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Abstract
High aggressiveness and recurrence of melanoma tumors require multiple systemic drug administrations,
causing discomfort and severe side effects to the patients. Topical treatment strategies that provide repetitively
controllable and precise drug administrations will greatly improve treatment effects.
Methods: In this study, a spatiotemporally controlled pulsatile release system, which combined dissolving
microneedles (DMNs) and thermal-sensitive solid lipid nanoparticles (SLNs), was constructed to realize
multiple doses of dual-modal chemo-photothermal therapy in a single administration. Paclitaxel (PTX) and
photothermal agent IR-780 were encapsulated into SLNs and were concentrated in the tips of DMNs
(PTX/IR-780 SLNs @DMNs). Equipped with several needles, the DMN patch could be directly inserted into
the tumor site and provide a stable “Zone accumulation” to constrain the PTX/IR-780 SLNs at the tumor site
with uniform distribution.
Results: In vitro experiments showed that after irradiation with near-infrared light, the PTX/IR-780 SLNs
gradually underwent phase transition, thereby accelerating the release of PTX. When irradiation was switched
off, the PTX/IR-780 SLNs cooled to re-solidify with limited drug release. Compared with intravenous and
intratumoral injections, very few SLNs from PTX/IR-780 SLNs @DMNs were distributed into other organs,
resulting in enhanced bioavailability at the tumor site and good safety. In vivo analysis revealed that PTX/IR-780
SLNs @DMNs exhibited significant anti-tumor efficacy. In particular, the primary tumor was completely
eradicated with a curable rate of 100% in 30 days and the highest survival rate of 66.67% after 100 days of
treatment.
Conclusion: Herein, we developed a DMN system with a unique spatiotemporally controlled pulsatile release
feature that provides a user-friendly and low-toxicity treatment route for patients who need long-term and
repeat treatments.
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Introduction
Skin cancers represent a growing proportion of
all human cancers and are associated with high
mortality [1]. Although it only accounts for 4% of all
skin cancer cases, malignant melanoma is the main
cause of death in superficial skin tumors [2, 3].

Surgery and chemotherapy are the major treatments
for malignant melanoma. However, there is a risk of
tumor recurrence if the tumor tissue is not completely
removed. Also, patients with some underlying
diseases are intolerant to surgery. Traditional
http://www.thno.org
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chemotherapy shows unsatisfactory efficacy in
malignant melanoma and toxic side effects usually
lead to poor quality of life [4]. Another option
proposed for the treatment of melanoma was of
external microenergy, including ultrasound therapy
[5-7], magnetic response therapy [8, 9], and
photothermal therapy (PTT) [10-12]. PTT can induce
thermal ablation of tumor cells by converting light
energy to heat using photothermal agents, causing
irreversible damage to tumors but no damage to
normal tissues. Therefore, PTT represents a potential
noninvasive strategy for superficial skin tumor
therapy. In recent years, the combination of
chemotherapy and PTT has exhibited synergetic
therapeutic effects with low dose requirements,
therefore, inspired research in this area [12-15].
There are several photothermal agents, such as
gold nanoparticles [16, 17], carbon nanotubes [18, 19],
graphene oxide [20, 21], and near-infrared (NIR) dye
[22, 23]. Among these, NIR dye has optimal
absorption radiation at 700 nm - 900 nm, which is a
transparent window for organisms, and is widely
used in medical imaging and photothermal ablation
therapy. IR-780 is a typical NIR dye, which shows
strong photostability and improved photothermal
effects [24-26]. The poorly water-soluble IR-780 is
quite unstable in aqueous medium and is quickly
cleared from the body.
With recent advances in nanotechnology
research, nanocarriers have shown great potential to
solubilize poorly insoluble agents and stabilize
sensitive cargos. Examples of such nanocarriers
include mesoporous silica nanoparticles [27-29],
metal-organic framework [30, 31], micelles [15, 32],
and solid lipid nanoparticles (SLNs) [33]. In recent
years, the development of temperature-sensitive
nanoparticles represents a new strategy for the
controlled release of drugs [34, 35]. These nanodrug
delivery systems are commonly administered by
intravenous injections. However, long-term systemic
circulation and undesirable drug leakage severely
impede effective drug accumulation at the tumor site
and cause inevitable side effects to healthy organs.
Also, frequent multiple doses are often needed to
better control the growth of tumors, resulting in
patient discomfort and damage. Hence, the
development of an ideal topical delivery strategy with
repeated dosing in a single administration is critical
for tumors, such as superficial melanoma, to enhance
drug accumulation at the lesion location, reduce
systemic toxic effects, and decrease administration
frequency.
Dissolving
microneedles
(DMNs)
are
micrometer length needle arrays, which create
hundreds of micro-pathways in the skin via direct
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insertion into the stratum corneum in a minimally
invasive manner with low pain and improved
transdermal drug delivery efficacy [36, 37]. In this
context, DMNs are suitable for effectively
accumulating nanodrug-loaded systems at the lesion
site of many superficial tumors [38-41]. After
administration, spatially controlled drug distribution
and permeation are realized and the well-designed
needle tips can be dissolved by the tissue fluid and
gradually release the encapsulated nanocarriers.
Furthermore, side effects in normal tissues and organs
associated with systemic circulation can be
remarkably reduced. The development of emerging
microneedle manufacturing methods would enable
more flexibility in the design of individualized
microneedles according to the characteristics of the
lesion site [42-44]. Also, various materials can be
selected to prepare functionalized microneedles. For
example, Chen et al. developed a light-activatable
polycaprolactone microneedle system to repeatedly
trigger small molecular drug release, providing a
user-friendly and low toxicity option for patients who
need long-term treatment [45-47].
The purpose of this study was to develop
nanocarrier-packaged DMNs for effective melanoma
therapy. The chemotherapy drug paclitaxel (PTX) and
photothermal agent IR-780 were co-loaded into
thermal-sensitive SLNs to achieve temporally
controlled multiple doses in a single administration
(Figure 1). The SLNs were concentrated at the needle
tips of DMNs for accurate delivery. After direct
insertion into the tumor site, PTX/IR-780 SLNs were
released and were uniformly distributed at the site.
When irradiation was applied to the tumor site,
IR-780 absorbed light energy and converted it into
heat, leading to an in situ phase transition of SLNs
followed by PTX burst release. Once the laser was
switched off, the temperature decreased, SLNs were
re-solidified, and the PTX release was limited. In
subsequent analyses, the pharmacodynamics of the
formulations were evaluated in vitro and in vivo. Thus,
the spatiotemporally controlled PTX/IR-780 SLNs
@DMNs developed in this study provided multiple
chemo-photothermal
therapies
in
a
single
administration and exhibited obvious superiority in
inhibiting tumor growth compared with intravenous
and intratumoral injections of PTX/IR-780 SLNs.

Methods
Materials
Tricaprin (TA) was purchased from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Cetyl
Palmitate (CP), PTX, and gelatin were purchased from
Aladdin (Shanghai, China). IR-780 was obtained from
http://www.thno.org
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Figure 1. Schematic illustration of spatiotemporally controlled pulsatile release DMNs drug delivery system for melanoma therapy.

J&K Scientific (Beijing, China). Sodium hyaluronic
acid (HA) (MW < 10 kDa) was acquired from
Bloomage Freda Biopharm Co., Ltd. (Shanxi, China).
Polyvinyl pyrrolidone (PVP K90) was kindly
provided by MBCHEM Co (New Jersey, USA).
Polydimethylsiloxane (PDMS, Sylgard 184 Silicone
Elastomer Kit) was customized by Dow Corning Co.
(Michigan, USA). RPMI Medium 1640 basic (Gibco™),
fetal bovine serum (FBS) (Gibco™), and trypsin
(Gibco™) were purchased from Thermo Fisher
Scientific Co., Ltd. (Massachusetts, USA). Cell
Counting Kit-8 (CCK-8) was purchased from Dojindo
Molecular Technologies, Inc. (Kyushu, Japan).
Annexin V-fluorescein isothiocyanate (FITC)/PI
(Annexin
V-FITC/PI)
was
obtained
from
MultiSciences Biotech. Co., Ltd. (Hangzhou, China).

Animals
All animal experiments were carried out
according to the Animal Ethical and Welfare
Committee of Sun Yat-sen University protocol
(Approval No. SYSU-IACUC-2019-000194) and the
National Institutes of Health guidelines for the care
and use of laboratory animals. C57 female mice were
purchased from Guangdong Medical Experimental
Animal Center, and all mice were housed in the
Experimental Animal Center of Sun Yat-sen
University (Guangdong, China).

Preparation of PTX/IR-780 SLNs
PTX/IR-780 SLNs were fabricated using a
modified ultrasound method as described previously

[48]. Briefly, 100 mg of CP and 20 mg of TA were
mixed to form the lipid phase at 70 °C. The aqueous
phase containing Pluronic F-68 in 5 mL of ultrapure
water (0.4%, w/v) was heated to the same
temperature. When the lipid materials were
completely melted, 200 μL of PTX and IR-780 ethanol
solution (PTX: 0.200 mg/mL, IR-780: 0.0625 mg/mL)
was added into the lipid phase and was heated until a
uniform phase formed. Subsequently, the lipid phase
was gradually added into the aqueous phase under
constant stirring (800 rpm) at 70 °C for 15 min to form
a pre-emulsion. Finally, the pre-emulsion was
sonicated using Ultrasonic Cell Disrupter (BILON650Y) with an amplitude of 30% for 2 min in an ice
bath, and PTX/IR-780 SLNs were obtained after
cooling in the ice bath. PTX SLNs, IR-780 SLNs, and
blank SLNs were also prepared as controls according
to the same procedure.

Characterization of PTX/IR-780 SLNs
The dried samples, including CP, TA, and
PTX/IR-780 SLNs, containing different ratios of CP to
TA (CP : TA = 5 : 1, 3 : 1, and 1 : 1), were analyzed by
differential scanning calorimetry (DSC, DSC 200 F3
Maia®, Netzsch, Germany) to detect the samples’
melting points. The mean diameter, size distribution,
and zeta potential of PTX/IR-780 SLNs were
measured by using dynamic light scattering (DLS,
Zetasizer Nano, Malvern Instrument, UK). The
stability of PTX/IR-780 SLNs was evaluated by
measuring the particle size change when stored at 4
http://www.thno.org
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°C for 10 days. The particle morphology of
PTX/IR-780
SLNs was characterized using
transmission electron microscopy (TEM, JEM1400,
Hitachi, Japan). To observe the drug distribution in
SLNs, coumarin-6 (C6) replaced PTX and was
encapsulated together with IR-780 into the SLNs to
obtain the fluorescence-labeled nanoparticles;
confocal laser scanning microscopy (CLSM, FV3000,
Olympus, Japan) was used to capture the fluorescence
of SLNs before and after laser irradiation. A
fluorescence spectrometer was used to record the
emission wavelength of free IR-780 and IR-780 SLNs
under an excitation wavelength of 763 nm. The free
drug in the SLN suspensions was separated by an
ultrafiltration method using centrifugal filter tubes
(Millipore, molecular weight cutoff 30 kDa).
High-performance liquid chromatography (HPLC,
LC-20AT, Shimadzu, Japan) with a mobile phase
composed of acetonitrile and water at 53: 47 (v/v) was
applied to measure the concentration of PTX. For
IR-780, the concentration was measured using
fluorescence spectrometry. The encapsulation
efficiency (EE) and drug loading (DL) of PTX and
IR-780 were determined by the following equations:
EE (%) = [weight of PTX (IR-780) in SLNs/weight of
total added PTX (IR 780)] × 100%
(1)
DL (%) = [weight of PTX (IR-780) in SLNs/weight of
total SLNs] × 100%
(2)

Photothermal property of PTX/IR-780 SLN
suspension
To compare the photothermal efficiency of
IR-780 solution and PTX/IR-780 SLN suspension, 1
mL of samples with different IR-780 concentrations
(20 μg/mL and 60 μg/mL) was added into 24-well
plates and exposed to an 808 nm laser (1 W/cm2) for 5
min, and the temperature changes were recorded
every minute. Different laser powers were used to
examine the influence on the photothermal effect. To
further evaluate the influence of repeated irradiation
on photothermal efficiency, the samples were
irradiated for several “ON/OFF” cycles under a 1
W/cm2 laser. The IR-780 solution and PTX/IR-780
SLN suspension were placed in light for 1 day to
evaluate the stability by detecting their fluorescence.

Temperature-dependent and laser-triggered
drug release
To investigate the thermo-responsive drug
release profile in vitro, PTX/IR-780 SLNs equivalent to
100 μg of PTX were dispersed in 14 mL of release
medium (phosphate-buffered saline (PBS) containing
1% polyoxyethylated castor oil) and equally packed
into 9 centrifuge tubes. The tubes were placed in a 50
°C water bath for several “ON/OFF” cycles, then the
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release medium was collected and replaced with fresh
medium at the specified time intervals. The
concentration of PTX in the medium was analyzed by
HPLC.
To further investigate the effect of laser
irradiation on the release of PTX, PTX/IR-780 SLNs
equivalent to 63 μg of PTX were dispersed in 9 mL of
release medium (PBS containing 1% polyoxyethylated
castor oil). After irradiation with an 808 nm laser (1
W/cm2) for 5 min, the PTX/IR-780 SLNs suspension
was divided equally into 6 centrifuge tubes and then
placed in a 37 °C shaker. The PTX concentration was
measured at predetermined time points. The
PTX/IR-780 SLN suspension without laser irradiation
was used as the control.

Cells culture and in vitro cellular uptake
Murine melanoma B16 cells were obtained from
the Laboratory Animal Center of Sun Yat-sen
University (from American Type Culture Collection)
and cultured in RPMI-1640 medium, supplemented
with 10% FBS and 1% penicillin/streptomycin at 37
°C with 5% CO2.
B16 cells were seeded in 24-well plates at a
density of 1 × 105 cells per well and were cultured
overnight. For the in vitro cellular uptake study, the
C6/IR-780 SLNs were added (IR-780:10 μg/mL, C6: 1
μg/mL). After 2 h of incubation, the cells were
washed twice with PBS, fixed with 4%
paraformaldehyde for 10 min, and then washed prior
to nuclear staining with 4', 6-diamidino-2phenylindole (DAPI). Finally, the cells were imaged
using CLSM.

Laser- triggered intracellular drug release
B16 cells were seeded in 24-well plates at a
density of 1 × 105 cells per well. After overnight
culture, the medium was replaced with fresh medium
containing C6/IR-780 SLNs and the cells were
incubated for another 1 h. The cells were washed with
PBS three times, fixed with 4% paraformaldehyde for
10 min, stained with DAPI, and then irradiated with a
laser at 808 nm for 5 min (0.5 W/cm2 or 1 W/cm2). The
fluorescence intensity of C6 in the cells before and
after irradiation was captured by CLSM.

In vitro cytotoxicity and apoptosis assay
B16 cells were seeded in 96-well plates at a
density of 5 × 103 cells per well. After overnight
culture, the medium was removed, and fresh medium
containing different concentrations of samples (blank
SLNs, PTX SLNs, IR-780 SLNs, PTX/IR-780 SLNs, and
free PTX/IR-780 solution) was added. Following 4 h
of coincubation, the medium was replaced with fresh
medium. For the groups containing IR-780, cells were
exposed to 808 nm laser with 1 W/cm2 for 5 min.
http://www.thno.org
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After incubation for another 24 h, the CCK-8 kit was
used and the absorption of each well was determined
by a microplate reader (ELx800, Biotek, USA) to
determine the viability of cells. To study the survival
rate of cells under two laser irradiation cycles, after
the first laser irradiation and 24 h incubation, the cells
were irradiated with an 808 nm laser again and
incubated for another 24 h. The cells were incubated
for 48 h and the CCK-8 assay was used to analyze the
viability of cells. The laser irradiation alone group was
used as a control.
Cell apoptosis was assessed after treatment with
5.00 μg/mL PTX and 3.33 μg/mL IR-780. Briefly, B16
cells were seeded in 6-well plates at a density of 2 ×
105 cells per well and incubated overnight to allow
adherence. The medium was removed and replaced
with fresh medium containing blank SLNs, PTX
SLNs, IR-780 SLNs, PTX/IR-780 SLNs, or free PTX/
IR-780 solution for a 4 h incubation. Subsequently, the
medium was replaced with fresh medium and the
samples containing IR-780 were irradiated with an
808 nm laser with 1 W/cm2 for 5 min. The cells were
incubated for another 24 h, stained with 5 μL of
Annexin V-FITC and 10 μL of PI for 5 min, followed
by flow cytometry (EPICS, Beckman Coulter, USA) to
detect apoptosis.

ROS generation detection
Intracellular ROS generation was detected using
the DCFH-DA probe. After B16 cells were seeded in
24-well plates at a density of 1 × 105 cells per well and
incubated overnight, the medium was replaced with
free PTX/IR-780 solution and PTX/IR-780 SLNs (PTX:
5.00 μg/mL, IR-780: 3.33 μg/mL) for a 4 h incubation.
After removal of the medium, the DCFH-DA probe
was added to the cells and incubated for 20 min. Next,
the DCFH-DA probe was replaced with PBS and the
cells were irradiated with an 808 nm NIR laser for 5
min. Finally, the cells were stained with Hoechst for
10 min. The cells were washed with PBS and then
observed by CLSM.

Formulation and Characterization of
PTX/IR-780 SLNs @DMNs
DMNs were prepared through a three-step
centrifugation method as described previously [49].
The male mold was made from brass and consisted of
144 needles with a height of 800 μm, a base diameter
of 300 μm, and a tip-to-tip space of 750 μm.
Subsequently, 12 g of PDMS containing 10% fixative
was poured onto the brass male and dried for 1.5 h at
80 °C to obtain a female mold. After the female mold
was peeled off, PTX/IR-780 SLN suspension was
filled into the female mold under centrifugation at
4000 rpm for 5 min at 4 °C, excess PTX/IR-780 SLN
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suspension was removed, and the female mold was
dried overnight at room temperature in a dryer. Since
it was difficult to fill SLNs with low density into the
female mold microholes, the SLN suspension was
added and centrifuged three times to concentrate the
SLNs into the needle tips of DMNs. Next, HA solution
(400 mg/mL) was filled into the female mold under
centrifugation at 4000 rpm for 5 min at 4 °C. Finally,
PVP k90 ethanol solution (312.5 g/L) was poured on
the female mold and centrifuged at 4000 rpm and 4 °C
to form the base part. After drying at room
temperature for 12 h, the PTX/IR-780 SLNs @DMNs
were gently peeled off. The PTX SLNs @DMNs and
IR-780 SLNs @DMNs were also obtained using the
same procedure.
The PTX/IR-780 SLNs @DMNs were observed
with a fluorescent stereomicroscope (MZFLIII,
LEICA, Germany), CLSM, and scanning electron
microscope (SEM, JSM-6330F, Jeol, Japan). To
investigate the stability of SLNs after they were
loaded into DMNs, the particle size of SLNs released
from DMNs was measured.

Insertion capability of PTX/IR-780 SLNs
@DMNs
To evaluate the in vitro skin insertion ability, the
PTX/IR-780 SLNs @DMNs were pressed into the
shaved dorsal rat skin or porcine skin for 5 min. The
DMNs were removed, the insertion site stained with
1% trypan blue, and then imaged with a camera. To
determine the insertion depth, the rat skin was
prepared for histological specimens and observed
under optical coherence tomography (OCT, HSO-2000,
China). PTX/IR-780 SLNs @DMNs were inserted into
the gelatin block with 35% water (w/w) to simulate
DMN dissolution in vitro, and the morphology of
DMNs in the gelatin block was observed with a
microscope (Nikon, Tokyo, Japan) [50]. DMNs were
removed after 10 min and observed under a
microscope along with the gelatin block. The gelatin
block was observed again after 24 h to examine the
accumulation of PTX/IR-780 SLNs at the application
site.

In vivo photothermal effect
To directly evaluate the photothermal effect of
PTX/IR-780 SLNs @DMNs, a visual infrared thermal
imaging camera (Tis75, Fluke, USA) was applied to
detect the temperature changes in C57 mice bearing
tumors under NIR laser irradiation. After removing
the hair of mice at the dorsal flank, different DMNs
were inserted into the skin by thumb pressure for 2
min. The mice were randomly divided into three
groups: (1) control group, in which the mice were only
exposed to NIR light; (2) blank DMN group, in which
http://www.thno.org
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the mice were treated with DMNs without the drug
and irradiated with the laser; and (3) PTX/IR-780
SLNs @DMN group, in which the mice were treated
with PTX/IR-780 SLNs @DMNs and irradiated with
laser for 5 min (808 nm, 1 W/cm2).

In vivo imaging and biodistribution analysis
C57 female mice were injected with B16 cells (1 ×
106) in the dorsal flank to generate the subcutaneous
melanoma mouse model. When the tumor reached 40
- 60 mm3, the mice were randomly divided into three
groups: (1) treated with PTX/IR-780 SLNs @DMNs;
(2) intratumorally injected with PTX/IR-780 SLNs;
and (3) intravenously injected with PTX/IR-780 SLNs.
Fluorescence signals at tumor sites were detected
using a live fluorescence imaging system (IVIS
Lumina XRMS, PerkinElmer, USA) at 0, 2, 4, 6, 8, 12,
and 24 h. After 24 h, all mice were sacrificed, and the
major organs (heart, liver, spleen, lung, and kidney)
were collected to observe the fluorescence signal
distribution.

Expression of heat-shock protein 70 (Hsp70)
When the tumor reached 40 - 60 mm3, the C57
mice were randomly divided into three groups: (1)
control group; (2) PTX/IR-780 SLNs @DMNs with
laser irradiation for 5 min (808 nm, 1 W/cm2); and (3)
PTX/IR-780 SLNs @DMNs without laser irradiation.
Tumor tissues were collected 24 h after
administration, fixed with 4% paraformaldehyde, and
then evaluated for the expression of Hsp70 by
immunofluorescence staining.

In vivo anti-tumor study
A subcutaneous melanoma model was
established by injecting B16 cells (1 × 106) in the dorsal
flank of C57 mice. When the tumors grew to 40 - 60
mm3, the mice were randomly divided into 8 groups:
(1) no treatment; (2) PTX SLNs @DMNs; (3) IR-780
SLNs @DMNs + laser (++); (4) PTX/IR-780 solution
@DMNs + laser (++); (5) PTX/IR-780 SLNs @DMNs +
laser (+); (6) PTX/IR-780 SLNs intravenous injection +
laser (++); (7) PTX/IR-780 SLNs intratumoral injection
+ laser (++); and (8) PTX/IR-780 SLNs @DMN + laser
(++). “+” means laser irradiation for 5 min (1 W/cm2)
on the day of administration, and “++” means laser
irradiation for another 5 min (1 W/cm2) after 24 h of
the first irradiation. The tumor volume and
bodyweight of mice were monitored every other day,
and the tumor volume was calculated by tumor
length × tumor width2/2. The survival rate of the mice
was recorded until death occurred or animals were
euthanized when the tumor volume reached ≥ 2000
mm3.
On the 12th day after the treatments, mice were
sacrificed, and the tumor and major organs were fixed
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in 4% paraformaldehyde, embedded in paraffin, and
cut into 5 μm slices. The major organs were stained
with hematoxylin-eosin (H&E) and observed under a
microscope to assess formulations’ safety. The tumors
were stained with H&E, terminal deoxynucleotidyl
transferase (TdT)-mediated dUTP nick end labeling
(TUNEL), caspase 3, and Ki67 to further evaluate the
therapeutic effects.

Safety evaluation
To analyze skin recovery after application of
DMNs, healthy C57 mice were divided into 3 groups:
(1) no treatment; (2) PTX/IR-780 SLNs @DMNs
without laser irradiation; and (3) PTX/IR-780 SLNs
@DMNs with laser irradiation for 5 min (808 nm, 1
W/cm2). The skin recovery of mice was documented
with a camera at 0, 1, 3, 7, and 10 days after
administration.
To further evaluate the safety of various
methods of administrations, mice were randomly
divided into four groups for routine blood
examination [51]: (1) healthy mice; (2) intravenously
injected with PTX/IR-780 SLNs; (3) intratumorally
injected with PTX/IR-780 SLNs; and (4) PTX/IR-780
SLNs @DMNs. After treatment for 24 h, blood
samples were collected from the eye socket vein and
were used to evaluate the level of blood parameters.

Statistical analysis
All data were presented as the mean ± the
standard
deviation
(SD)
of
independent
determinations.
Statistical
differences
were
considered significant when P < 0.05 and were
calculated by using one-way analysis of variance
(ANOVA) after the normality test and variance
homogeneity test using SPSS (version 22.0, IBM
Corporation, New York, USA).

Results and Discussion
Preparation and Characterization of
PTX/IR-780 SLNs
DSC was used to investigate thermal properties
of the lipid materials to provide relevant
physicochemical data of the melting point of the
PTX/IR-780 SLNs. As shown in Figure 2A, the
melting point of SLNs changed with different ratios of
CP to TA, and the final formulation of the PTX/IR-780
SLNs was CP : TA = 5 : 1 with a melting point of 51.8
°C. DLS results showed that the average diameter of
the PTX/IR-780 SLNs was approximately 230 nm
(Figure 2B). The particle size and polydispersity index
of PTX/IR-780 SLNs remained constant when stored
at 4 °C for 10 days (Figure 2C), indicating good
stability of the nanosystem. The schematic illustration
of PTX/IR-780 SLNs is presented in Figure 2D. CP
http://www.thno.org
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and TA served as the lipid materials of SLNs, and PTX
and IR-780 were distributed in the matrix of SLNs.
TEM images revealed that PTX/IR-780 SLNs were
generally spherical (Figure 2E). Upon irradiation with
an 808 nm NIR laser (1 W/cm2) for 5 min, smaller
particles were observed due to the phase transition
effect (Figure 2F). Moreover, the fluorescence signal
of C6/IR-780 SLNs also became more dispersed after
exposure to the NIR laser (1 W/cm2) for 5 min (Figure
2G-H, Figure S1) due to the release of C6 promoted
by the laser-induced phase transition of the SLNs. The
fluorescence spectra showed that free IR-780 solution
presented a strong absorption peak at ~ 803 nm
(Figure S2A) with a 10 nm redshift to 813 nm (Figure
S2B). Hydrophobic interactions and changes in
solvent polarity might contribute to this phenomenon
[24]. The EE of the PTX and IR-780 measured by the
ultrafiltration method was 97.41% ± 0.54 and 62.58% ±
0.98. The DL of the PTX and IR-780 was 2.97% ± 0.11
and 1.70% ± 0.11. It should be noted that the SLN
preparation process involved relatively high
temperature (70 °C), and thermal-sensitive drugs are
unlikely compatible with this system. For those drugs,
supercritical fluid technology and cold dispersion
technology can be used to avoid the high temperature.

Temperature-dependent and laser-triggered
drug release
SLNs are usually prepared from lipid materials
that melt at their melting points and re-solidify when
the temperature drops. We speculated that the
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optimal SLNs would experience phase change at the
high temperature (50 °C) induced by PTT and resolidify when the temperature decreases at the end of
laser irradiation. Therefore, temporally controlled
temperature-dependent release profiles could be
realized at different laser irradiation intervals. Here,
we prepared SLNs using the CP and TA lipid
materials whose melting points are 54 °C and 33 °C,
respectively. Optimal SLNs with a melting point of
51.7 °C were obtained by systematically adjusting the
ratio of CP to TA (5 : 1). Figure 3A - C displays the
cumulative drug release profile of PTX when the time
interval between heating was 10 min, 1 h, and 2 h. As
expected, the pulsatile drug release profiles were
achieved by the “ON” and “OFF” heating cycles. In
each round of heating, the burst release amount of
PTX was approximately 2% - 4%.
To evaluate the release profile after irradiation
with a NIR laser, a specific amount of PTX/IR-780
SLNs was exposed to the 808 nm laser for a specific
time. As shown in Figure 3D, a burst release was
observed for the PTX/IR-780 SLNs with laser
irradiation, followed by a slow release rate which was
essentially the same as that for the PTX/IR-780 SLNs
without laser exposure, and the cumulative release of
PTX at 72 h was approximately 13%. Apparently,
IR-780 absorbed the NIR laser energy and converted it
into heat, inducing the phase transition of the SLNs
and ultimately accelerating drug release from SLNs.
When the laser was removed, the PTX/IR-780 SLNs
suspension gradually cooled to room temperature, the

Figure 2. Characterization of PTX/IR-780 SLNs. (A) DSC thermograms of the CP, TA, and PTX/IR-780 SLNs with different ratios of CP to TA. (B) Size distribution of
PTX/IR-780 SLNs. (C) Stability of the PTX/IR-780 SLNs at different time intervals (n = 3). (D) Structure illustration of PTX/IR-780 SLNs. (E) TEM image of PTX/IR-780 SLNs
before irradiation; (scale bar: 1 µm). (F) TEM image of PTX/IR-780 SLNs after irradiation; (scale bar: 200 µm). (G) CLSM picture of PTX/IR-780 SLNs before irradiation; (scale
bar: 1 µm). (H) CLSM picture of C6/IR-780 SLNs after irradiation; scale bar: 1 µm).
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SLNs re-solidified, and the drug release rate
decreased. Therefore, different drug release profiles
can be achieved by adjusting the laser “OFF” time and
the number of irradiation cycles, realizing precise
individualized medication.

Photothermal properties of PTX/IR-780 SLN
suspension
To evaluate the photothermal properties of
PTX/IR-780 SLNs, both IR-780 solution and PTX/
IR-780 SLNs were tested in PBS under 808 nm NIR
light for 5 min. As shown in Figure 3E, the
temperature of blank PBS had no change. Because of
the low solubility and poor stability of IR-780 in
water, the temperature of IR-780 solution slightly
increased to 25.0 °C (IR-780: 20 μg/mL) and 30.4 °C
(IR-780: 60 μg/mL). By contrast, the temperature of
PTX/IR-780 SLNs suspension rapidly increased to
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45.4 °C (IR-780: 20 μg/mL) and 54.7 °C (IR-780: 60
μg/mL) following irradiation. As displayed in Figure
3F, the maximum temperature of PTX/IR-780 SLNs
increased from 35.1 °C to 54.7 °C when the laser
power increased from 0.5 W/cm2 to 1 W/cm2. This
indicated that the photothermal conversion efficiency
was related to the concentration of IR-780 and the
power intensity of NIR light. Figure 3G shows that
after 3 cycles of irradiation, the temperature of
PTX/IR-780 SLNs solution still rose to 50 °C,
indicating that PTX/IR-780 SLNs could produce
multiple photothermal effects. After 1 day of storage
in light, the maximum absorption of IR-780 solution
decreased (Figure 3H). By contrast, the maximum
absorption of PTX/IR-780 SLNs suspension showed
no change (Figure 3I). Following storage at 4 °C for 30
days, PTX/IR-80 SLNs showed no change while the
IR-780 solution showed sedimentation (Figure S3).

Figure 3. Drug release profile and photothermal behavior of PTX/IR-780 SLNs. PTX release profile from PTX/IR-780 SLNs triggered by temperature. The time
interval between heating was (A) 10 min, (B) 1 h, and (C) 2 h. (D) PTX release profile from PTX/IR-780 SLN suspension after irradiation with 808 nm NIR at 1 W/cm2 for 5 min.
(E) Photothermal effect of PTX/IR-780 SLNs and free IR-780 at different concentrations after irradiation with 808 nm NIR at 1 W/cm2 for 5 min. (F) Photothermal effect of
PTX/IR-780 SLNs irradiated by 1 W/cm2 and 0.5 W/cm2 laser. (G) Thermal profile of PTX/IR-780 SLNs irradiated with 808 nm NIR at 1 W/cm2 for 5 min in 4 cycles. The
fluorescence spectrum of (H) free IR-780 solution and (I) PTX/IR-780 SLNs after 1 day of storage in light. Data are expressed as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001
versus control (n = 3).
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These results indicated that encapsulation of IR-780 in
SLNs improves its stability and maintains its
photothermal property.

In vitro cellular uptake and intracellular drug
release
To determine whether B16 melanoma cells
effectively uptake SLNs, C6 was labeled in SLNs to
simulate chemotherapy drug PTX. After coculturing
with C6/IR-780 SLN suspension for 2 h, sections of
B16 cells were observed by CLSM, showing the
uniform distribution of C6 and IR-780 in the
cytoplasm of B16 cells (Figure S4).
The intracellular drug release triggered by NIR
laser was then observed at the cellular level using
CLSM. As shown in Figure 4A, C6 was released from
SLNs when irradiated with 808 nm laser for 5 min.
Compared with the untreated B16 cells, the laser
group showed stronger C6 fluorescence signals. This
was because the photothermal effect of IR-780 under
NIR laser induced SLNs phase transition to release
more C6. For the groups treated with 0.5 W/cm2 and 1
W/cm2 laser, the latter displayed a stronger C6
fluorescence signal than the former. As discussed
above, 1 W/cm2 laser triggered higher temperature
than 0.5 W/cm2, releasing more C6 from SLNs.

In vitro cytotoxicity and apoptosis assay
To evaluate the cytotoxicity effect of PTX/IR-780
SLNs, B16 cells were treated with different
formulations and the viability of cells was measured
by CCK-8 at 24 h and 48 h. Figure 4B - 4C show that
the cell viability in the presence of blank SLNs was
higher than 85% after 24 h or 48 h of culture,
indicating good compatibility of the SLNs. Since
IR-780 is unstable in solution, the cell viability of the
PTX/IR-780 solution group was almost the same as
that for PTX SLNs after treatment for 24 h (Figure 4B).
For the PTX SLN group, the viability was 56% when
the PTX concentration was 1 μg/mL. Further increase
in PTX concentration had little effect with 50.5%
viability observed at 10 μg/mL PTX concentration.
Additionally, IR-780 alone had no cytotoxicity when
the concentration was 0.67 μg/mL. By contrast, the
viability of B16 cells sharply decreased to 14% in the
PTX/IR-780 SLN group with 1 μg/mL PTX and 0.67
μg/mL IR-780. These results showed that
chemo-photothermal therapy had better cell
inhibition ability than chemotherapy or PTT alone.
When the concentration of PTX and IR-780 increased
to 10 and 6.67 μg/mL, the viability of cells treated
with IR-780 SLNs was slightly lower than that of cells
treated with PTX/IR-780 SLNs. This could be
explained by the hyperpyrexia generated by the
higher concentration of IR-780, almost entirely
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ablating the cancer cells. When the cells were
irradiated again after 24 h and incubated for another
24 h, the cell viability significantly decreased (Figure
4C), indicating that additional irradiation cycles
further enhanced cytotoxicity. As shown in Figure S5,
laser irradiation did not affect the cells as there was no
difference in cell viability between the laser alone and
control groups.
After treatment with different formulations, the
cells were stained with Annexin V-FITC/PI. The
results presented in Figure 4D were consistent with
those of the CCK-8 assay, which further demonstrated
that PTX/IR-780 SLNs exhibited superior anticancer
effects due to the chemo-photothermal synergistic
therapy.

ROS generation in B16 cells
Several NIR dyes (such as IR-780 and IR-820)
have excellent photophysical properties with
significant shifts between absorption and emission
bands and can potentially be used for photodynamic
therapy [24, 52]. When PTX/IR-780 SLNs were
irradiated by 808 nm NIR laser, ROS was generated
by IR-780 oxidized DCFH-DA into DCF and exhibited
green fluorescence in B16 cells. As shown in Figure
S6, there was no fluorescence in PBS or PTX/IR-780
solution with laser irradiation. Thus, the encapsulated
IR-780 in SLNs could generate ROS and exhibit
photodynamic properties.

Formulation and characterization of
PTX/IR-780 SLNs @DMNs
Insufficient drug loading of DMNs is still one of
the greatest challenges in application due to the
relatively low needle volume. In this study, a multiple
centrifugation molding technology was employed to
concentrate drug-loaded nanoparticles into the needle
tips as described in our previous study [49]. Figure 5A
shows that the loading amount of PTX in DMNs
increased with an increase in centrifugation times. In
particular, the PTX loading amount reached 54.13 μg
per patch after three centrifugation cycles, which was
1.7- and 3.1-fold higher than that of two (32.50 μg per
patch) and one centrifugation (17.46 μg per patch)
cycles. Considering drug loading efficiency and the
convenience of the preparation, we selected 3
centrifugation cycles to enrich SLNs at the tip of the
microneedles (Figure 5B). The encapsulation and
loading efficiency of SLNs in the DMNs were 84.12%
± 8.21 and 12.32% ± 1.29, respectively. The SEM image
of PTX/IR-780 SLNs @DMNs (Figure 5C) depicted
that the quadrangular pyramid-shaped needles were
uniformly distributed on the base substrate with a
height of 800 μm and tip-to-tip space of 750 μm. The
stereo fluorescence photographs of PTX/IR-780 SLNs
http://www.thno.org
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@DMNs under bright field and fluorescence
microscopy are shown in Figure 5D and Figure 5E.
The 3D simulation (Figure 5F) and the fluorescence
image of PTX/IR-780 SLNs @DMNs captured by
CLSM (Figure 5G) are also presented. These results
revealed that the PTX/IR-780 SLNs were mainly
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concentrated in the tips of needles, which was
desirable to efficiently deliver the drug-loaded
nanoparticles into the lesion site. The particle size of
SLNs released from DMNs was measured as 250 nm
(Figure S7), indicating that the physical characteristics
of SLNs were maintained after packaging into DMNs.

Figure 4. (A) Real-time images of intracellular drug release after laser irradiation for 5 min captured by CLSM (1 W/cm2 or 0.5 W/cm2). Cell nuclei were stained with DAPI
(blue), and C6 is shown as green fluorescence (scale bar: 50 µm). Viability of cells treated with different formulations with or without laser irradiation for 5 min (800 nm, 1 W/cm2)
and further incubated for (B) 24 h and (C) 48 h (n = 3). Data are expressed as the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 versus control (n = 3). The label “+” means laser
irradiation for 5 min (1 W/cm2) on the day of administration, and “++” means laser irradiation for another 5 min (1 W/cm2) after 24 h of the first irradiation. (D) Apoptosis
analysis by Annexin V-FITC/PI staining of B16 cells treated with PBS, SLNs, PTX SLNs, PTX/IR-780 solution + laser, IR-780 SLNs + laser, and PTX/IR-780 SLNs + laser (808 nm,
1 W/cm2).
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Figure 5. Characterization of PTX/IR-780 SLNs @DMNs. (A) Drug-loading amount of PTX in DMNs prepared with different centrifugation times. Data are expressed as
the mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 versus control (n = 3). (B) Preparation scheme of PTX/IR-780 SLNs @DMNs. (C) SEM image of PTX/IR-780 SLNs @DMNs.
(D) Photograph of PTX/IR-780 SLNs @DMNs under bright field (scale bar: 500 µm), and (E) fluorescence microscopy (F) 3D reconstruction image of PTX/IR-780 SLNs
@DMNs captured by CLSM and (G) single needle image (scale bar: 100 µm). (H) Dorsal rat skin of a shaved area after insertion of PTX/IR-780 SLNs @DMNs. (I) Porcine skin
after insertion of PTX/IR-780 SLNs @DMNs. (J) Corresponding histological section of inserted rat skin.

Insertion capability of PTX/IR-780 SLNs
@DMNs
Skin penetration of microneedles is a
prerequisite for effective drug delivery. HA is an
endogenous component of the human body [53].
DMNs fabricated with HA have been demonstrated to
exhibit enough mechanical strength to pierce into the
skin and subsequently dissolve quickly by interstitial
fluid [4]. In this study, the PTX/IR-780 SLNs @DMNs
using HA as the polymer matrix were pressed into the
dorsal skin for 2 min. After the removal of DMNs, the
inserted site was stained with a dye. As shown in
Figure 5H & 5I, a complete array of spots
corresponding to the DMN puncture sites were
clearly observed, indicating that the DMNs were
successfully inserted into the skin. The H&E-stained
section demonstrated that PTX/IR-780 SLNs @DMNs
were completely inserted and embedded within the
tissue (Figure 5J). To further determine the insertion
depth, the OCT was used to obtain the real-time
images of the insertion process in the dorsal rat skin.

As shown in Figure S8, optical signals were detected
at a depth of approximately 700 μm. It is of note that
the insertion depth in H&E-stained sections was only
200 - 220 μm due to skin elastic deformation during
skin section preparation. Figure S9 shows that the
PTX/IR-780 SLNs @DMNs completely dissolved after
insertion into gelatin blocks (Figure S9B). Following
removal of the base of DMNs, PTX/IR-780 SLNs
remained in the pore channel of gelatin blocks created
by DMNs even after 24 h (Figure S9F). Collectively,
these results indicated that PTX/IR-780 SLNs @DMNs
could quickly release SLNs at the tumor site to
achieve long-term treatment.

In vivo photothermal effect at the tumor site
The in vivo photothermal effect of PTX/IR-780
SLNs @DMNs was evaluated using an infrared
thermal imaging camera to record the local
temperature every minute (Figure 6A - B). The initial
temperature for the control and blank DMN groups
was 31.3 °C and 32.6 °C, respectively. Upon
irradiation with 808 nm NIR laser, the local
http://www.thno.org
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temperature of the tumor only slightly increased (37.4
°C and 40.1 °C, respectively), and the temperatures
were lower than the critical temperature value for
irreversible cellular damage (e.g., hyperthermia
temperature at 42 °C) [4]. By contrast, the local
temperature increased from 31.3 °C to 51.8 °C after
treatment with PTX/IR-780 SLNs @DMNs plus
irradiation. These results indicated that NIR alone or
blank DMNs did not reach the critical value of
photothermal therapy, while the local temperature at
tumor site reached an ideal photothermal effect when
PTX/IR-780 SLNs @DMNs were applied. The
expression level of Hsp70 was related to the increased
temperature at the local site [54]. In our experiment, a
strong positive expression of Hsp70 was observed
after treatment with PTX/IR-780 SLNs @DMNs with
laser irradiation for 5 min (Figure S10), indicating that
irradiation with 808 nm laser induced IR-780 and
increased the tumor site temperature.

In vivo imaging and biodistribution analysis
To investigate the duration of PTX/IR-780 SLNs’
accumulation at the tumor site, the fluorescence signal
variation in B16 melanoma-bearing mice at different
time points was examined through IVIS (Figure 6C 6F, S11). A strong fluorescence signal was observed at
the tumor site 4 h after intravenous injection of
PTX/IR-780 SLNs and then the fluorescence signal
gradually decreased. Therefore, the laser was applied
4 h after intravenous injection in the anti-tumor study.
For the DMN and intratumoral injection groups, the
strongest fluorescence signal was observed at the
tumor site at 0 h. After 12 h, the relative fluorescence
signal accumulated at the tumor site in the
intratumoral injection group was 40.52%. By contrast,
the relative fluorescence signal accumulated at the
tumor site of the DMN group was 76.87%. To further
study the biodistribution of PTX/IR-780 SLNs after
various administrations, major organs (heart, liver,
spleen, lung, and kidney) were collected 24 h postadministration (Figure 6G - H). The DMN group did
not show any fluorescence signal in the organs, while
an extensive fluorescence signal was found in the
intratumoral and intravenous injection groups. These
results showed that compared with intratumoral and
intravenous injection, DMNs provided a stable “Zone
accumulation” to constrain the drug at the tumor site
for a longer period of time. This was because
PTX/IR-780 SLNs @DMNs could create hundreds of
microchannels at the tumor site, uniformly release
PTX/IR-780 SLNs and form multiple in-situ drug
reservoirs. This regional delivery strategy is desirable
for effective therapy of superficial tumors.
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In vivo anti-melanoma tumor study
Encouraged by the satisfactory in vitro
therapeutic effect and the favorable NIR-induced
hyperthermia in vivo, we evaluated the anticancer
effect of the PTX/IR-780 SLNs @DMNs in B16
tumor-bearing mice. Tumor-bearing C57 mice were
randomly divided into 8 groups. The tumor volume,
survival rate, and bodyweight of treated mice were
recorded every other day. Figure 7A displays the
schematic diagram for the therapy of the B16 tumor
model. As is evident from Figure 7B, the weight of
mice did not significantly change during the entire
test period except for mice in the control group,
probably due to the growing tumor burden. This
observation
provided
evidence
for
good
biocompatibility and safety of the designed drug
delivery system. Major organs of the mice were also
collected on day 12 and stained with H&E. No
noticeable pathological abnormalities in the heart,
liver, spleen, lung, and kidney were observed after
various
treatments
(Figure
S12),
further
demonstrating low systemic toxicity of PTX/IR-780
SLNs and SLNs loaded DMNs.
As shown in Figure 7D, the tumor volume in
mice without any treatment increased sharply and
reached approximately 1500 mm3 on day 8. The
tumors in mice treated with PTX SLNs @DMNs
recurred on day 4, with the tumor volume reaching
1850 mm3 on day 14. For the IR-780 SLNs @DMNs +
laser (++) group, tumor recurrence occurred on day 8,
and the tumor volume was 930.38 mm3 on day 16.
This indicated that the anti-tumor effect of PTT was
better than that of chemotherapy. For the PTX/IR-780
SLNs @DMNs + laser (++) group, the primary tumor
was completely eradicated with a curable rate of 100%
(Figure 7C) on day 16. There was no tumor recurrence
through day 30, which confirmed the highly
significant anti-tumor effect of the nanosystem. Due
to the instability of IR-780 in aqueous solution, the
tumor volume in mice treated with PTX/IR-780
solution DMNs + laser (++) was 1394.75 mm3 on day
16 (Figure 7E), and the anti-tumor effect was far
worse than that of PTX/IR-780 SLNs @DMNs +laser
(++).
In this study, PTX/IR-780 SLNs @DMNs (+) and
PTX/IR-780 SLNs @DMNs (++) were used in
tumor-bearing mice to evaluate the multiple light
treatment effect. As shown in Figure 7F, following
one-time laser irradiation, the tumor recurred on day
12. Strikingly, when the second irradiation was added
24 h after the first irradiation, no tumor recurrence
occurred through 30 days, which could be explained
by the following reasons. First, the heat generated by
NIR directly kills cancer cells through thermal
ablation.
http://www.thno.org
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Figure 6. In vivo photothermal effect and biodistribution analysis. (A) Infrared thermal images of PTX/IR-780 SLNs @DMNs in treated mice. (B) Temperature change
curve at the irradiation site (808 nm, 1 W/cm2) (n = 3). (C) Fluorescent image of B16 tumor-bearing mice after administration of PTX/IR-780 SLNs by intravenous injection,
intratumoral injection, and DMNs over 24 h. (D - F) Mean fluorescent intensity at different time intervals after administration of PTX/IR-780 SLNs by intravenous injection,
intratumoral injection, and DMN (n = 3). (G) Fluorescent image and (H) mean fluorescent intensity of major organs 24 h post administration (n = 3). Data are expressed as the
mean ± SD, *p < 0.05, **p < 0.01, ***p < 0.001 versus control.
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Figure 7. In vivo anticancer effect of various treatments in subcutaneous B16 tumor-bearing C57 mice. (A) Schematic diagram of the therapeutic model of B16
tumor. I.V. means intravenous injection, I.T. means intratumoral injection. (B) Bodyweight and (C) Survival rate of mice after various treatments. Tumor volume after various
treatments for 14 days: (D) Groups treated with PTX SLNs @DMNs, IR-780 SLNs @DMNs + laser (++), and PTX/IR-780 SLNs @DMNs + laser (++); (E) Groups treated with
PTX/IR-780 solution @DMNs + laser (++) and PTX/IR-780 SLNs @DMNs + laser (++); (F) Groups treated with PTX/IR-780 SLNs @DMNs + laser (+) and PTX/IR-780 SLNs
@DMNs + laser (++); (G) Groups treated with DMNs, intratumoral injection, and intravenous injection. Values are expressed as the mean ± S.D., n.s., not significant, *p < 0.05,
**p < 0.01, ***p < 0.001 versus group of PTX/IR-780 SLNs @DMNs (++).

Second, the PTX release rate is accelerated by
NIR irradiation. Moreover, increasing local
temperature also disrupts cellular membranes to
increase the cellular uptake of SLNs. Therefore, the

improved efficacy was realized with a lower dose due
to synergistic effects compared to monotherapy of
PTX or NIR. Dong et al. also developed microneedles
to deliver the anticancer drug doxorubicin and gold
http://www.thno.org
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nanocage for melanoma treatment with four
administrations [4]. In our study, however, only two
administrations were required to effectively eliminate
the tumor and inhibit recurrence. Thus, PTX/IR-780
SLNs @DMNs provide an ideal topical delivery
strategy to attain temporally controlled repeated
dosing with a single administration.
First proposed in the 1970s, microneedles
represent a new generation of transdermal delivery
approach to many fields. In this study, DMNs were
employed to directly deliver nanoparticles into a
superficial tumor site with three-dimensional drug
distribution. We used both intravenous and
intratumoral injections to systematically compare
their antitumor effects and the results are shown in
Figure 7G. Compared with intravenous and
intratumoral injections, the mice treated with
PTX/IR-780 SLNs @DMNs + laser (++) prevented
tumor recurrence and had the highest survival rate of
66.67% after 100 days of treatment (Figure 7C). The
reason that some mice did not survive in the
PTX/IR-780 SLNs @DMNs + laser (++) group could
be due to the individual differences of the mice, or the
mice died due to other diseases. It should be noted
that the drug dose delivered with intravenous
injection was 5-fold higher than that of DMNs. These
results were consistent with the in vivo imaging and
biodistribution results. “Zone accumulation” of
DMNs increased drug utilization in the lesion because
of spatially controlled uniform distribution,
ultimately resulting in superior antitumor efficacy.
This is a promising approach for reducing the dose
and administration frequency of chemotherapeutic
drugs in clinical treatment.
We performed H&E staining of the tumor
sections to further evaluate the anticancer effect of
various treatments. As shown in Figure 8A, tumor
cells were abundantly in present in the control group,
while cell shrinkage and absence of nuclei were
observed in the treated groups, indicating severe cell
damage. Especially in the PTX/IR-780 SLNs @DMNs
+ laser (++) group, most B16 cells were damaged. The
induced apoptosis of tumor cells was evaluated by
TUNEL (Figure 8B); compared with the other treated
groups, tumor-bearing mice showed the highest
number of apoptotic cells (green fluorescence) after
treatment with PTX/IR-780 SLNs @DMNs + laser
(++). Since the activation of caspase 3 is associated
with apoptosis in cells, we examined the expression of
caspase 3 in tumor tissues after tumor-bearing mice
treating for 12 days. Immunofluorescence staining
showed that caspase 3 was markedly upregulated
after PTX/IR-780 SLNs @DMNs + laser (++)
treatment (Figure 8C). Ki67 expression is a marker of
tumor cell proliferation [55]. Figure S13 shows
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decreased Ki67 in the PTX/IR-780 SLNs @DMNs +
laser (++) group. Figure S14 shows a lack of
expression of Ki67 in healthy mice skin, indicating the
effect of the treatment on inhibiting tumor
proliferation. Collectively, the results confirmed that
PTX/IR-780 SLNs @DMNs + laser (++) has a superior
effect in suppressing tumors.

Safety evaluation
Figure S15 displays the skin recovery of mice
after treatment with PTX/IR-780 SLNs @DMNs. For
the group without irradiation, the treated site showed
clear puncture spots caused by DMN insertion that
recovered within 1 - 3 days. For the group with
irradiation, the local site was slightly red at the
beginning because of the relatively high temperature.
The red color was replaced by a scab on day 3, which
gradually fell off within 7 - 10 days, without leaving a
noticeable scar. These results indicated that PTX/IR780 SLNs @DMNs with irradiation are safe and
tolerable.
Figure S16 and Figure S17 show blood safety
after various treatments. The red blood cells, platelets,
and hemoglobin levels did not show obvious changes
in any of the groups. However, the intravenous
injection group had a high level of lymphocytes and
low level of neutrophils compared with other groups.
This is because PTX causes strong myelosuppression,
and systemic circulation and intravenous injection
aggravated this side effect. In contrast to intravenous
injection, PTX/IR-780 SLNs accumulated at the local
site to avoid myelosuppression in the DMNs and
intratumoral injection groups. The routine blood
examination results demonstrated that PTX/IR-780
SLNs @DMNs is a safe treatment for tumor therapy.

Conclusion
In this study, dissolving microneedles were used
to directly deliver laser-inducible transformable SLNs
into a superficial tumor site with spatiotemporally
controlled pulsatile release properties. PTX/IR-780
SLNs @DMNs + laser (++) significantly inhibited
tumor growth with a curable rate of 100% in the B16
cell tumor-bearing model. The SLNs were conducive
to maintaining IR-780 stability and providing a
platform for hydrophobic drug loading into DMNs.
Furthermore, controlled burst release and multiple
PTT achieved the best therapeutic outcome. Finally,
PTX/IR-780 SLNs @DMNs combined the advantages
of SLNs and DMNs, exerting a synergistic
chemo-photothermal effect on tumor inhibition.
Future studies, including experiments on primates
and even human volunteers, are necessary to advance
the clinical application of microneedles.
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Figure 8. (A) H&E staining, (B) TUNEL immunofluorescence staining, and (C) Caspase 3 immunofluorescence staining of tumor tissues after various treatments. (scale bars: 200
µm).

Abbreviations
PTX: paclitaxel; DMNs: dissolving microneedles;
SLNs: solid lipid nanoparticles; PTT: photothermal
therapy; NIR: near-infrared; TA: tricaprin; CP: Cetyl
Palmitate; HA: Sodium hyaluronic acid; PVP K90:
polyvinyl pyrrolidone; PDMS: polydimethylsiloxane;

FBS: fetal bovine serum; CCK-8: counting Kit-8;
Annexin
V-FITC/PI:
Annexin
V-fluorescein
isothiocyanate (FITC)/PI; DSC: differential scanning
calorimetry; DLS: dynamic light scattering; TEM:
transmission electron microscope; C6: coumarin-6;
CLSM: confocal laser scanning microscopy; HPLC:
high-performance liquid chromatography; EE:
http://www.thno.org

Theranostics 2020, Vol. 10, Issue 18
encapsulation efficiency; PBS: phosphate-buffered
saline; DAPI: 4', 6-diamidino-2-phenylindole; SEM:
scanning electron microscope; OCT: optical coherence
tomography; IVIS: live fluorescence imaging system;
Hsp70: heat-shock protein 70.

8195

13.
14.

Supplementary Material

15.

Supplementary figures.
http://www.thno.org/v10p8179s1.pdf

16.

Acknowledgements
This work was supported by the National
Natural Science Foundation of China [Grant No.
81803466], the Research and Development Plan for
Key Areas in Guangdong Province [Grant No.
2019B020204002], the National Science and
Technology
Major
Program
(Grant
No.
2017zx09101001), and the Higher Education
Discipline Innovation Project 111 Project [Grant No.
B16047].

Competing Interests

17.
18.

19.

20.
21.
22.

The authors have declared that no competing
interest exists.

23.

References

24.

1.

Wang P, Yang W, Shen S, Wu C, Wen L, Cheng Q, et al. Differential Diagnosis
and Precision Therapy of Two Typical Malignant Cutaneous Tumors
Leveraging Their Tumor Microenvironment: A Photomedicine Strategy. ACS
Nano. 2019; 13: 11168-11180.
2. Li Z, Wang C, Deng H, Wu J, Huang H, Sun R, et al. Robust Photodynamic
Therapy Using 5-ALA-Incorporated Nanocomplexes Cures Metastatic
Melanoma through Priming of CD4(+)CD8(+) Double Positive T Cells. Adv
Sci (Weinh). 2019; 6: 1802057.
3. Bray HN, Simpson MC, Zahirsha ZS, Brinkmeier JV, Walen SG, Fosko SW, et
al. Head and Neck Melanoma Incidence Trends in the Pediatric, Adolescent,
and Young Adult Population of the United States and Canada, 1995-2014.
JAMA Otolaryngol Head Neck Surg. 2019; 145: 1064
4. Dong L, Li Y, Li Z, Xu N, Liu P, Du H, et al. Au Nanocage-Strengthened
Dissolving Microneedles for Chemo-Photothermal Combined Therapy of
Superficial Skin Tumors. ACS Appl Mater Interfaces. 2018; 10: 9247-56.
5. Wang L, Lu H, Gao Q, Yuan C, Ding F, Li J, et al. A multifunctional theranostic
contrast agent for ultrasound/near infrared fluorescence imaging-based
tumor diagnosis and ultrasound-triggered combined photothermal and gene
therapy. Acta Biomater. 2019; 99: 373-86.
6. Xu C, Gao F, Wu J, Niu S, Li F, Jin L, et al. Biodegradable nanotheranostics
with hyperthermia-induced bubble ability for ultrasound imaging-guided
chemo-photothermal therapy. Int J Nanomedicine. 2019; 14: 7141-53.
7. Gao F, Wu J, Niu S, Sun T, Li F, Bai Y, et al. Biodegradable, pH-Sensitive
Hollow Mesoporous Organosilica Nanoparticle (HMON) with Controlled
Release of Pirfenidone and Ultrasound-Target-Microbubble-Destruction
(UTMD) for Pancreatic Cancer Treatment. Theranostics. 2019; 9: 6002-18.
8. Lv R, Jiang X, Yang F, Wang Y, Feng M, Liu J, et al. Degradable
magnetic-response
photoacoustic/up-conversion
luminescence
imaging-guided photodynamic/photothermal antitumor therapy. Biomater
Sci. 2019; 7: 4558 -67..
9. Chen W, Wang X, Zhao B, Zhang R, Xie Z, He Y, et al. CuS-MnS2 nano-flowers
for magnetic resonance imaging guided photothermal/photodynamic therapy
of ovarian cancer through necroptosis. Nanoscale. 2019; 11: 12983-9.
10. Zhang J, Cui YX, Feng XN, Cheng M, Tang AN, Kong DM. pH-Controlled
Intracellular in Situ Reversible Assembly of a Photothermal Agent for Smart
Chemo-Photothermal Synergetic Therapy and ATP Imaging. ACS Appl Mater
Interfaces. 2019; 11: 39624.
11. Park S, Kim H, Lim SC, Lim K, Lee ES, Oh KT, et al. Gold nanocluster-loaded
hybrid albumin nanoparticles with fluorescence-based optical visualization
and photothermal conversion for tumor detection/ablation. J Control Release.
2019; 304: 7-18.
12. Dibaba ST, Caputo R, Xi W, Zhang JZ, Wei R, Zhang Q, et al. NIR
Light-Degradable Antimony Nanoparticle-Based Drug-Delivery Nanosystem

25.
26.

27.
28.

29.

30.
31.

32.
33.

34.

35.

36.

for Synergistic Chemo-Photothermal Therapy in vitro. ACS Appl Mater
Interfaces. 2019; 11: 48290-99.
Farokhi M, Mottaghitalab F, Saeb MR, Thomas S. Functionalized theranostic
nanocarriers with bio-inspired polydopamine for tumor imaging and
chemo-photothermal therapy. J Control Release. 2019; 309: 203-19.
Tan T, Wang H, Cao H, Zeng L, Wang Y, Wang Z, et al. Deep
Tumor-Penetrated Nanocages Improve Accessibility to Cancer Stem Cells for
Photothermal-Chemotherapy of Breast Cancer Metastasis. Adv Sci (Weinh).
2018; 5: 1801012.
Yuan A, Qiu X, Tang X, Liu W, Wu J, Hu Y. Self-assembled PEG-IR-780-C13
micelle as a targeting, safe and highly-effective photothermal agent for in vivo
imaging and cancer therapy. Biomaterials. 2015; 51: 184-93.
Qiu P, Yang M, Qu X, Huai Y, Zhu Y, Mao C. Tuning photothermal properties
of gold nanodendrites for in vivo cancer therapy within a wide near infrared
range by simply controlling their degree of branching. Biomaterials. 2016; 104:
138-44.
Qin Z, Du T, Zheng Y, Luo P, Zhang J, Xie M, et al. Glutathione Induced
Transformation of Partially Hollow Gold-Silver Nanocages for Cancer
Diagnosis and Photothermal Therapy. Small. 2019; 15: e1902755.
Suo X, Eldridge BN, Zhang H, Mao C, Min Y, Sun Y, et al.
P-Glycoprotein-Targeted Photothermal Therapy of Drug-Resistant Cancer
Cells Using Antibody-Conjugated Carbon Nanotubes. ACS Appl Mater
Interfaces. 2018; 10: 33464-73.
Nair LV, Nagaoka Y, Maekawa T, Sakthikumar D, Jayasree RS. Quantum Dot
Tailored to Single Wall Carbon Nanotubes: A Multifunctional Hybrid
Nanoconstruct for Cellular Imaging and Targeted Photothermal Therapy.
Small. 2014; 10: 2771-5.
Zhang H, Wu H, Wang J, Yang Y, Wu D, Zhang Y, et al. Graphene
oxide-BaGdF5 nanocomposites for multi-modal imaging and photothermal
therapy. Biomaterials. 2015; 42: 66-77.
Feng L, Wu L, Qu X. New horizons for diagnostics and therapeutic
applications of graphene and graphene oxide. Adv Mater. 2013; 25: 168-86.
Yang Y, Liu J, Liang C, Feng L, Fu T, Dong Z, et al. Nanoscale Metal-Organic
Particles with Rapid Clearance for Magnetic Resonance Imaging-Guided
Photothermal Therapy. ACS Nano. 2016; 10: 2774-81.
Zhang C, Liu J, Guo H, Wang W, Xu M, Tan Y, et al. Theranostic
Nanomedicine Carrying L-Menthol and Near-Infrared Dye for Multimodal
Imaging-Guided Photothermal Therapy of Cancer. Adv Healthc Mater. 2019;
8: e1900409.
Jiang C, Cheng H, Yuan A, Tang X, Wu J, Hu Y. Hydrophobic IR780
encapsulated in biodegradable human serum albumin nanoparticles for
photothermal and photodynamic therapy. Acta Biomater. 2015; 14: 61-9.
Yang X, Li H, Qian C, Guo Y, Li C, Gao F, et al. Near-infrared light-activated
IR780-loaded liposomes for anti-tumor angiogenesis and Photothermal
therapy. Nanomedicine. 2018; 14: 2283-94.
Rajendrakumar SK, Cherukula K, Park HJ, Uthaman S, Jeong YY, Lee BI, et al.
Dual-stimuli-responsive albumin-polyplex nanoassembly for spatially
controlled gene release in metastatic breast cancer. J Control Release. 2018; 276:
72-83.
Huang C, Zhang Z, Guo Q, Zhang L, Fan F, Qin Y, et al. A Dual-Model
Imaging Theragnostic System Based on Mesoporous Silica Nanoparticles for
Enhanced Cancer Phototherapy. Adv Healthc Mater. 2019; 8: e1900840.
Liu J, Liang H, Li M, Luo Z, Zhang J, Guo X, et al. Tumor acidity activating
multifunctional nanoplatform for NIR-mediated multiple enhanced
photodynamic and photothermal tumor therapy. Biomaterials. 2018; 157:
107-24.
Yang J, Dai D, Lou X, Ma L, Wang B, Yang YW. Supramolecular nanomaterials
based on hollow mesoporous drug carriers and macrocycle-capped CuS
nanogates for synergistic chemo-photothermal therapy. Theranostics. 2020; 10:
615-29.
Gao S, Zheng P, Li Z, Feng X, Yan W, Chen S, et al. Biomimetic O2-Evolving
metal-organic framework nanoplatform for highly efficient photodynamic
therapy against hypoxic tumor. Biomaterials. 2018; 178: 83-94.
Hu C, Zhang Z, Liu S, Liu X, Pang M. Monodispersed CuSe Sensitized
Covalent Organic Framework Photosensitizer with an Enhanced
Photodynamic and Photothermal Effect for Cancer Therapy. ACS Appl Mater
Interfaces. 2019; 11: 23072-82.
Zhang Y, Feng L, Wang J, Tao D, Liang C, Cheng L, et al. Surfactant-Stripped
Micelles of Near Infrared Dye and Paclitaxel for Photoacoustic Imaging
Guided Photothermal-Chemotherapy. Small. 2018; 14: e1802991.
Kuang Y, Zhang K, Cao Y, Chen X, Wang K, Liu M, et al. Hydrophobic IR-780
Dye Encapsulated in cRGD-Conjugated Solid Lipid Nanoparticles for NIR
Imaging-Guided Photothermal Therapy. ACS Appl Mater Interfaces. 2017; 9:
12217-26.
Cherukula K, Uthaman S, Park IK. "Navigate-dock-activate" anti-tumor
strategy: Tumor micromilieu charge-switchable, hierarchically activated
nanoplatform with ultrarapid tumor-tropic accumulation for trackable
photothermal/chemotherapy. Theranostics. 2019; 9: 2505-25.
Sun S, Sun S, Sun Y, Wang P, Zhang J, Du W, et al. Bubble-Manipulated Local
Drug Release from a Smart Thermosensitive Cerasome for Dual-Mode
Imaging Guided Tumor Chemo-Photothermal Therapy. Theranostics. 2019; 9:
8138-54.
Hou A, Quan G, Yang B, Lu C, Chen M, Yang D, et al. Rational Design of
Rapidly Separating Dissolving Microneedles for Precise Drug Delivery by

http://www.thno.org

Theranostics 2020, Vol. 10, Issue 18

37.
38.
39.
40.
41.

42.
43.
44.
45.
46.
47.
48.
49.

50.
51.

52.
53.

54.

55.

8196

Balancing the Mechanical Performance and Disintegration Rate. Adv Healthc
Mater. 2019: e1900898.
Rzhevskiy AS, Singh TRR, Donnelly RF, Anissimov YG. Microneedles as the
technique of drug delivery enhancement in diverse organs and tissues. J
Control Release. 2018; 270: 184-202.
Wang C, Ye Y, Hochu GM, Sadeghifar H, Gu Z. Enhanced Cancer
Immunotherapy by Microneedle Patch-Assisted Delivery of Anti-PD1
Antibody. Nano letters. 2016; 16: 2334-40.
Yu J, Zhang Y, Ye Y, DiSantoa R, Sun W, Ransona D, Liglera FS., Busec JB., and
Gu Z. Microneedle-array patches loaded with hypoxia-sensitive vesicles
provide fast glucose-responsive insulin delivery. PNAS. 2015; 112: 8260 – 8265.
Ye Y, Wang C, Zhang X, Hu Q, Zhang Y, Liu Q, Wen D, Milligan J, Bellotti A,
Huang L, Dotti G, Gu Z. A melanin-mediated cancer immunotherapy patch.
Sci Immunol. 2017; 2: eaan5692.
Kwon S, Velasquez FC, Rasmussen JC, Greives MR, Turner KD, Morrow JR, et
al. Nanotopography-based lymphatic delivery for improved anti-tumor
responses to checkpoint blockade immunotherapy. Theranostics. 2019; 9:
8332-43.
Balmert SC, Carey CD, Falo GD, Sethi SK, Erdos G, Korkmaz E, et al.
Dissolving undercut microneedle arrays for multicomponent cutaneous
vaccination. J Control Release. 2020; 317: 336-46.
Johnson AR, Caudill CL, Tumbleston JR, Bloomquist CJ, Moga KA, Ermoshkin
A, et al. Single-Step Fabrication of Computationally Designed Microneedles by
Continuous Liquid Interface Production. PLoS One. 2016; 11: e0162518.
Johnson AR, Procopio AT. Low cost additive manufacturing of microneedle
masters. 3D Print Med. 2019; 5: 2.
Chen MC, Lin ZW, Ling MH. Near-Infrared Light-Activatable Microneedle
System for Treating Superficial Tumors by Combination of Chemotherapy and
Photothermal Therapy. ACS Nano. 2016; 10: 93-101.
Chen MC, Ling MH, Wang KW, Lin ZW, Lai BH, Chen DH. Near-infrared
light-responsive composite microneedles for on-demand transdermal drug
delivery. Biomacromolecules. 2015; 16: 1598-607.
Chen MC, Wang KW, Chen DH, Ling MH, Liu CY. Remotely triggered release
of small molecules from LaB6@SiO2-loaded polycaprolactone microneedles.
Acta Biomater. 2015; 13: 344-53.
Zhou M, Li X, Li Y, Yao Q, Ming Y, Li Z, et al. Ascorbyl palmitate-incorporated
paclitaxel-loaded composite nanoparticles for synergistic anti-tumoral
therapy. Drug Deliv. 2017; 24: 1230-42.
Wang L, Lu H, Gao Q, Yuan C, Ding F, Li J, et al. A multifunctional theranostic
contrast agent for ultrasound/near infrared fluorescence imaging-based
tumor diagnosis and ultrasound-triggered combined photothermal and gene
therapy. Acta Biomaterialia. 2019; 99: 373-86.
Amodwala S, Kumar P, Thakkar HP. Statistically optimized fast dissolving
microneedle transdermal patch of meloxicam: A patient friendly approach to
manage arthritis. Eur J Pharm Sci. 2017; 104: 114-23.
Yao M, Ma X, Zhang X, Shi L, Liu T, Liang X, et al. Lectin-Mediated
pH-Sensitive Doxorubicin Prodrug for Pre-Targeted Chemotherapy of
Colorectal Cancer with Enhanced Efficacy and Reduced Side Effects.
Theranostics. 2019; 9: 747-60.
Shi C, Wu JB, Pan D. Review on near-infrared heptamethine cyanine dyes as
theranostic agents for tumor imaging, targeting, and photodynamic therapy. J
Biomed Opt. 2016; 21: 50901.
Liu S, Jin MN, Quan YS, Kamiyama F, Katsumi H, Sakane T, et al. The
development and characteristics of novel microneedle arrays fabricated from
hyaluronic acid, and their application in the transdermal delivery of insulin. J
Control Release. 2012; 161: 933-41.
Tang H, Kobayashi H, Niidome Y, Mori T, Katayama Y, Niidome T.
CW/pulsed NIR irradiation of gold nanorods: effect on transdermal protein
delivery mediated by photothermal ablation. J Control Release. 2013; 171:
178-83.
Lan X, She J, Lin DA, Xu Y, Li X, Yang WF, et al. Microneedle-Mediated
Delivery of Lipid-Coated Cisplatin Nanoparticles for Efficient and Safe Cancer
Therapy. ACS Appl Mater Interfaces. 2018; 10: 33060-9.

http://www.thno.org

