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Abstract. Third-harmonic generation (THG) microscopy has been reported to provide intrinsic contrast in elastic
fibers, cytoplasmic membrane, nucleus, actin filaments, lipid bodies, hemoglobin, and melanin in human skin. For
advanced molecular imaging, exogenous contrast agents are developed for a higher structural or molecular speci-
ficity. We demonstrate the potential of the commonly adopted tattoo dye as a THG contrast agent for in vivo optical
biopsy of human skin. Spectroscopy and microscopy experiments were performed on cultured cells with tattoo
dyes, in tattooed mouse skin, and in tattooed human skin to demonstrate the THG enhancement effect.
Compared with other absorbing dyes or nanoparticles used as exogenous THG contrast agents, tattoo dyes are
widely adopted in human skin so that future clinical biocompatibility evaluation is relatively achievable.
Combined with the demonstrated THG enhancement effect, tattoo dyes show their promise for future clinical
imaging applications. © The Authors. Published by SPIE under a Creative Commons Attribution 3.0 Unported License. Distribution or reproduction
of this work in whole or in part requires full attribution of the original publication, including its DOI. [DOI: 10.1117/1.JBO.18.2.026012]
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1 Introduction

Harmonic generation microscopy (HGM) has emerged as an
important imaging modality in biological study,'” especially
in in vivo applications'®!7 because of its nonlinear and noninva-
sive nature. Our preliminary in vivo clinical studies indicated
that HGM can provide a sub-micron spatial resolution, low pho-
todamage and phototoxicity, reduced dye toxicity as a result of
the minimized use of external fluorophores, and low photo-
bleaching. In human skin, third-harmonic generation (THG)
microscopy can provide intrinsic contrasts in elastic fibers,!”
cytoplasmic membrane,”> nucleus,” actin filaments,'® lipid
bodies,!” hemoglobin,?® and melanin.?! With the combination
of THG and second-harmonic generation (SHG) processes,
multi-harmonic generation microscopy (HGM) is an ideal
imaging tool for morphological visualizations of human
skin.?!=?® Despite the visible advantages of using HGM for
label-free imaging, exogenous contrast agents’’ ! are still
developed for a higher structural or molecular specificity in
applications such as biomedical molecular imaging and cancer
diagnostics.

Many previous studies have reported that metal nanoparticles
can be used as contrast agents to enhance THG signals through
surface plasmon resonance (SPR).”° Using metal nanopar-
ticles as THG contrast agents requires matching the THG or
the excitation wavelength to the SPR wavelength. The effect
fixes the size of the metal nanoparticles and therefore limits
their THG efficiency.?” Therefore, a THG contrast agent that
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can be functional for a broad excitation wavelength range is
highly desirable. The nonlinear THG susceptibility can be
greatly enhanced when one of the transition frequencies closely
matches one of the virtual transition frequencies of the THG
process.>> Thus, quantum dots and hematoxylin have been
used as THG contrast agents for biomolecular imaging through
multiphoton resonance.’®*! CdSe quantum dots can efficiently
generate THG signals 20 times stronger than fluorescence even
with an epi-collection scheme,* thus reducing the photodamage
to biological specimens. However, the bio-safety of using quan-
tum dots is noted for in vivo human imaging. In this paper, we
demonstrate the potential of the commonly adopted tattoo dye as
a THG contrast agent for in vivo optical virtual biopsy of human
skin through multiphoton resonance enhancement. This demon-
stration was performed on cultured cells transfected with tattoo
dyes, in tattooed mouse skin in vivo, and in tattooed human
skin in vivo. Strong resonance-enhanced THG was generated
from the tattoo dyes. Compared with hematoxylin,*' nanopar-
ticles>’’ or lipid-enclosed quantum dots** and iron oxide nano-
particles,™ tattoo dyes are widely adopted in human skin so that
future clinical biocompatibility evaluation is relatively achiev-
able. Combined with the demonstrated THG enhancement
effect, tattoo dyes show their promise for future clinical imaging
applications.

2 Methods and Results

The practice of skin tattoos has been adopted for several cen-
turies worldwide. In the United States, tattoo dyes are subject
to regulation by the U.S. Food and Drug Administration
(FDA) as cosmetics and color additives.** Various tattoo dye
colors exist in the commercial market. Black dye is an essential
color for tattooing because of its versatility. Many tattooists use
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Fig. 1 (a) Absorption spectrum of a black tattoo dye dissolved in deionized water. (b) Schematic of transition levels in single-, two-, and three-photon

resonant enhancement of the THG process.

black dye to apply the initial outline and various shades of a
tattoo design to the client’s skin. In this study, we used a com-
mercial black dye. Based on the commercial factors, the ingre-
dients and concentrations of the tattoo dyes are not indicated.
Therefore, we dissolved 5 uL. of the black tattoo dye
(Scream ink SIO1, Tat2king Tattoo Supply Co., Ltd., China)
in 5 mL of de-ionized water to measure the absorption spectrum
[Fig. 1(a)]. The absorption coefficient at the wavelength of
1230 nm was approximately 3.5 cm™! for the diluted tattoo
dye solution. The spectrum indicated that the black tattoo
dye has a broad range of absorption at the visible and near-infra-
red light bands. This absorption characteristic provides the sin-
gle-, two-, and three-photon resonance enhancement criteria®
for the THG process as illustrated in Fig. 1(b). Therefore, we
suggest that the black tattoo dye is suitable as a THG contrast
agent through the multiphoton resonance enhancement.

Our study used a Cr:forsterite laser with a central wavelength
of 1230 nm, a 100 fs pulse width, and a repetition rate of
110 MHz as the excitation source. The average excitation power
after the objective was 100 mW. The experimental setup for the
in vitro experiment can be obtained in our previous study.’’
Band-pass filters with different center wavelengths and band-
widths (HQ615/30 for SHG and D410/30 for THG, Chroma)
were inserted before the PMTs to filter out the background
noise to increase the signal-to-noise ratio. A 625 nm long
pass filter (E6251p, Chroma) was used for the collection of the
two-photon fluorescence (TPF). A549 cells are a well-character-
ized standard among the human cell lines used in molecular
biology. Thus, we used lipofectamine (Invitrogen) to transfect
the black tattoo dye into the A549 cells to evaluate the THG
enhancement effect of the tattoo dyes in living cells. Based
on the recommended protocol of the product,*® we added lipo-
fectamine into the black tattoo dye for 20 min at room temper-
ature. The A549 cells were cultured in Dulbecco’s modified
Eagle medium supplemented with 10% fetal bovine serum
(FBS) and 1% Penicillin and Streptomycin®’ and exposed to
the lipofectamine/dye mixture. Control samples consisted of
A549 cells exposed to the same medium without the lipofect-
amine/dye mixture. The THG (purple) and fluorescence (green)
images of the A549 cells with and without tattoo dyes are shown
in Fig. 2. In some areas, the intensity of the THG signals in the
A549 cells with the tattoo dye [Fig. 2(c) (arrows)] was at least
2.5 times stronger than that in the A549 cells without the tattoo
dye [Fig. 2(a)] under the same photomultiplier tube (PMT) volt-
age. The strong THG intensity may have originated from the
presence of the tattoo pigments in the cytoplasm of the A549
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cells. From the TPF channel, we also found a weak fluorescence
from the tattoo pigments in the cytoplasm of the A549 cells
[Fig. 2(d) (arrows)], but no fluorescence was observed from
the A549 cells without the tattoo dye [Fig. 2(b)]. These results
indicate that the enhanced THG and weak TPF signals were
contributed by the tattoo dye.

The capability of the THG enhancement in vivo was evalu-
ated by conducting studies in animal models and human.
Previous reports have indicated that tattoo pigments in human
skin stain the cytoplasm of fibroblasts deep in the dermis
layer.*®* Tattoo dyes thus serve as in vivo THG contrast agents
of fibroblasts in mouse and human skin in our studies. For a
fair comparison, the intensities of the in vivo THG images
were obtained under the same PMT voltage. The experimental
setup of the mouse skin in vivo and human skin in vivo can
be found in our previous reports.'>*' For animal studies, the
experimental protocols were approved by the National Taiwan
University Institutional Animal Care and Use Committee (NTU-
TACUC). We used seven-week-old female imprinting control
region mice. We tattooed the undiluted black dye to the mouse
skin and performed in vivo HGM on the tattooed skin after six
months. Figure 3(a) and 3(b) shows examples of the horizontally
sectioned SHG (green) and THG (purple) images at a depth of
30 um below the skin surface taken from the dermal layer of the
normal and tattooed mouse skin, respectively. Compared with
the normal mouse skin [Fig. 3(a)], the enhanced THG signals
from the tattoo pigments [Fig. 3(b) (arrows)], which provides
the contrast of fibroblasts,’®* was revealed within the collagen
network. The contrast of the collagen network was provided by
the SHG signals. In addition, in vivo HGM was also performed
on human tattooed skin. The image acquisition process was per-
formed under the informed consent approved by the Research
Ethics Committee of the National Taiwan University Hospital. A
volunteer with black tattoo was included in this study. The safety
of the in vivo HGM imaging for human skin has been demon-
strated previously.?!*>2% The tattooed volunteer felt no pain nor
had other unpleasant feeling during and after the experiments.
The observed site was also immediately examined by a physi-
cian after in vivo observation to check for clinical adverse symp-
toms. No skin changes can be found on the observed sites. We
do not know the content of the black tattoo dye from the tattooed
volunteer. However, results similar to those from the in vivo ani-
mal study were also obtained from the horizontally sectioned
HGM images of the dermal layer in the normal and tattooed
skin. The HGM images of the normal skin [Fig. 3(c)] were
taken from the untattooed skin adjacent to the tattooed skin at
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Fig. 2 Nonlinear images of the A549 cells with and without tattoo dye under the same PMT voltage. (a) THG and (b) two-photon fluorescence images of
the A549 cells without tattoo dye. (c) THG and (d) two-photon fluorescence images of the A549 cell transfected with tattoo dye revealed the tattoo

pigments located in cytoplasm (arrows). Scale bar: 5 ym.

Fig. 3 The HGM images at a depth of 30 um below the mouse skin surface (a) without and (b) with tattoo as well as at a depth of 60 um below the
human skin surface (c) without and (d) with tattoo. The THG intensity from the tattoo pigments was strongly enhanced within the collagenous network
(arrows). All images were taken under the same PMT voltage. THG: purple; SHG: green. Scale bar: 20 ym.

Journal of Biomedical Optics 026012-3 February 2013 « Vol. 18(2)



Tsai et al.: Applying tattoo dye as a third-harmonic generation contrast agent. ..

a depth of 60 um below the skin surface. The strongly enhanced
THG signals were again observed in the tattooed region in the
dermis layer, providing the contrast of fibroblasts,'3!° within the
collagenous network as shown in Fig. 3(d) (arrows). Fibroblasts
are associated with cancer cells at all stages of cancer progres-
sion,*® and their structural and functional contributions need to
be studied in detail. Our reported in vivo study thus indicates the
potential of the tattoo dye as an in vivo THG contrast agent to
specify the fibroblast in human and animal skin for clinical and
preclinical imaging.

3 Discussion and Conclusion

In contrast to previously reported nanoparticles,”’° lipid-
enclosed quantum dots and iron oxides,*>** or the hematoxylin
dye’! as THG exogenous contrast agents, tattoo dye is the only
exogenous contrast agent currently allowed to be applied on
human skin so that the establishment of the clinical database
for future biocompatibility evaluation is relatively achievable.
Comparing the THG approach for visualizing exogenous dyes
with other forms of nonlinear microscopies, including coherent
anti-Stokes Raman scattering microscopy,*' four-wave mixing
microscopy,*? and pump-probe microscopy,*> THG microscopy
is a single-beam technique so that it is with a simpler system.
Single-beam based technologies also allow us to position the
single excitation beam at the lowest photodamage wavelength.
For multiphoton fluorescence techniques, we found that tattoo
dyes are with a weak fluorescence [as shown in Fig. 2(d)] and
are less desirable compared with other available fluorescent
dyes.44 In contrast to these nonlinear microscopies, THG is also
the first imaging modality for visualizing tattoo dyes in human
skin in vivo.

In summary, we demonstrated the potential of tattoo dyes as
a contrast agent in THG microscopy of culture cells, mouse skin
in vivo and human skin in vivo. The intensity of THG can be
greatly enhanced 2.5 times using black tattoo dyes in living
cells. In vivo THG imaging capability was simply identified
through the comparison between the images with and without
tattoo in animal and human skin. After the study of its biocom-
patibility and modification in ligand conjugation, tattoo dyes
have the potential to serve as a general THG contrast for various
molecules and cells for future biological and clinical imaging
applications.
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