of the M1 macrophage
with a high TPE-AF intensity is presented in Figure 5b,
showing short TPE-AF lifetimes, which is typically in-
dicative for phagocytosing M1 macrophages [59].

Carbon black particles could be detected in peri-
vascular mast cells (Fig. 5¢c, d). The mast cell located in the
papillae extends vertically into the papillary dermis, with
an oblong shape, a length of =10 um and unusually short
fluorescence lifetimes of t; = 109 + 7 ps, T, = 1,826 + 80
ps, and 1, = 139 £ 15 ps in vivo, compared to t; = 83 £ 2
ps, T2 = 1,066 + 55 ps, and T, = 136 + 10 ps in vitro
(online suppl. Fig. S7), which is comparable to carbon
black particles. The mast cell in Figure 5d showed the
same morphology and shorter TPE-AF lifetime com-
pared to an activated mast cell in non-tattooed skin,
which is in accordance with recently published data for
dermal mast cells in vivo [49].

In Figure 5e-h, suspected fibroblasts, which absorbed
the carbon black tattoo pigment, are shown at 74 um
depth inside a dermal papilla with fluorescence lifetimes
T, =100 £ 5 ps, T, = 1,462 + 50 ps, and 1, = 127 + 12 ps.
The fibroblasts have a visible cross section of max. 15 um
and a lower TPE-AF lifetime compared to the ECM,
which is due to the presence of carbon black particles. The

Fig. 4. In vivo distribution of carbon black tattoo nanoparticles in
the epidermis of healed hand-poked tattoo after 30 months. TPE-AF
images (a, ¢, e, g, i) and corresponding TPE-FLIM images (b, d, f, h,
j) of skin tattooed with carbon black nanoparticles of a 30-month
old tattoo on the thigh at 10 um depth in the stratum corneum (SC)
with fluorescence lifetimes t; = 104 + 5 ps, 1, =578 £ 20 ps,and 1, =
136 + 12 ps (a, b), at 22 pm depth in the stratum granulosum (SG)
with fluorescence lifetimes t; = 101 + 7 ps, T, = 1,112 £ 50 ps, and 1,
=151 + 10 ps (¢, d), at 35 pm depth in the stratum spinosum (SSp)
with fluorescence lifetimes t; = 107 + 5 ps, T, = 1,453 + 30 ps, and 1,
=148 + 10 ps (e, f), and TPE-FLIM image of tattooed skin of a tattoo
applied 6 months ago at a depth of 42 um showing a suspected
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size and shape are similar to dermal fibroblasts measured
in vitro and shown in online supplementary Figure S8. In
Figure 5e-h, fibroblasts, densely located in the papillary
dermis, were observed in the tattooed skin in vivo using
TPE-AF. The carbon black particles were homogeneously
distributed inside the fibroblasts, resulting in highly
dendritically shaped fluorescence intensity spots. All
TPE-FLIM parameters agree with the parameters of
carbon black particles.

Structural Changes in the Dermal ECM in Tattooed

Skin in Older, Machine-Made Tattoos

Changes in the ECM can be assessed by changes in
elasticity and stiffness of the skin. The subjects themselves
reported no subjective difference in skin stiffness and
elasticity for tattooed and non-tattooed skin. In vivo
measurements of the skin elasticity with the cutometer
revealed a significantly increased (p < 0.05) mean firm-
ness in tattooed skin of 0.27 + 0.04 arb. units compared to
non-tattooed skin with 0.34 + 0.04 arb. units. Skin
elasticity was shown to have decreased in tattooed skin
(0.78 + 0.09 arb. units) compared to non-tattooed
skin (0.88 + 0.07 arb. units), p < 0.05, and the changes
in the ECM are visible using SHG imaging of collagen I.
The collagen I fibrils are on average 47 + 5% thicker in
tattooed skin, exhibit a higher directionality, and are less
interwoven (Fig. 6a) compared to non-tattooed control
(Fig. 6b). A Fourier analysis regarding the directionality
of collagen I fibrils revealed a directionality value of d =
0.87 + 0.09 in tattooed skin and d = 0.96 + 0.04 in non-
tattooed skin, where a value of 1 shows no directionality.
The differences were found to be statistically significant
(p < 0.05).

Discussion

The fluorescence lifetime of carbon black is short, is
close to the instrument response function (=90 ps), has an

carbon black-loaded dendritic cell (arrow) with fluorescence life-
times 17 = 100 = 5 ps, T, = 1,299 £ 60 ps, and 1, = 141 + 15 ps (g, h)
and at 48 um depth in the stratum basale (SB) with fluorescence
lifetimes 1, =95 + 5 ps, T, = 1,161 £ 50 ps, and 1y, = 136 + 20 ps (i, j).
Most of the bright red-orange structures in j are melanin in basal cell
with fluorescence lifetimes t; = 121 + 10 ps, T, = 1,524 + 50 ps, and
T = 181 £ 10 ps, and the arrow-depicted red-orange dots are carbon
black. Carbon black particles, marked with arrows, are visible inside
epidermal cells by their strong fluorescence intensity (a, ¢, e, g, i)
and short fluorescence lifetime (b, d, f, h, j). The images are recorded
at 24 mW, 760 nm excitation, and 6.8 s acquisition time. The scale
bar is 12 pym.
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T,y = 100 - 800

Fig. 5. TPE-FLIM images of human dermal immune cells in
tattooed skin in vivo. Full size images (a, ¢, e, g) and 100% larger
zoomed details of the white squares (b, d, f, h). TPE-FLIM images
of the M1 macrophage (square) phagocyting carbon black
nanoparticles (bright red areas, shown with an arrow (b)) in the
marked cell at 82 um depth in a 3-year-old tattoo with fluorescence
lifetimes 1) = 100 + 5 ps, T, = 1,150 + 50 ps, and T, = 122 + 10 ps
(a, b); a perivascular activated mast cell (square) containing carbon
black nanoparticles (arrow (d)) at 85 um depth of an 18-month old
tattoo with fluorescence lifetimes 1, = 109 + 7 ps, 1, = 1,826 + 80

Fig. 6. Collagen I structures in tattooed and non-
tattooed skin. TPE-AF (displaying elastin and
carbon black particles as green structures) and
SHG image (showing collagen I as red structure)
as composite for tattooed skin (a) and non-
tattooed skin (b). The tattooed skin shows
thicker fibrils and a higher directionality with
carbon black particles signified by orange arrows.
Images were acquired at 35 mW at 760 nm and
90 um depth using TPE-FLIM. Scale bar for all
images is 30 pm.

Tattoo Pigments Are Localized
Intracellularly in the Epidermis and Dermis

ps, and 1y, = 139 * 15 ps (¢, d); dermal carbon black nanoparticle-
loaded (arrow (f)) fibroblasts (square) at 74 pm depth in a 30-
month old tattoo with fluorescence lifetimes t; = 100 + 5 ps, 1, =
1,462 + 50 ps, and 1, = 127 + 12 ps (e, f); TPE-AF (green) and
SHG (collagen I, red) of carbon black nanoparticle-loaded fi-
broblasts (bright green, marked with square) surrounded by basal
cells (dim green), with collagen (red) in between the fibroblasts of a
30-month old tattoo (g, h). Images were acquired using TPE-
FLIM, TPE-AF, and SHG at 28 mW, 760 nm excitation, and 6.8 s
acquisition time. Scale bar is 10 pm.

tattooed non-tattooed
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almost mono-exponential decay, and is independent of
the excitation wavelength (735-830 nm). The TPE-FLIM
parameters of carbon black particles are similar to
melanin [60]; however, the TPE-AF intensity is higher for
carbon black.

The TPE-FLIM signatures of the ECM and dermal
cells [48, 49], shown in online supplementary Table S2,
are not superimposed by fluorescence lifetime of carbon
black nanoparticles excited at 760 nm. Carbon black
particles can be separated from melanin-containing
melanosomes by the granular-like inhomogeneous ap-
pearance in the FLIM image (Fig. 4), the larger size of the
carbon black agglomerates in cells (Fig. 2), which is not
specific for melanin [61], and the highest TPE-AF in-
tensity (online suppl. Fig. S2b). While carbon black
particles tend to agglomerate, melanosomes show a
higher mobility and do not trigger phagocytic abilities in
epidermal cells. Carbon black particles tend to aggregate
into larger sizes compared to the size of melanin
granules [40] as shown in Figures 2 and 4. Melanin and
carbon black particles below the resolution threshold
can be detected as blurry spots and can be seen in the SB
in Figure 4j and online supplementary Figure S3b. The
short fluorescence lifetime of basal cells is solely due to
the incorporated melanin. The TPE-FLIM lifetimes of
carbon black are constant and are independent of the
concentration due to the bigger size of the agglomerates
in contrast to melanin where the lifetime depends on the
concentration. In Fitzpatrick type II skin, the basal cells
have a longer lifetime compared to carbon black,
whereas in Fitzpatrick type VI skin the lifetime of
melanin-loaded basal cells is shorter compared to car-
bon black. Thus, carbon black particles that are smaller
than the resolution of the TPT can be visualized as short
fluorescence lifetime overlay on cells and ECM, and the
study is limited to skin types I and II.

Tattooed skin is expected to have clinically regenerated
when erythema, scaling, and itch subsided, and the skin is
smooth. These clinical criteria were observed in the hand
poke-tattooed subject 3 weeks after application and in all
tattooed subjects at the time point of each measurement.
The duration of recovery of needle-caused incisions
below the SC can be longer [31] than the usual epidermal
recovery time upon visual inspection of 3-4 weeks after
tattooing (Fig. 3). Epidermal irregularities such as smaller
gaps between keratinocytes had still been visible 84 days
after tattoo application, when the regeneration of the
dermal-epidermal junction was completed and the tat-
tooed subjects perceived the tattooed skin as clinically
fully healed. It remains unclear whether the explanation
for this phenomenon is interstitial fluid between
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keratinocytes and apoptotic keratinocytes, or whether the
non-fluorescent spot is the nucleus of a carbon black
containing epidermal cell (Fig. 3).

Epidermal cells are identified by their morphological
features, the depth they are found in and their appear-
ance, which has been reported in literature [62]. As
cellular structures are not visible in the microscopic
images of the SC (Fig. 4a, b), it is not clear whether the
carbon black agglomerates were inside or between the
corneocytes. The size of carbon black agglomerates in
the SC is larger compared to those in the stratum
granulosum and SSp. It may be possible that carbon black
agglomerates distributed in the keratinocytes are fused in
the flattened corneocytes or within the extracellular lipid
matrix around them. The observation of the structural
changes directly after tattoo application in vivo is limited
to a single subject in our investigations, where no clinical
adverse reactions to the tattoo ink were observed.

Suspected dendritic cells (Fig. 4g, h) filled with carbon
black particles were identified by their dendritic ap-
pearance in the epidermis, similar to labeled fluorescence
microscopy studies [63, 64] and the proven ability to
execute phagocytosis [65] — of carbon black particles in
our case. Only two dendritic cells were clearly identified
in the present study. Future studies should address fur-
ther characterization and the density of dendritic cells.
Dendritic cells are able to cross the epidermal to dermal
tight junction, opening a pathway for particle transport
into the epidermis.

Carbon black particles were observed in the epidermis
in machine-made tattoos. Hogsberg et al. [35] described a
leakage of red pigment across the dermal-epidermal
junction into the epidermis in 28% of investigated sub-
jects, while in the presented study, 75% of the tattoos
exhibited epidermal ink (online suppl. Fig. S3, S5). In this
study, no carbon black particles were observed in the
intercellular space in the epidermis (Fig. 4; online suppl.
Fig. §3, S5). Hogsberg et al. showed the transepidermal
transport in red tattoos which give significantly different
immune responses. Presumably, the red inks have a
higher allergic potential, since allergic tattoo reactions can
be seen especially to red tattoo ink depending on its
components [66, 67]. This can lead to an increased
transport out of the epidermis and that could be why our
workgroup could see epidermal ink pigments in more
subjects.

Carbon black particles are likely to be found directly
after injection in intra- and extracellular compartments of
the epidermis, but it is unlikely for carbon black particles
under physiological conditions to be retained several
months after regeneration of the epidermis. Taylor et al.
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[32] found pigments in the epidermis with a histologically
intact dermal-epidermal barrier, even though the findings
were rare, due to a lower popularity and prevalence of
tattoos in the early 1990s. The amount of tattoo ink
pigment in the epidermis of old tattoos depends on
lifestyle parameters such as UV exposure. Male subjects
showed a higher prevalence of tattoos, working more
often outdoors, while the awareness for sun protection
was less prevalent in the general population [68, 69].

A possible pathway of particles through the base
membrane of variable permeability can occur when the
skin is exposed to irritants [24, 70] or the skin is exposed
to UV light [23, 71, 72]. In these cases, monoclonal
monocytes and dendritic cells are infiltrating the dermis
and epidermis, following the production of cytokines IL-
6, IL-8, TNF-a, and have the potential to differentiate to
cd11+ dendritic cells and Langerhans cells in the epi-
dermis and dendritic cells and macrophages in the
dermis. Other dendritic cells are replacing depleted
Langerhans cells. This infiltration may happen without
the subject noticing clinical symptoms. It is hypothesized
that monocytes on their path to the epidermis transport
carbon black particles from the dermis, due to the
phagocytic abilities of monocytes [73], although the
phagocytic ability varies significantly between subjects
according to Gu et al. [74] which could explain the ab-
sence of ink pigment in some subjects.

If the particles are located within the epidermis, we
expect at least two different processes to release particles
via the epidermis: the first process is well known, via
epidermal regeneration or turnover. Nevertheless, infil-
tration of phagocytically active cells into the epidermis
increases retention time of carbon black particles, due to
the dendrites capturing the particles. On the other hand,
due to inflammatory responses in keratinocytes, similar
to fine dust [75] the particles can induce an inflammatory
response, and in conjunction with the increased energy
transmission from sun light into the keratinocytes of
highly scattering carbon black particles, the viability of
keratinocytes is significantly reduced promoting the
depletion of tattoo pigments from the epidermis as seen
in old tattoos on subjects with high UV exposure.

Currently, no data are available for quantification of
particle transport between the epidermis and the dermis,
because methods to measure particle transport in vivo are
missing. The new TPT method can help estimate the
amount of transported particles in future studies.

Dermal cells in the papillary dermis in 70-95 um depth
were found to absorb carbon black particles intracellu-
larly (Fig. 5) which is in accordance with published data
[15, 27, 35, 76]. It can be assumed that carbon black

Tattoo Pigments Are Localized
Intracellularly in the Epidermis and Dermis

particles, just as shown for other particles, are also taken
up by cells as a result of pinocytosis and endocytosis. The
uptake and storage of ink particles into fibroblasts,
dendritic cells, and macrophages have been shown pre-
viously [77, 78]. The exact mechanisms of uptake were
not part of these investigations, but could be the focus of
further studies. Ferguson et al. [76] conducted ex vivo
measurements with a more aged cohort and older tattoos,
in a time when tattooing was less professionalized and
tattoo inks had higher limits for toxic and carcinogenic
substances, such as heavy metals and irritants. Strandt
et al. [15] showed concentrations of tattoo inks in the cells
isolated from mice tail skin. These mice cannot be
compared to humans, as the immune system is different
from a human compared to a mouse living in pathogen-
free conditions. Additionally, a green phthalocyanine
pigment was used and further investigations have to show
if the pigment is handled by the dermal cells comparably
to carbon black.

In vivo identification and classification of mast cells
[49] and macrophages [48] were shown by our work-
group using TPE-FLIM, compared in online supple-
mentary Table S2 [48]. Fibroblasts can be identified by
morphologic features, highly dendritic features (online
suppl. Fig. S8c), their location, and the fact that they are
known to show phagocytic activity in tattoos [15, 79]. In
non-tattooed skin, fibroblasts are not detectable by the
TPE-FLIM method as the TPE-AF intensity is lower
compared to the TPE-AF intensity of other dermal
components [49], due to a low metabolic activity in
NAD(P)H and low concentration of reactive oxygen
species [80]. The detection capacity of the TPE-FLIM
method reaching into the reticular dermis, down to
106 pm in tattooed skin, simultaneously visualizing
dermal cells loaded with carbon black nanoparticles and
ECM in the form of elastin is shown in online supple-
mentary Figure S6 for the 6-year-old tattoo. The influence
on collagen I synthesis of carbon black-loaded fibroblasts
remains unclear [29].

Collagen I and elastin structures in tattooed skin were
expected to change similar to a wound healing process
[81]. The results of this pilot study with a limited number
of volunteers suggest a significant change in collagen I
structure of the dermis caused by the tattoo application.
The dermal ECM and collagen I structures close to tattoo
pigment-containing dermal cells are observed to have a
higher directionality and increased fibril diameter, as
known from histological examinations of scar tissue [28]
and skin atrophy [82]. These results are supported by the
observation of increased skin firmness and decreased skin
elasticity in tattooed skin and are consistent with the
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observation of (47 + 5) % thicker collagen I fibrils in
tattooed skin with more directed and less interwoven
fibers with an increase of collagen mass, which pre-
sumably leads to a stiffer and less elastic skin (Fig. 6).
Dermal collagen I in asymptomatic non-tattooed young
skin was assumed to have no significant directionality.
Grant et al. [29], analyzing biopsies, have also reported a
more parallel organization and a higher directionality of
dermal fibrillary collagen I and III in tattooed skin,
confirming our results.

The lateral detection limit is <0.36 pm with slight
increase in the dermis, due to scattering. Therefore, that
part of such pigment particles, especially if present in
non-agglomerated form, will appear as blurry spots and
overlays with a short fluorescence lifetime of approx. 100
ps on cellular and extra cellular structures with otherwise
differing TPE-FLIM signatures. However, this did not
affect the purpose of this study to show the distribution
and agglomeration of the tattoo ink pigments in the
epidermis and dermis. A limitation of the study was that
incisions could only be measured in the epidermis, due to
the high epidermal carbon nanoparticle load early after
tattoo application and subsequent highly absorbing and
scattering optical properties. In general, tattoos on the
forearm facilitate a deeper penetration into the dermis,
because of greater environmental UV exposure. Skin sites
that are usually covered showed a higher pigment density
and a lower penetration depth of excitation light around
70-80 um. Furthermore, the motif of the tattoo is critical
where a full black area shows a higher pigment density
[83] compared to a motif consisting of multiple thin lines.
In online supplementary Figure S6, different areas were
shown regarding the visibility of the dermal layer in
106 pum in the reticular dermis, showing co-visualization
of cellular incorporated carbon black particles and ECM.

Conclusions

This in vivo study showed the distribution of tattoo
particles and structural changes in human skin using TPE-
FLIM for the first time. Carbon black particles can oc-
casionally be detected intracellularly within the epidermis
even after 9 years. A small concentration of carbon black
particles was found in the epidermal cells — keratinocytes
and dendritic cells, which indicates the continuous release
of small amounts of tattoo ink particles from the dermis
toward the epidermis. The results of the present in vivo
study in humans indicate that in fully recovered tattooed
skin, carbon black particles are resident mainly in dermal
cells. Herewith, dermal fibroblasts, M1 macrophages, and
mast cells serve as contributors to particle storage, in the
absence of carbon black particles in the ECM. Collagen I
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structures around ink deposition sites containing fibro-
blasts change comparable to scarring. Collagen I fibrils in
the tattooed skin have a higher directionality, are less
interwoven, and are thicker, which results in an increase in
skin stiffness and decrease of skin elasticity.

Key Message

Tattoo pigments are localized intracellularly in the
epidermis and dermis.
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