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a b s t r a c t
Despite wide application of photodynamic therapy (PDT) for the treatment of melanoma skin cancers,
there are strong biomedical unmet needs for the effective generation of singlet oxygen after targeted
delivery of photosensitizers. Here, we investigated a facile PDT of melanoma skin cancer using transdermal carbon dot – chlorine e6 – hyaluronate (Cdot-Ce6-HA) conjugates. The Cdot-Ce6-HA conjugate was
synthesized by the coupling reaction of diaminohexane modified HA (DAH-HA) with the carboxylic group
of Ce6. The singlet oxygen generation of Cdot-Ce6-HA conjugates in aqueous solution was more significant than that of free Ce6. The enhanced transdermal and intracellular delivery of Cdot-Ce6-HA conjugates to B16F10 melanoma cells in tumor model mice were corroborated by confocal microscopy and
two-photon microscopy. The laser irradiation after topical treatment with Cdot-Ce6-HA conjugates
resulted in complete suppression of melanoma skin cancers. The antitumor effect was confirmed by histological analysis with H&E staining and TUNEL assay for tumor apoptosis. Taken together, we could confirm the feasibility of Cdot-Ce6-HA conjugate for transdermal PDT of melanoma skin cancers.
Statement of Significance
To our knowledge, this is the first report on a facile transdermal photodynamic therapy (PDT) of
melanoma skin cancer using carbon dot – chlorine e6 – hyaluronate (Cdot-Ce6-HA) conjugates.
We found that the singlet oxygen generation of Cdot-Ce6-HA conjugates in aqueous solution was more
significant than that of free Ce6.
Confocal microscopy and two-photon microscopy clearly confirmed the enhanced transdermal and
intracellular delivery of Cdot-Ce6-HA conjugates to B16F10 melanoma cells in tumor model mice.
Taken together, we could confirm the feasibility of Cdot-Ce6-HA conjugate for transdermal PDT of
melanoma skin cancers.
Ó 2015 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Photodynamic therapy (PDT) is a promising therapeutic modality for metastatic melanoma skin cancers [1–3]. Three main requisites for an effective PDT include a photosensitizer (PS) delivered to
tumor tissues, light with an appropriate wavelength, and oxygen in
the tumor site [4,5]. PS activated by light can transfer the photon
energy to surrounding oxygen molecules, generating singlet oxygen (1O2) for the necrosis and/or apoptosis of cancer cells [6]. However, it is known to be difficult to transdermally deliver PS to
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cancerous tissues due to the limited penetration-depth [7]. Accordingly, target-specific transdermal delivery of PS is strongly needed
for effective PDT, preventing normal cells from destruction. Meanwhile, Ce6 as a PS has several advantages for PDT, such as a high
singlet oxygen quantum yield of ca. 0.75, bright fluorescence at
wavelengths of 660–670 nm, and rapid clearance from the body
[8]. The drawbacks of Ce6 are its poor water solubility and pharmacokinetics, and lack of tumor targeting. Huang et al. [9] reported a
PDT using chlorin e6 (Ce6) conjugated to carbon dot (Cdot). They
used Cdot to improve water solubility of Ce6 and extend half-life
of Ce6 in blood. In addition, Cdot excited Ce6 indirectly by Förster
fluorescence resonance energy transfer (FRET). Cdot has advantages of excitation dependent emission, non-cytotoxicity compared to quantum dots, and cheap synthetic process [9–13].
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A naturally occurring linear polysaccharide of hyaluronate (HA)
has been widely investigated for various drug delivery and tissue
engineering applications [14,15]. HA has been also used as a
promising transdermal delivery carrier [16–18]. Although the
transdermal delivery mechanism of HA is not quite clear yet,
hygroscopic HA can hydrate stratum corneum, enhancing the permeability of HA with a hydrophobic patch domain through the
skin. Especially, cancerous skin has over-expressed HA receptors
such as cluster determinant 44 (CD44) and lymphatic vessel
endothelial HA receptor-1 (LYVE-1) on the cellular surface [19].
We have previously reported the HA receptor-mediated transdermal delivery of human growth hormone (hGH) – HA conjugate
and nanographene oxide (NGO) – HA conjugate [16,17]. After
transdermal delivery, the bioavailability of hGH was as high as
15% [16]. Furthermore, NGO-HA conjugate could be successfully
exploited for transdermal photo-ablation therapy of melanoma
skin cancer [17].
Here, we report a facile PDT of melanoma skin cancer using
transdermal Cdot-Ce6-HA conjugates in the presence of laser irradiation at 660 nm. Melanoma skin cancer is one of the most
aggressive and lethal skin cancers. Melanoma is known to grow
rapidly into the skin and metastasize [20]. Although PDT has been
applied for the treatment of melanoma [21,22], to our knowledge,
this is the first report to transdermally deliver Cdot-Ce6-HA conjugate for the treatment of melanoma skin cancers. Tumor tissues
over-express HA receptors and have relatively leaky structures.
The transdermal delivery of Cdot-Ce6 using HA can be safer and
more effective than the systemic delivery, because it is locally
accumulated in cancerous skin, making facile repeated administration possible and minimizing the side effect in the body. After
ex vivo confocal and in vivo two-photon fluorescence imaging for
the transdermal delivery of Cdot-Ce6-HA conjugates, we assessed
and discussed the PDT of Cdot-Ce6-HA conjugates for the treatment of melanoma skin cancer in mice.

of PEG-(NH2)2 were mixed for 10 min degassing with nitrogen.
After the temperature increased to 270 °C, the degassing solution
was quickly mixed with 1 g of citric acid, reacted at the temperature for 3 h, and then cooled down to room temperature. The
resulting black solution was dialyzed against deionized (DI) water
using a cellulose ester dialysis membrane bag (MWCO = 3500) for
3 days. Cdot-Ce6 was synthesized using EDC/NHS chemistry [9].
Ce6 was dissolved in DMSO at a concentration of 1 mg/mL. The carboxyl group of Ce6 was activated with equimolar EDC and NHS for
30 min. Cdot dissolved in PBS at a concentration of 1 mg/mL and
the Ce6 solution were mixed at a volume ratio of 2:1 at room temperature for 12 h. After that, Cdot-Ce6 conjugate solution was dialyzed (MWCO = 3000) against DI water for 3 days, PBS for 1 day,
ethanol for 1 day, and DI water for 1 day to remove unreacted
Ce6 and DMSO. DAH-HA conjugate was also prepared by EDC/
NHS chemistry [24]. HA was dissolved in DI water at a concentration of 5 mg/mL. DAH was added to the HA solution (molar ratio of
DAH to HA repeating unit = 20). The pH of the reaction mixture
was dropped to pH 5.5 by adding 1 N HCl solution, and EDC and
sulfo-NHS were added to the reacted solution. The pH of the reaction mixture was maintained at pH 4.8, and stirred for 2 h. After
the reaction was stopped by changing the pH to 7.4, the solution
was dialyzed (MWCO = 10,000) against 100 mM NaCl solution for
4 days, 25% ethanol solution for 12 h, and DI water for 12 h.
DAH-HA conjugate was analyzed by 1H NMR. Finally, Cdot-Ce6
was dissolved in DI water at a concentration of 5 mg/mL. The carboxyl group of Ce6 was activated with equimolar EDC and sulfoNHS for 30 min. DAH-HA dissolved in DI water at a concentration
of 40 mg/mL and activated Cdot-Ce6 solution were mixed at a
weight ratio of 4:1 at room temperature. After reaction for 12 h,
Cdot-Ce6-HA conjugate solution was dialyzed (MWCO = 10,000)
against PBS (pH 7.4, 10 mM) and DI water to remove unreacted
Cdot-Ce6 and byproducts.
2.3. Characterization of Cdot-Ce6-HA conjugate

2. Materials and methods
2.1. Materials
Sodium hyaluronate (HA) with a molecular weight (MW) of
230 kDa was purchased from Lifecore Co. (Chaska, MN). 1,6Diaminohexane (DAH) and 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphe
nyl-2H-tetrazolium bromide (MTT) were obtained from
Sigma–Aldrich (St. Louis, MO). Chlorin e6 (Ce6) was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). 1-Ethyl-3-(3-dime
thylaminopropyl)carbodiimide (EDC) hydrochloride was purchased from Tokyo Chemical Industry (Tokyo, Japan) and Nhydroxysulfosuccinimide sodium salt (sulfo-NHS) was from Alfa
Aesar (Ward Hill, MA). Singlet oxygen sensor green (SOSG) was
obtained from Molecular Probe (Eugene, OR). Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), antibiotics, and
phosphate buffered saline (PBS) were purchased from Invitrogen
(Carlsbad, CA). B16F10 murine melanoma was obtained from Korean Cell Line Bank (Seoul, Korea). Calcein-AM and propidium
iodide (PI) were supplied from AnaSpec (Fremont, CA). The eight
chamber glass slides with polystyrene vessels were purchased
from BD Falcon (Franklin Lakes, NJ). DeadEnd Fluorometric TUNEL
system was obtained from Promega (Madison, WI).
2.2. Preparation of Cdot-Ce6-HA conjugate
Carbon dot (Cdot), Ce6 conjugated Cdot (Cdot-Ce6), and
diaminohexane modified HA (DAH-HA) were synthesized as
reported elsewhere [9,23,24]. Cdot was synthesized by the thermal
decomposition of glycerin [23]. In brief, 15 mL of glycerin and 1 g

Photo-images of PBS, Ce6, Cdot-Ce6, Cdot-Ce6-HA conjugate
solutions were taken with a Galaxy S3 camera (Samsung, Seoul,
Korea). UV/Vis spectra and photoluminescent spectroscopy were
obtained using a UV spectrophotometer (JASCO J-715, Easton,
MD) and a photoluminescence spectrometer (FP-6500, JASCO, Easton, MD). The size and morphology of Cdot-Ce6-HA conjugates
were visualized by atomic force microscopy (AFM, VEECO Instrument, New York, NY) and transmission electron microscopy
(TEM, Hitachi 7600, Hitachi, Japan) at an operating voltage of
80 kV. The formation of Cdot-Ce6-HA conjugate was confirmed
by Fourier transform – infrared spectroscopy (FT-IR, Nicolet 6700
FT-IR spectrometer, Thermo Fisher Scientific, Waltham, MA). The
contents of Ce6 in Cdot-Ce6 and Cdot-Ce6-HA conjugates were
determined by measuring the absorbance of Ce6 at 650 nm.
2.4. Detection of singlet oxygen
To assess the generation of singlet oxygen, SOSG at a concentration of 2.5 lM was mixed with Ce6, Cdot-Ce6, and Cdot-Ce6-HA
conjugates (1 lM of Ce6). Each solution was added to 1 mL quartz
cuvette, which was irradiated with a 660 nm portable laser for the
specified time. The absorbance of SOSG was measured at 256, 402,
and 653 nm, and SOSG fluorescence was excited using a laser at
504 nm. The singlet oxygen generation of samples was detected
by comparing SOSG fluorescence with the control sample.
2.5. In vitro photodynamic effect
B16F10 cells at a density of 6  103 were seeded on 96-well
plates. Ce6, Cdot-Ce6 or Cdot-Ce6-HA conjugate was dissolved in
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each cell media at a concentration of 1 lM and incubated for 4 h.
Then, cells were washed with fresh media twice. A portable
660 nm laser with a power density of 100 mW/cm2 was irradiated
on each well for 10 min at the same distance to provide the same
laser power. After incubation for 24 h, the phototoxicity of each
sample was assessed by the standard MTT assay. MTT assay is a
colorimetric assay for testing the cellular metabolic activity. MTT
is reduced to insoluble purple formazan in living cells. Cells treated
in dark were used as a control group. To evaluate the efficacy of
PDT, B16F10 cells at a density of 9  103 were seeded onto
35 mm culture dishes containing 300 lL of DMEM and incubated
for 24 h. Culture medium was replaced with 300 lL of fresh medium containing Ce6, Cdot-Ce6, or Cdot-Ce6-HA conjugates at a dose
of 1 lM free Ce6. The dose of Ce6 was determined on the basis of
the results reported elsewhere [9,10]. After incubation in dark for
4 h, the cells were replaced with fresh culture medium and irradiated with a 660 nm laser for 10 min. After another incubation for

2 h, the cells were washed with PBS and stained with Calcein-AM
and PI.

2.6. Confocal microscopy for cellular uptake
B16F10 cells were incubated at 37 °C and 5% CO2 in DMEM containing 10 vol% FBS and 1% antibiotics. The cells were seeded on an
eight chamber glass slide at a density of 1  104 per well and incubated for a day. Then, Ce6, Cdot-Ce6 and Cdot-Ce6-HA conjugates
(1 lM of free Ce6 equivalent) in 200 lL of DMEM were added to
the wells. To confirm HA receptor-mediated endocytosis of CdotCe6-HA conjugate, the cells were incubated with 100-fold excess
of HA for 2 h before Cdot-Ce6-HA conjugate treatment. After 2 h
incubation, the cells were washed with PBS twice and fixed with
4% paraformaldehyde solution for 20 min. The nuclei were stained
and mounted with Vectashield mounting medium containing 40 ,60 -

a

Transdermal delivery of Cdot-Ce6-HA conjugates

660 nm laser

Stratum corneum

Epidermis

Apoptosis & necrosis
Dermis

Anti-tumor immune response

b

EDC/NHS
PBS

Cdot-Ce6

DAH-HA conjugate

Cdot-Ce6-HA conjugate

Fig. 1. Schematic illustration for (a) the photodynamic therapy of melanoma skin cancers after transdermal delivery of carbon dot – chlorin e6 – hyaluronate (Cdot-Ce6-HA)
conjugate and (b) the synthesis of Cdot-Ce6-HA conjugate using the EDC/NHS chemistry.
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Fig. 2. (a) Photo-images and fluorescence images of Cdot, Ce6, Cdot-Ce6, and Cdot-Ce6-HA conjugate in distilled water. (b) FT-IR analysis of Cdot, Ce6, Cdot-Ce6, and CdotCe6-HA conjugate. (c) AFM and (d) TEM images showing the morphology of Cdot-Ce6-HA conjugates.

diamidino-2-phenylindole (DAPI). The cellular uptake of Cdot-Ce6HA conjugates was assessed by confocal microscopy.
2.7. Ex vivo and in vivo bioimaging of cancerous skins
Skin cancer model mice were prepared by inoculation of
B16F10 cells at a density of 1  107 to the dorsal flank of SKH-1
hairless mice. After a week, the tumor volume increased to an average size of 70 mm3 (n = 3, twice). Then, PBS, Ce6, Cdot-Ce6, or CdotCe6-HA conjugate was topically administered on the cancerous
skin for 30 min and washed with DI water three times. After topical
administration, the fluorescence images of dissected tumors were
obtained using IVIS imaging systems at the excitation and emission
wavelengths of 630 and 680 nm. The transdermal delivery efficiency of Cdot-Ce6-HA conjugates was compared with those of
Cdot-Ce6 and Ce6 by using captured fluorescence intensities at

the wavelength of 680 nm. In vivo two-photon imaging was carried
out with Leica TCS SP5II MP SMD FLIM (Leica, Deerfield, IL). The
two-photon fluorescence signal of Cdot-Ce6-HA conjugates and
second harmonic generation (SHG) of collagen structure were
observed at the wavelength of 900 nm. The images were collected
as Z-stacks (xyz, 400 Hz) at 512  512 pixels and analyzed with LAS
AF Lite 2.6.1 of Leica and Image J. The mice were randomized to the
groups and the researchers were blinded to the treatments.
2.8. In vivo photodynamic therapy of skin cancers
To assess therapeutic efficacy of Ce6, Cdot-Ce6, and Cdot-Ce6HA conjugate, skin cancer model mice were prepared as described
above. When the tumor volume increased to an average size of
70 mm3 in a week (n = 3, twice), PBS, Ce6, Cdot-Ce6, or Cdot-Ce6HA conjugate was topically administered on the cancerous skin
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Fig. 3. (a) UV/Vis absorption and (b) photoluminescence emission spectra (ex. 630 nm) of Ce6, Cdot-Ce6, and Cdot-Ce6-HA conjugate in PBS (pH = 7.4). (c) Time-dependent
absorbance spectra of singlet oxygen sensor green (SOSG) after generating singlet oxygen with Cdot-Ce6-HA conjugate. (d) The changes of fluorescence emission intensity
from SOSG in solutions containing different agents, measured at 530 nm with increasing laser irradiation time. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

for 30 min. After washing with DI water thrice, tumors were irradiated with a 660 nm laser for 10 min for the PDT. The tumor growth
was monitored by measuring the diameters of tumors with a caliper. The tumor volume was calculated using the following equation: V = p/6  A  B2, where A and B are the maximum and
minimum diameter of the tumor [25]. We have complied with
the POSTECH institutional ethical protocols for animals.
2.9. Histological analysis
To evaluate the anti-cancer efficacy of PDT, tumor tissues were
harvested for the histological analysis of tumor apoptosis. PBS was
used as a control for the treatment. After topical administration of
Ce6, Cdot-Ce6 or Cdot-Ce6-HA conjugate into cancerous skins, the
whole tumor tissues were dissected 12 h after the laser treatment
and fixed in 4% paraformaldehyde solution. Tumor tissues were
made to paraffin-embedded blocks and analyzed by histological
analysis with H&E staining and TUNEL assay according to the manufacturer’s instruction.
2.10. Statistical analysis
The data are expressed as means ± standard deviation from several separate experiments. Statistical analysis was carried out via
the t-test using the software of SigmaPlot 10.0. The values for
*
P < 0.05 and ***P < 0.001 were considered statistically significant.

3. Results and discussion
3.1. Preparation and characterization of Cdot-Ce6-HA conjugate
As previously reported elsewhere [9], Cdot-Ce6 was prepared
by coupling reaction of Ce6 and Cdot in DMSO. Cdot-Ce6-HA conjugate was prepared by amide bond formation between Cdot-Ce6
and DAH-HA in PBS using the EDC chemistry (Fig. 1). Because three
carboxyl groups of HA were reported to be the recognition site of
HA receptors [26], HA with a DAH content of 10 mol% was prepared to facilitate receptor mediated transdermal delivery of
Cdot-Ce6-HA conjugate into skin tissues. Cdot-Ce6-HA conjugates
were characterized by microscopy under white light and UV light,
FT-IR, AFM, and TEM (Fig. 2). Cdot emits blue fluorescence under
UV excitation. Cdot-Ce6-HA conjugate showed higher solubility
in aqueous solution than free Ce6 and Cdot-Ce6. Cdot-Ce6-HA conjugate was stable in various biological solutions such as water,
100 mM of NaCl solution, PBS (pH 7.4), serum, and media
(Fig. S1a). In contrast, Ce6 was aggregated in water by the
hydrophobic interaction, resulting in the fluorescence quenching.
Cdot-Ce6 and Cdot-Ce6-HA conjugate showed red fluorescence
under UV excitation (Fig. 2a). The FT-IR spectrum of Cdot-Ce6-HA
conjugate was similar with that of Cdot-Ce6 (Fig. 2b), which had
the characteristic peaks of amide bonds at 1467, 1650, and
1707 cm1. The peaks at 2900 and 3313 cm1 correspond to the
methyl group (–CH3) and the hydroxyl group (–OH) of HA. As
shown in AFM images, Cdot had a thickness of ca. 2–4 nm

300

S. Beack et al. / Acta Biomaterialia 26 (2015) 295–305

a

PBS

b

Cdot-Ce6

Ce6

PBS

Cdot-Ce6-HA w/ HA

Cdot-Ce6

Ce6

c

Cdot-Ce6-HA

d
120

140

100

Ce6
Cdot-Ce6
Cdot-Ce6-HA

Cell viability (%)

120

Cell viability (%)

Cdot-Ce6-HA

80
60
40
20

w/o laser
w/ laser

100
80
60
40
20

***
0

0
0.0625

0.125

0.25

0.5

1

Concentration ( M)

Ce

6
Cd

C
o t-

e6

Cd

o

e
t- C

6 -H

A

Fig. 4. (a) Confocal microscopy of B16F10 cells after treatment with PBS, Ce6, Cdot-Ce6, or Cdot-Ce6-HA conjugate (scale bars = 50 lm) without and with HA pre-incubation
(blue: DAPI, red: Ce6). (b) Live/dead assay after in vitro PDT with PBS, Ce6, Cdot-Ce6, or Cdot-Ce6-HA conjugate (scale bars = 100 lm) (green: Calcein AM, red: PI). Cell viability
after treatment of B16F10 cells with Ce6, Cdot-Ce6, or Cdot-Ce6-HA conjugate (c) in the absence and (d) presence of laser irradiation for 10 min (***P < 0.001, Cdot-Ce6-HA
conjugate with laser irradiation vs without laser irradiation). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

(Fig. S1b) and Cdot-Ce6-HA conjugate had a thickness of ca. 6–
8 nm (Fig. 2c). TEM revealed a spherical morphology of CdotCe6-HA conjugate with a mean particle size of ca. 11–12 nm
(Fig. 2d). All of these results confirmed the successful synthesis
of Cdot-Ce6-HA conjugate.
3.2. Photochemical properties of Cdot-Ce6-HA conjugate
The photochemical property of Cdot-Ce6-HA conjugates was
investigated by optical absorption and photoluminescence spectroscopy. Cdot had no absorbance at 500–800 nm (Fig. S1c).

Fig. 3a shows the absorbance spectra of Ce6, Cdot-Ce6, and
Cdot-Ce6-HA conjugate in PBS (pH = 7.4). The spectra of CdotCe6 and Cdot-Ce6-HA conjugate were similar with that of Ce6
solubilized in PBS except the high intensity at 200–300 nm and
the peak shape at 600–700 nm. These differences might stem
from the absorbance of HA at 200–300 nm and interaction
between Ce6 and Cdot. Cdot-Ce6-HA conjugate had a micelle
structure in PBS due to the hydrophobic domain of Ce6 and the
hydrophilic domain of HA. The fluorescence intensity of CdotCe6-HA conjugate was smaller than those of Ce6 and Cdot-Ce6
at the equimolar quantities of Ce6, which was likely due to
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Cdot-Ce6

Cdot-Ce6-HA
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Cdot-Ce6
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b

Fig. 5. (a) Confocal (top) and merged (bottom) images of cryo-sectioned cancerous mouse skin tissues after topical treatment with PBS, Ce6, Cdot-Ce6, and Cdot-Ce6-HA
conjugates (scale bars = 200 lm). Red fluorescence corresponds to Ce6. (b) Two-photon microscopic cross-sectional views at the Z-stack of 60 lm and 3D two-photon
fluorescence images of excised tumors without skin tissues after topical treatment with PBS, Ce6, Cdot-Ce6, and Cdot-Ce6-HA conjugates (blue: collagen, red: Ce6). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

self-quenching effect in the micellar structure (Fig. 3b). Furthermore, the emission peak of Cdot-Ce6-HA conjugate was equal to
Ce6 irrespective of excitation wavelength (Fig. S1d), whereas
the emission wavelength of Cdot was changed depending on
the excitation wavelength (Fig. S1e). The absorbance spectrum
of Cdot-Ce6-HA conjugate in Fig. 3a was similar to the excitation
spectra of Cdot-Ce6-HA conjugate in Fig. S1f. The generation of
singlet oxygen from Cdot-Ce6-HA conjugate was confirmed by
measuring the changes of absorbance, optical density (OD), and
fluorescence signal of SOSG (1 lM) mixed with Cdot-Ce6-HA conjugate (2 lM of Ce6) (Fig. 3c). Endoperoxide generated from SOSG

reacted with singlet oxygen emits green fluorescence [27]. The
fluorescence intensity of Cdot-Ce6-HA conjugate was higher than
that of free Ce6 or Cdot-Ce6 in PBS (Fig. 3d). For the case of SOSG
alone or Cdot in the presence of laser irradiation, the fluorescence
intensity was not changed, reflecting that Cdot cannot generate
singlet oxygen. The photoactivity of free Ce6 in PBS was low
likely due to self-quenching by the aggregation with increasing
time. In contrast, Cdot-Ce6-HA conjugate without aggregation
resulted in significantly higher singlet oxygen generation
than Ce6 and Cdot-Ce6 in the presence of laser irradiation
(Fig. 3d).
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Fig. 6. (a) Ex vivo bioimaging of excised tumor tissues (front and back). Color bar represents the red fluorescence intensity. (b) Relative fluorescence intensities from front
tissue (in the skin direction) and back tissue (*P < 0.05, Cdot-Ce6-HA conjugate vs Cdot-Ce6). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

3.3. In vitro photodynamic effect of Cdot-Ce6-HA conjugate
Confocal microscopy successfully visualized the effective intracellular delivery of Cdot-Ce6-HA conjugate to B16F10 melanoma
cells by HA receptor-mediated endocytosis (Fig. 4a). The red fluorescence of Ce6 was clearly observed in the cell whose nucleus
was stained in blue with DAPI. B16F10 cells are known to express
HA receptors such as a CD44 and LYVE-1 [28]. The cells preincubated with excess HA showed no red fluorescence. Free HA
binds to HA receptors on the cell surface, inhibiting the intracellular uptake of Cdot-Ce6-HA conjugates by HA receptor mediated
endocytosis. The photodynamic effect of Cdot-Ce6-HA conjugate
on B16F10 cells by HA receptor mediated endocytosis was verified
by live/dead assay with Calcein AM and PI co-staining (Fig. 4b). In
the control group, the majority of cells were alive showing green
fluorescence due to negligible photodynamic effect. The treatment
with Ce6 and Cdot-Ce6 showed the similar results with the control.
In contrast, Cdot-Ce6-HA conjugate resulted in almost complete
cell death, exhibiting red fluorescence. According to the MTT assay,
the cytotoxicity of Cdot-Ce6-HA conjugate was not significant up
to the concentration of 1 lM, but slightly higher than those of
Ce6 and Cdot-Ce6 (Fig. 4c). The photodynamic effect of Cdot-Ce6-

HA conjugate was analyzed in B16F10 melanoma cells in the
absence and presence of 660 nm red laser irradiation (Fig. 4d).
Cdot-Ce6-HA conjugate showed much more significant photodynamic effect on cancer cells than Ce6 and Cdot-Ce6, which might
be ascribed to the more effective uptake of Cdot-Ce6-HA conjugate
to the cells via HA-receptor mediated endocytosis.
3.4. Bioimaging for transdermal delivery of Cdot-Ce6-HA conjugate
in vivo
The transdermal delivery of Cdot-Ce6-HA conjugate was investigated by confocal microscopy (Figs. 5a and S2a), two-photon
microscopy (Figs. 5b and S2b), and fluorescence imaging (Fig. 6).
Confocal microscopy showed the red fluorescence of Cdot-Ce6HA conjugate mainly in cancerous tissues of tumor model mice
inoculated with B16F10 cells (Fig. 5a). In contrast, only a small
amount of Cdot-Ce6-HA conjugate was delivered through the normal skin (Fig. S2a). Furthermore, two-photon microscopy showed
3D images of skin tissues treated with PBS, Ce6, Cdot-Ce6, and
Cdot-Ce6-HA conjugate. Two-photon microscopy is one of the various fluorescence imaging techniques which can be used for skin
tissue imaging on the basis of intrinsic emission. Skin has endoge-
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successful transdermal delivery of Cdot-Ce6-HA conjugate to
cancerous skin tissues.
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3.5. In vivo photodynamic therapy of melanoma skin cancers
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Fig. 7. (a) Photo-images showing the therapeutic effect of photodynamic therapy
using PBS, Ce6, Cdot-Ce6, or Cdot-Ce6-HA conjugate in the absence and presence of
660 nm laser irradiation. (b) Relative tumor volume (V/V0) for up to 7 days after
photodynamic therapy (**P < 0.01, Cdot-Ce6-HA conjugate vs normal control, and
*
P < 0.05, Cdot-Ce6-HA conjugate with laser vs without laser).

nous fluorophores such as NAD(P)H, FAD, elastin, and collagen
[29], the autofluorescence of which facilitates the study of biological structures in the skin. Collagen shows the SHG signals, which
can distinguish dermis from epidermis. Blue colored regions in
Fig. 5b represent the dermis composed of collagen, elastin, and
proteoglycans. The red fluorescence of Cdot-Ce6-HA conjugate in
the tissues was much stronger than those of other samples below
dermis where melanoma cancer was inoculated. In contrast, CdotCe6-HA conjugate was mainly observed on top of the normal skin
(Fig. S2b).
The fluorescence of Cdot-Ce6-HA conjugate could be detected
from the front and back sides of the cancerous skin (Fig. 6a). On
the other hand, Ce6 and Cdot-Ce6 were not delivered significantly
through the cancerous skin. After topical delivery, the remaining
Ce6 and Cdot-Ce6 were removed during the washing step. The
quantified signals obtained from IVIS imaging systems revealed
that Cdot-Ce6-HA conjugate was more significantly delivered into
the deep cancerous skins than the others (Fig. 6b). Normal skin has
HA receptors, but tumor tissue is known to express more HA recep-

SKH-1 hairless tumor model mice with a tumor volume of
70 mm3 were topically treated with 10 lM of Ce6, Cdot-Ce6, or
Cdot-Ce6-HA conjugate using PBS as a control (Fig. 7a). Only one
side of the cancerous skin was irradiated with laser, whereas the
other side of the skin was not irradiated for comparison. The volume of skin cancer treated with PBS, Ce6, and Cdot-Ce6 increased
over time regardless of laser irradiation (Fig. 7b). The difference of
tumor volume change even without laser irradiation might be
attributed to the activation of Ce6 by sunlight, causing meaningful
cytotoxicity in tumor cells [30]. The photosensitivity of Ce6 was
reported to be maintained in the skin for 3–7 days [31]. In the case
of Cdot-Ce6-HA conjugate, the tumor volume increased without
laser irradiation, but significantly suppressed in the presence of
laser irradiation by the photodynamic effect.
The anti-tumor effect was assessed by histological analysis of
tumor tissues with H&E staining and TUNEL assay 12 h after laser
irradiation. As shown in Fig. 8a, cell nuclei stained blue, and intracellular and extracellular proteins stained pink. Pyknosis was
observed in tumor tissues after treatment with Cdot-Ce6-HA conjugate in the presence of laser irradiation, reflecting necrosis or
apoptosis of tumor cells. Pyknosis is the irreversible condensation
of chromatin in the nucleus of a cell, usually associated with necrosis or apoptosis [32]. However, cell death was negligible in tumor
tissues treated with PBS, Ce6, and Cdot-Ce6 regardless of laser irradiation. To observe singlet oxygen-induced apoptosis by PDT, the
tumor sections treated with PBS, Ce6, Cdot-Ce6, and Cdot-Ce6HA conjugate in the absence and presence of laser irradiation were
analyzed by fluorescence TUNEL assay (Fig. 8b). TUNEL assay is
used to detect DNA fragmentation caused by apoptosis [33]. Normal cell nuclei stain blue and TUNEL-positive areas stain green.
The tissue sections treated with PBS, Ce6, and Cdot-Ce6 had little
green fluorescence in the tumor region. Remarkably, after treatment with Cdot-Ce6-HA conjugate, 660 nm laser irradiation
resulted in much more cellular apoptosis than that without laser
irradiation, making all the tumor area green. From the results,
we could confirm the feasibility of Cdot-Ce6-HA conjugate for
target-specific transdermal PDT of melanoma skin cancer.
4. Conclusion
Cdot-Ce6-HA conjugate was synthesized by amide bond formation between amine group of DAH-HA and carboxyl group of CdotCe6 using the EDC chemistry. UV–Vis spectra, PL spectra, FT-IR,
AFM, and TEM analyses confirmed the successful synthesis of
Cdot-Ce6-HA conjugate. SOSG assay revealed the more effective
generation of singlet oxygen by Cdot-Ce6-HA conjugate than Ce6
and Cdot-Ce6 due to enhanced water solubility. According to
in vitro PDT in B16F10 cells, the photodynamic effect of CdotCe6-HA conjugate was much higher than that of free Ce6 and
Cdot-Ce6. Confocal microscopy, two-photon microscopy, and IVIS
imaging clearly visualized the effective transdermal delivery of
Cdot-Ce6-HA conjugate to cancerous skin tissues. The laser irradiation after treatment with Cdot-Ce6-HA conjugate resulted in statistically more significant suppression of tumor growth than that
without laser irradiation. The anti-tumor effect of PDT with CdotCe6-HA conjugate was confirmed by histological analysis with
H&E staining and TUNEL assay. Taken together, Cdot-Ce6-HA conjugate might have a great potential for transdermal PDT of melanoma skin cancer.
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Fig. 8. (a) Histological analysis of cancerous skin tissues with H&E staining after treatment with PBS, Ce6, Cdot-Ce6, or Cdot-Ce6-HA conjugate in the absence (top) and
presence (bottom) of laser irradiation (black scale bar = 200 lm). (b) TUNEL assays of cancerous skin tissues after treatment with PBS, Ce6, Cdot-Ce6, and Cdot-Ce6-HA
conjugate in the absence (top) and presence (bottom) of laser irradiation (white scale bar = 500 lm, blue: normal cell nuclei, green: TUNEL-positive area). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)
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