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An in vivo on—off tattoo system was developed using upconversion nanoparticles conjugated with hyaluronate

(HA-UCNPs). Two-photon microscopy clearly visualized the transdermal delivery of HA-UCNPs into the deep
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Upconversion nanoparticles (UCNPs) doped with lanthanide
ions are well-known as promising light delivery materials due to
their ability to convert near-infrared (NIR) light to visible light.
We can make UCNP to emit dynamically fine-tuned full colour
light by adjusting the composition and the pulse-type of NIR
laser. NIR light has a relatively high penetration depth compared
with visible light because most biomolecules have low absor-
bance in the NIR window (700-1100 nm).* The long wavelength
NIR light is also biocompatible for the tissue due to their low
energy.” Along with the remarkable optical excitation and emis-
sion properties, and the absence of auto-fluorescence in biolog-
ical tissues under NIR light excitation,>* UCNP systems have
emerged as a light delivery nanoplatform for photodynamic
therapy, photothermal therapy and various photomedicines. It is
a crucial issue to achieve non-invasive and controllable light
delivery into the deep tissue.

In order for transdermal delivery, UCNP was conjugated with
hyaluronate (HA) which has been widely used for a variety of
biomedical applications. Recently, HA has been exploited as an
effective transdermal delivery carrier of nanomaterials and bio-
pharmaceuticals.” HA is hygroscopic, but has a hydrophobic patch
domain on the molecular backbone.® Consequently, HA facilitates
hydrating stratum corneum (SC) composed of the lipid bilayer and
enhancing the penetration of tethered payloads through the skin.
This outstanding feature of HA might enable the effective trans-
dermal delivery of human growth hormone (hGH)” and nano-
materials like nano graphene oxide® and gold (Au) nanoparticles.’
After topical delivery, two-photon microscopy clearly visualized the
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skin tissue. Upon near-infrared light irradiation, invisible HA-UCNPs in the skin were visualized showing the
feasibility as a new on-off tattoo system.

penetration of FITC-labelled HA-hGH conjugate into skin tissues
of mice. Furthermore, Au nanorods could be transdermally deliv-
ered for theranostic applications.” From the results, HA appeared
to be used as a feasible transdermal delivery carrier of nano-
materials with greatly improved compliance.

Here, we developed HA modified UCNP for biocompatible
transdermal light delivery. UCNP of NaYF,:Yb/Er (Y : Yb : Er =
69 :28:3) was synthesized by hydrothermal decomposition
method as reported elsewhere.'” HA-UCNP could be used as
a new kind of on-off tattoo system which can be visualized in
a controlled manner by irradiating NIR laser. Scheme 1a shows
the simple steps of on-off tattoo system. First, HA-UCNP was
synthesized and delivered on the dorsal skin of balb/c nude
mice in a desired shape. After transdermal delivery for 40 min,
the area loaded with HA-UCNP was cleaned by washing and
visualized by the fluorescence of specific shapes after irradi-
ating 980 nm laser. As shown in Scheme 1b, UCNP was surface-
modified with poly(allylamine) (PAAm) and then conjugated
with HA using the EDC/sulfo-NHS chemistry. Oleic acids on the
surface of UCNP were replaced with PAAm by the ligand
exchange to prepare UCNP-PAAm with amine groups.™
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Scheme 1 (a) Schematic illustration for on—off tattoo system using

HA-UCNP and NIR laser, and (b) synthetic chemistry of HA-UCNP.
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HA-UCNP was characterized by transmission electron
microscopy (TEM), high resolution transmission electron
microscopy (HRTEM), dynamic light scattering (DLS), Fourier
transform-infrared spectroscopy (FT-IR) and biocompatibility
test (Fig. 1 and S1, ESIf). The core of UCNP capped with oleic
acid was showed by TEM with a regular size distribution
(Fig. 1b). The uniform crystal lattice of UCNP was confirmed by
HRTEM and diffraction pattern analysis. According to HRTEM
images (Fig. 1c), the distance of lattice fringes was 0.515 nm,
allocating (100) hexagonal crystal plane. The diffraction pattern
of UCNP indicated some bright rings of the interplanar spacing
for the hexagonal phase (Fig. 1d). Inductively coupled plasma
atomic emission spectroscopy (ICP-AES) after preconditioning
revealed the composition of NaYF,:Yb/Er*>** (Table S1, ESIT).
The successful synthesis of UCNP-PAAm and HA-UCNP was also
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Fig. 1 (a) Photographs of UCNP (NaYF4:Yb/Er) fluorescence. (b) TEM

images of UCNP cores with a uniform particle size of ca. 30 nm. (c)
HRTEM of hexagonal phase UCNP. (d) Diffraction pattern of UCNP. (e)
Particle size distribution and (f) zeta potential of UCNP-PAAmM and HA-
UCNP. (g) FT-IR spectra of UCNP in cyclohexane, UCNP-PAAmM, and
HA-UCNP dissolved in DI water. (h) Biocompatibility of UCNP-PAAmM
and HA-UCNP.
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confirmed by measuring the size and the zeta potential of
nanoparticles. The core particle diameter of UCNP-PAAm and
HA-UCNP was maintained as 30 & 4 nm. After surface-coating of
UCNP with PAAm, the size of modified UCNP increased to
302.87 nm at the peak value. After conjugation of UCNP-PAAm
with HA, the particle size of HA-UCNP decreased to 221.59 nm
(Fig. 1e). It was supposed that polyanionic HA (MW = 100 kDa)
with a dimension of ca. 250 nm formed an electrostatic complex
with positively charged PAAm on the UCNP. The zeta potential
of UCNP-PAAm (35.98 + 2.72 mV) decreased to 20.42 + 0.38 mV
after conjugation with HA (Fig. 1f). Moreover, FT-IR analysis
revealed the chemical structural characteristics of HA-UCNP
(Fig. 1g). The change at 3300-3600 cm ™' indicated the ligand
exchange from oleic acid to PAAm and the change below 1500
cm ' indicated covalent bonding between the carboxyl group of
HA and the amine group of UCNP-PAAm. To verify the conju-
gation of HA with UCNP-PAAm, HiLyte™ fluor 647 amines were
conjugated to carboxyl groups of HA by the EDC chemistry
(Fig. S2, ESIf)."* After that, 40% of HiLyte-HA was bound to
UCNP-PAAm, resulting in ca. 200 of HA per the single UCNP-
PAAm. The cell viability after incubation with UCNP-PAAm
and HA-UCNP was assessed by MTT assay (Fig. 1h). NIH3T3
fibroblast cell line was used for the biocompatibility test of
UCNP-PAAmM and HA-UCNP. As the concentration increased, the
cell viability after incubation with UCNP-PAAm appeared to
decrease possibly due to the positive charge of samples. The cell
viability was ca. 78% at the concentration of 1 mg ml~'. On the
other hand, the cell viability after incubation with HA-UCNP
was higher in the whole range of concentrations. The poly-
anionic HA might reduce the positive charge of PAAm on UCNP,
thereby enhancing the biocompatibility of HA-UCNP.

The fluorescence of UCNP is caused by energy transfer
between multiple energy levels of lanthanide ions in the local-
ized 4f orbitals. UCNP doped with ytterbium (Yb**) as a sensi-
tizer and erbium ion (Er’*) as an activator emits red (~660 nm)
and green (~550 nm) fluorescence at the same time.***® The
ratio between green and red fluorescence could be controlled by
changing the intensity of 980 nm laser (Fig. 2). Accordingly, the
colour of fluorescence was changed from green to yellow. It can
be explained that the triple electron transfer makes red fluo-
rescence and the quadrupole electron transfer makes green
fluorescence. In general, the colour of fluorescence dyes is
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Fig.2 The control of UCNP colour by changing the laser intensity. (a)
Fluorescence peaks of UCNP excited with 980 nm laser. (b) The
fluorescence colour change of UCNP from green to yellow according
to the laser intensity from 0.5 A to 2 A.
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adjusted by changing their compositions*’™*° or temperature**>*
in the synthetic steps. However, UCNP has the advantage to be
colour-controlled by the excitation laser intensity due to several
kinds of lanthanide ions which have multiple energy levels. This
optical characteristics of UCNP is suitable to construct diverse
colour fluorescence emitting on-off tattoo systems. After in vitro
characterization, biocompatible HA-UCNP was assessed as an
on-off tattoo system in 6 weeks old balb/c nude mice. HA-UCNP
was topically administered onto the heart-shaped frame on the
skin of nude mice for 40 min. After complete washing, the
fluorescence was visualized by 980 nm NIR laser irradiation
which was collimated by the expanded lens (Fig. 3). Upon irra-
diating NIR light, the invisible heart pattern containing HA-
UCNP in the skin appeared as a new type of on-off tattoo
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Fig. 3 In vivo on-off tattoo system which can be visualized in

a controlled manner by irradiating 980 nm laser after transdermal
delivery of HA-UCNP (n = 3).
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Fig. 4 Two-photon microscopic images of PBS, UCNP-PAAmM and
HA-UCNP transdermally delivered into the collagen layer of nude
mice.
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system using non-invasive transdermal delivery and simple NIR
light irradiation. The on-off tattoo system was also demon-
strated in a triangle shape (Fig. S3, ESIt). Animals were main-
tained in accordance with the guidelines of the Korea Food and
Drug Administration, and all procedures with animals were
approved by the Institutional Animal Care and Use Committee
(IACUC) at the POSTECH Biotech Center.

Finally, two-photon microscopy was performed to assess the
transdermal delivery of HA-UCNP. Fig. 4 shows two-photon
microscopic images of PBS as a control, UCNP-PAAm and
HA-UCNP topically delivered into the collagen layer of nude mice
with 1050 nm laser excitation. The blue fluorescence represents
collagen layers in the dermis by the second harmonic generation.’
Compared with UCNP-PAAm, a significant amount of HA-UCNPs
were observed over the depth of ca. 100 pm in the dorsal skin
tissue. The transdermal delivery of UCNP-PAAm and HA-UCNP
with increasing penetration depth was quantitatively compared
by the two-photon microscopy (Fig. S4, ESIT). The penetration
spectra of HA-UCNP was shifted into the deeper depth than that of
UCNP-PAAm. While positively charged UCNP-PAAm might be
transdermally delivered by the nano size effect, HA-UCNP might
be more effectively delivered than UCNP-PAAm through the skin
by the facilitation of HA with a hydrophobic patch domain. In
other words, HA can enhance the biocompatibility and the pene-
tration of UCNP. Recently, UCNP has been widely investigated for
multi-modal bioimaging®®** and theranostic applications.*>?*”
Taken together, this platform technology might be successfully
exploited for various biomedical applications.

Conclusions

HA-UCNP was successfully developed as a multi-colour on-off
tattoo system. The conjugation of UCNP with HA was confirmed
by DLS, FT-IR and HiLyte amine dye labelling. MTT assay
revealed the improved biocompatibility of UCNP-PAAm after
conjugation with HA. According to two-photon microscopy,
HA-UCNP appeared to penetrate into the collagen layer of the
dermis in nude mice. The fluorescence of invisible HA-UCNP
patterned in a specific shape could be visualized by simple NIR
laser irradiation. This new platform technology for on-off tattoo
systems might be further applied to various photomedicines.
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