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A B S T R A C T

The prevalence of skin cancer is rising along with the rapid population aging in recent years. Traditional
therapies, such as surgical treatment, radiotherapy, chemotherapy, photodynamic therapy, and immunotherapy,
may accompany serious side effects, limiting their clinical benefits. According to the biological characteristics of
skin cancer, we have already established two kinds of synergetic systems of photothermal therapy (microneedle)
and chemotherapy, containing gold nanorods (GNR). Although the microneedle system exhibited great potential
for skin cancer treatment, the system could be still improved further. So, we designed a near-infrared light-
responsive 5-fluorouracil (5-Fu) and indocyanine green (ICG) loaded monomethoxy-poly (ethylene glycol)-
polycaprolactone (MPEG-PCL) nanoparticle (5-Fu-ICG-MPEG-PCL), and then 5-Fu-ICG-MPEG-PCL was in-
tegrated with a hyaluronic acid dissolvable microneedle system (HA MN) to get 5-Fu-ICG-MPEG-PCL loaded HA
MN for treating skin cancers, including human epidermoid cancer and melanoma. In this system, hyaluronic
acid, the microneedle carrier, possesses good skin penetration ability and is approved by FDA as a pharma-
ceutical adjuvant; 5-Fu is recommended by FDA for skin cancer treatment; ICG, a photothermal agent, possesses
a strong photothermal ability and is approved by FDA for its use in the human body. We hypothesized that 5-Fu-
ICG-MPEG-PCL could be delivered by the dissolvable microneedle through the skin, and the release behavior of
the drug in the nanoparticle could be controlled by near-infrared light for achieving a single-dose cure of skin
cancer, improving the cure rate of skin cancer and providing a new idea and possibility for the clinical treatment
of skin cancer.

1. Introduction

Skin cancer is a malignant tumor originating from cutaneous kera-
tinocytes. Skin squamous cell carcinoma, basal cell carcinoma, and
melanoma are the most common forms of clinical skin cancer [1]. The
prevalence of skin cancer is gradually increasing along with China's
population aging [2,3]. Surgical treatment, radiotherapy, che-
motherapy, photodynamic therapy, and immunotherapy are commonly
used for skin cancer treatment. But these traditional therapies exhibited
some obvious limitations [4–7]. For overcoming these challenges, we
should explore newer therapies for skin cancer treatment.

Microneedles or microscale needle tip structure are fabricated by
the micro-nano processing technology. They can penetrate the cuticle of

the skin and enter the dermis through the acanthocyte and basal cell
layers [8,9]. Microneedles are widely used in recent years for improving
the transdermal absorption capacity of a drug [10,11]. Moreover, the
microneedle system can transport drugs, proteins, genes, RNA, vac-
cines, and other biological macromolecules, and they are highly effi-
cient, convenient and harmless [12,13]. Compared to the oral or par-
enteral drug delivery system, the transdermal microneedles can
penetrate the cuticle of the skin to directly deliver the drug, thus by-
passing the first-pass effect of the liver, avoiding the gastrointestinal
degradation, improving the bioavailability and reducing the side effects
of the drugs [14,15]. Combined with the biological characteristics of
skin cancer, the microneedle-based drug delivery system is a better
drug carrier for skin cancer treatment. Recently, the microneedle-based
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transdermal drug delivery system has provided a broad application
prospect for skin cancer treatment [16–18].

In a previous study, we have already developed two kinds of sy-
nergetic systems of photothermal therapy (microneedle) and che-
motherapy, containing gold nanorods (GNR). Firstly, we used poly (L-
lactide) microneedle (PLLA MN) to absorb PEGylated gold nanorod
(GNR-PEG) and obtained GNR-PEG loaded PLLA MN (GNR-PEG@MNs)
with good heating efficacy. Then, we utilized the GNR-PEG@MNs and
docetaxel loaded MPEG-PDLLA micelles to treat epidermoid cancer.
The combination of GNR-PEG@MNs and MPEG-PDLLA-DTX micelles at
a low dose (5 mg/kg) efficiently prevented the tumor growth and cured
all mice without recurrence [19]. Although this system demonstrated a
good therapeutic effect, it required multiple intravenous administra-
tion. Therefore, we constructed a PEGylated gold nanorod (GNR-PEG)
and doxorubicin (DOX) loaded dissolvable hyaluronic acid (HA) mi-
croneedle (GNR-PEG&DOX@HA MN) to eliminate the tumor. This mi-
croneedle system exhibited strong photothermal effect and heat-
transfer efficacy, which could burn the tumor tissue and effectively
inhibit epidermal cancer. In vivo anti-tumor study revealed that the
GNR-PEG&DOX@HA MN could potentially treat epidermal cancer [20].
However, the microneedle system exhibited uncontrollable drug release
as its major disadvantage.

Herein, we designed a near-infrared light-responsive 5-fluorouracil
(5-Fu) and indocyanine green (ICG) loaded monomethoxy-poly (ethy-
lene glycol)-polycaprolactone (MPEG-PCL) nanoparticle (5-Fu-ICG-
MPEG-PCL), and then the 5-Fu-ICG-MPEG-PCL was integrated with a
hyaluronic acid dissolvable microneedle system (HA MN) to obtain 5-
Fu-ICG-MPEG-PCL loaded HA MN (5-Fu-ICG-MPEG-PCL@HA MN) for
treating skin cancers, including human epidermoid cancer and mela-
noma (Fig. 1). In this system, we selected MPEG-PCL with good bio-
compatibility and biodegradability to load 5-Fu and ICG by double
emulsion method. The chemotherapy drug, 5-Fu, is recommended for
treating epidermal cancer in clinic [21,22]. The photothermal agent,
ICG, exhibited strong photothermal ability and approved by the U.S.
Food and Drug Administration (FDA) for use in humans [23,24].
Moreover, we combined the 5-Fu-ICG-MPEG-PCL with the microneedle
system by the template method. The microneedle material hyaluronic
acid (HA) displayed good skin penetration ability and has been ap-
proved by the FDA as pharmaceutical excipients [25,26]. The 5-Fu-ICG-
MPEG-PCL@HA MN having a length of 600 μm displayed high drug
loading ability. When the 5-Fu-ICG-MPEG-PCL@HA MN was inserted
into the tumor tissue with an 808 nm NIR laser, the ICG in the nano-
particles could transform the light energy into heat energy, which
burned the tumor tissue and killed the tumor cells. Also, ICG could
control the release behavior of 5-Fu in the nanoparticles to achieve
optimum chemotherapy and photothermal therapy for skin cancer
treatment. This microneedle system could achieve a single-dose cure for
skin cancer and provide a new idea and possibility for clinical treatment
of skin cancer.

2. Materials and methods

2.1. Materials

Indocyanine green (ICG), monomethoxy-poly (ethylene glycol)
(MPEG, Mn = 5000), ε-caprolactone (ε-CL), stannous octoate (Sn
(Oct)2), trypan blue and polyvinyl alcohol (PVA) were obtained from
Sigma Aldrich Company, and 5-fluorouracil (5-Fu) was purchased from
Meilun biology technology Co., Ltd (Dalian, China). Sodium hyaluronic
acid (Mn = 1.44×103 kDa) was purchased from Freda Biochem Co. Ltd
(Shandong China). All the chemicals were of analytic grade and used as
received.

2.2. Synthesis and characterization of MPEG-PCL

The diblock polymer monomethoxy-poly (ethylene glycol)-

polycaprolactone (MPEG-PCL, 5000–30000) was synthesized via ring-
opening polymerization of MPEG and ε-CL, following a previously re-
ported method [27]. Then, the diblock polymer MPEG-PCL was char-
acterized by 1HNMR spectra (Varian 400 spectrometer, Varian, USA),
FTIR (NICOLET 200SXV, Nicolet, USA), and GPC (Agilent 110 HPLC,
USA).

2.3. Preparation and characterization of 5-Fu-ICG-MPEG-PCL nanoparticle

We used the double emulsion method to prepare ICG and 5-Fu
loaded MPEG-PCL nanoparticles (5-Fu-ICG-MPEG-PCL) as described
before [28] (Fig. 2A). Briefly, 0.5 mL of ICG and 5-Fu dissolved in water
and added dropwise into 4 mL of dichloromethane, containing 10 mg of
MPEG-PCL, and ultrasonicated via a probe-type ultrasonic device.
Then, the primary emulsion was added dropwise into 10 mL of 0.1%
PVA phosphate-buffered saline and ultrasonicated again, the di-
chloromethane was removed by rotary evaporation under vacuum. The
unloaded 5-Fu and ICG were centrifuged to get ICG and 5-Fu loaded
nanoparticles. The control group (MPEG-PCL), ICG loaded MPEG-PCL
nanoparticle (ICG-MPEG-PCL) and 5-Fu loaded MPEG-PCL nanoparticle
(5-Fu-MPEG-PCL) were prepared following the same method. Next, we
used dynamic light scattering (DLS), transmission electron microscopy
(TEM) and ultraviolet spectrophotometer (UV) to characterize the na-
noparticles.

2.4. Light controlled release behavior of 5-Fu-ICG-MPEG-PCL

The light-controlled release behavior of 5-Fu-ICG-MPEG-PCL was
evaluated by the modified dialysis method [29]. In detail, 0.8 mL of 5-
Fu, 5-Fu-MPEG-PCL, and 5-Fu-ICG-MPEG-PCL (1 mg/mL) were placed
into a dialysis bag with a molecular mass cut off 3500. The dialysis bags
were incubated in 10 mL of PBS (pH = 7.4) with gentle shaking at
100 rpm in the gas bath at 37 °C, and then used pre-warmed fresh PBS
to replace the media at specific intervals. For the irradiation group, the
5-Fu-ICG-MPEG-PCL was irradiated under 808 nm NIR laser at 1.5 W/
cm2 for 5 min at the predetermined time points, then the medium was
collected and replaced with fresh medium. The released drug, 5-Fu, was
quantified by HPLC.

2.5. In vitro cytotoxicity assay of 5-Fu-ICG-MPEG-PCL

In vitro cytotoxicity of 5-Fu-ICG-MPEG-PCL was evaluated using
human epidermoid cancer cell line A431 and human melanoma cell line
A375 via MTT assay. Briefly, the cells were seeded at a density of
4 × 103 cells per well in 96-well plates and incubated for 24 h. Then
100 μL of different nanoparticles with different concentrations were
added to each well. After incubating for 24 h (48 h), 20 μL of MTT
(5 mg/mL) was added. After 4 h, the medium in 96-well plates was
replaced by 150 μL of DMSO, and a microplate reader (Thermo MK3,
USA) was used to measure the absorbance of individual wells at
570 nm. Moreover, mouse fibroblast cell line 3T3 were used to study
the cytotoxicity of the MPEG-PCL nanoparticle.

2.6. The cellular uptake efficiency of 5-Fu-ICG-MPEG-PCL

Human epidermoid cancer cell line A431 and human melanoma cell
line A375 were used to study the cellular uptake efficiency of 5-Fu-ICG-
MPEG-PCL, and the photothermal agent, ICG, was used for imaging. In
details, a density of 5 × 105 A431 or A375 cells were seeded onto 6-
well plates and incubated for 24 h. Then, the medium was replaced by
2 mL of 5-Fu-ICG-MPEG-PCL (25 ng/mL) and incubated for 1 h, 2 h, and
4 h. After removing the supernatant, 70% EtOH was used to fix the cells
for 15 min and then DAPI was used to stain the cell nucleus for 10 min.
At last, PBS (pH = 7.4) was used to wash the cells 3 times, and then the
cells were sealed with glycerin. The cellular uptake efficiency was
studied qualitatively under a fluorescence microscope (OLYMPUS,
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Germany).

2.7. In vitro photothermal effect of 5-Fu-ICG-MPEG-PCL

We investigated the photothermal effect [30] of 5-Fu-ICG-MPEG-
PCL via human epidermoid cancer cell line A431 and human melanoma
cell line A375. Firstly, the cells were seeded onto 12-well plates and
incubated for 24 h; MPEG-PCL, 5-Fu, 5-Fu-MPEG-PCL, ICG, ICG-MPEG-
PCL, and 5-Fu-ICG-MPEG-PCL were added successively. After in-
cubating for 6 h, we used fresh DMEM to replace the medium of each
sample. The irradiation groups were treated with an 808 nm NIR laser
at 1.5 W/cm2 for 5 min. Then, the cells were washed with PBS and
stained with calcein AM and PI. Finally, we washed the cells with PBS
and glycerin and then observed under a fluorescence microscope.

2.8. Preparation and characterization of microneedle

We prepared 5-Fu-ICG-MPEG-PCL loaded microneedle (5-Fu-ICG-
MPEG-PCL@HA MN) as described before [31] (Fig. 1A). Briefly, 5-Fu-
ICG-MPEG-PCL was poured into the PDMS microneedle master struc-
ture and centrifuged. Then, we removed the excess 5-Fu-ICG-MPEG-PCL
and poured the HA solution on the PDMS template. Finally, the filled
mold was dried in an oven at 45 °C overnight, and taken out from the
PDMS mold gently to get 5-Fu-ICG-MPEG-PCL@HA MN. Next, we
characterized the morphology and skin insert ability of 5-Fu-ICG-

MPEG-PCL@HA MN by scanning electron microscopy (SEM) and trypan
blue staining method.

2.9. In vitro near-infrared thermal imaging and heating transfer efficacy

Herein, we investigated the in vitro photothermal effect and heat-
transfer efficacy of HA MN, 5-Fu-MPEG-PCL@HA MN, ICG-MPEG-
PCL@HA MN, 5-Fu-ICG-MPEG-PCL@HA MN by NIR thermal camera
(Fluke Ti32, USA), following a previous study [20].

2.10. In vivo near-infrared thermal imaging

Herein, we performed the in vivo NIR thermal imaging study via
A431 tumor-bearing balb/cA-nu mice and A375 tumor-bearing balb/
cA-nu mice. When the tumor volumes of A431 tumor-bearing balb/cA-
nu mice and A375 tumor-bearing balb/cA-nu mice were about
200 mm3, the mice were divided into 8 groups listed below (3 mice per
group): (1) the control group, (2) HA MN group, (3) 5-Fu-MPEG-PCL
(intratumor) group, (4) ICG-MPEG-PCL (intratumor) group, (5) 5-Fu-
ICG-MPEG-PCL (intratumor) group, (6) 5-Fu-MPEG-PCL@HA MN
group, (7) ICG-MPEG-PCL@HA MN group, and (8) 5-Fu-ICG-MPEG-
PCL@HA MN group. The mice of (3) (4) (5) groups were injected with
the above drug intratumorally and irradiated by 808 nm laser (1.5 W/
cm2) for 5 min. The mice of (2) (6) (7) (8) groups were inserted with the
above microneedles into the tumor sites from the skin surface and

Fig. 1. (A) The preparation process of near-infrared responsive 5-Fu-ICG-MPEG-PCL@HA MN, (B) The schematic illustration of the skin cancer treatment by 5-Fu-
ICG-MPEG-PCL@HA MN under 808 nm laser within 5 min (1. The 5-Fu-ICG-MPEG-PCL was poured into the PDMS microneedle master structure; 2. centrifuged, and
removed excess 5-Fu-ICG-MPEG-PCL; 3. the HA solution was poured on the PDMS template and 4. centrifuged; 5. the filled mold was dried in an oven at 45 °C
overnight; 6. the as-prepared 5-Fu-ICG-MPEG-PCL@HA MN was taken from the PDMS mold gently.)

Y. Hao, et al. Bioactive Materials 5 (2020) 542–552

544



irradiated by 808 nm laser (1.5 W/cm2) for 5 min; the control group
tumor was irradiated by 808 nm laser (1.5 W/cm2) for 5 min. Then the
mice were imaged at an appropriate time by NIR thermal camera (Fluke
Ti32, USA).

2.11. In vivo antitumor efficacy

The in vivo antitumor efficacy of 5-Fu-ICG-MPEG-PCL@HA MN was
carried using A431 tumor-bearing balb/cA-nu mice and A375 tumor-
bearing balb/cA-nu mice. In short, the right flank of the mice was in-
jected with 100 μL of 5 × 106 A431 cells (A375 cells) subcutaneously.
When the volume of subcutaneous tumors was palpable, the mice were
divided into 8 groups randomly (5 mice per group): (1) the control
group (without treatment); (2) HA MN group, in which HA MN was
inserted into the tumor sites transcutaneously; (3) the 5-Fu-MPEG-PCL
group, in which 5-Fu-MPEG-PCL was injected intratumorly; (4) ICG-
MPEG-PCL + laser group, in which ICG-MPEG-PCL was injected in-
tratumorly and irradiated under 1.5 W/cm2 NIR laser for 5 min; (5)5-
Fu-ICG-MPEG-PCL + laser group, in which 5-Fu-ICG-MPEG-PCL was
injected intratumorly and irradiated under 1.5 W/cm2 NIR laser for
5 min; (6) 5-Fu-MPEG-PCL@HA MN group, in which 5-Fu-MPEG-PCL@
HA MN was inserted into the tumor sites transcutaneous; (7) ICG-
MPEG-PCL@HA MN + laser group, in which ICG-MPEG-PCL@HA MN

was inserted into the tumor sites from the skin surface and irradiated
under 1.5 W/cm2 NIR laser for 5 min; (8) 5-Fu-ICG-MPEG-PCL@HA
MN + laser group, in which 5-Fu-ICG-MPEG-PCL@HA MN was pene-
trated into the tumor sites and irradiated under 1.5 W/cm2 NIR laser for
5 min. The mice were treated once with the above-mentioned drugs,
and the tumor size and body weight were measured every two days. At
last, the mice in each group were killed, and the major tissues were
collected for hematoxylin and eosin (H&E) staining [32].

2.12. Histopathological and proliferation study of the tumor cells

We further performed the histopathological and immune histo-
chemical studies of all groups (3 mice per group) via H&E staining,
tunel staining, and Ki67 staining [33].

2.13. Statistical analysis

Statistical analysis was performed using Prism 6.0 and Origin 8.0
software. All data in this study were expressed as the mean
value ± SD. Student's t-test or one-way analysis of variance (ANOVA)
was used for statistical analysis. The difference between the means was
considered statistically significant at P < 0.05.

Fig. 2. (A) The schematic illustration of the preparation of 5-Fu-ICG-MPEG-PCL, (B) the particle size of the nanoparticles, (C) the TEM image of 5-Fu-ICG-MPEG-PCL,
(D) the ultraviolet absorption and (E) drug release behavior of the nanoparticles.
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3. Results and discussion

3.1. Preparation and characterization of 5-Fu-ICG-MPEG-PCL nanoparticle

We prepared the diblock polymer monomethoxy-poly (ethylene
glycol)-polycaprolactone (MPEG-PCL, 5000–30000) via ring-opening
polymerization [27] successfully (Fig. S1). Then, we obtained the 5-Fu-
ICG-MPEG-PCL nanoparticle using double emulsion method [28]. Ac-
cording to Fig. 2B, the particle sizes of MPEG-PCL, 5-Fu-MPEG-PCL,
ICG-MPEG-PCL, and 5-Fu-ICG-MPEG-PCL were 201.6 ± 1.27 nm,
228.8 ± 1.30 nm, 208.1 ± 0.80 nm, and 217.6 ± 0.65 nm, re-
spectively. Moreover, the TEM image (Fig. 2C) demonstrated that the
dispersion of 5-Fu-ICG-MPEG-PCL was good, and the particle size was
consistent with that measured by dynamic light scattering. In addition,
we also characterized the nanoparticle via ultraviolet spectro-
photometer (UV), and the UV spectrum of 5-Fu-ICG-MPEG-PCL showed
the characteristic absorption peaks of 5-Fu and ICG (Fig. 2D), which
implied the successful preparation of 5-Fu-ICG-MPEG-PCL. Ad-
ditionally, we also investigated the release behavior of 5-Fu-ICG-MPEG-
PCL under the NIR light. According to Fig. 2E, the free drug 5-Fu ex-
hibited the fastest releases of 5-Fu-MPEG-PCL and 5-Fu-ICG-MPEG-PCL
group, and the release behavior of 5-Fu-ICG-MPEG-PCL + laser could
be accelerated by NIR laser, further demonstrated that the 5-Fu-ICG-
MPEG-PCL nanoparticle could realize NIR-responsive drug release.

3.2. In vitro cytotoxicity assay of 5-Fu-ICG-MPEG-PCL

We studied the cytotoxicities of 5-Fu-ICG-MPEG-PCL and MPEG-PCL
via MTT methods. According to Fig. 3A, the 3T3 cell viability of MPEG-
PCL was 43% and 31% higher after 24 h and 48 h incubation, respec-
tively, even when the nanoparticle concentration reached 2 mg/mL,
demonstrating that MPEG-PCL exhibited low cellular toxicity, and was
a safe drug carrier. Additionally, we also performed the cell viability
assay of ICG, ICG-MPEG-PCL, 5-Fu, 5-Fu-MPEG-PCL, and 5-Fu-ICG-
MPEG-PCL on A431 and A375 cells. In Fig. 3B-E, the cell viability assay
of 5-Fu, 5-Fu-MPEG-PCL, 5-Fu-ICG-MPEG-PCL exhibited dose-depen-
dent function, and 5-Fu-MPEG-PCL, 5-Fu-ICG-MPEG-PCL displayed the
cell inhibition ability almost similar to 5-Fu. For both A431 and
A375 cells, 48 h of incubation showed a better inhibition than 24 h.
Besides, free ICG and ICG-MPEG-PCL had same ICG concentration as 5-
Fu-ICG-MPEG-PCL, and they exhibited no obvious cytotoxicity without
NIR laser.

3.3. The cellular uptake efficiency of 5-Fu-ICG-MPEG-PCL

The results of the cellular uptake efficiencies of 5-Fu-ICG-MPEG-PCL
are shown in Fig. 4. For both A431 and A375 cells, the column of ICG
was almost black after 1 h of incubation. The red fluorescence of 5-Fu-
ICG-MPEG-PCL circled around DAPI stained the cell nucleus after 2 h of
incubation, demonstrating that the 5-Fu-ICG-MPEG-PCL was inter-
nalized into the cytoplasm of the cells. Also, the fluorescence intensity
increased from 1 h to 4 h, suggesting that the cellular uptake effi-
ciencies of the 5-Fu-ICG-MPEG-PCL were time-dependent.

3.4. In vitro photothermal effect of 5-Fu-ICG-MPEG-PCL

We tried to investigate whether the NIR laser could induce the
photothermal effect of 5-Fu-ICG-MPEG-PCL to inhibit tumor cell
growth. Therefore, we used calcein acetoxymethyl ester (calcein-AM)
and propidium iodide (PI) to stain the cells as the live cells (green) and
dead cells (red). In Fig. 5, the group of control, control + laser, MPEG-
PCL, 5-Fu, 5-Fu-MPEG-PCL, ICG, ICG-MPEG-PCL, and 5-Fu-ICG-MPEG-
PCL exhibited green fluorescence of calcein-AM, suggesting that these
interventions were safe to cells. Moreover, the cells, treated with
ICG + laser, ICG-MPEG-PCL + laser and 5-Fu-ICG-MPEG-PCL + laser,
showed red fluorescence of PI, implied that the cells were destroyed due

to heat conduction under NIR laser. The MTT assay exhibited the same
results. The inhibitory effect on A431 and A375 cells by photothermal
effect originated from ICG under an NIR laser is equal, indicating that
photothermal therapy has great potentials on treatment of skin cancer.

3.5. Preparation and characterization of microneedle

We successfully prepared 5-Fu-ICG-MPEG-PCL loaded microneedle
(5-Fu-ICG-MPEG-PCL@HA MN) with 232.21 ± 53.94 μg of 5-Fu and
27.23 ± 6.33 μg of ICG per patch via a PDMS microneedle master
structure [31]. The microneedle with 1 cm × 1 cm was green and had
400 (20 × 20) tips. The tips were lined up in order with a height of
600 μm (Fig. 6A and B). Then we investigated the skin insertion ability
of 5-Fu-ICG-MPEG-PCL@HA MN by trypan blue staining method.
Consistent blue microchannels of 5-Fu-ICG-MPEG-PCL@HA MN were
observed after the insertion of microneedles (Fig. 6C), indicating that
the microneedle could penetrate into the skin. Similarly, the histolo-
gical evaluation (Fig. 6D) exhibited that the 5-Fu-ICG-MPEG-PCL@HA
MN could penetrate the cuticle of the skin and deliver the drug trans-
dermal.

3.6. In vitro near-infrared thermal imaging and heating transfer efficacy

Firstly, we studied the in vitro photothermal effect of HA MN, 5-Fu-
MPEG-PCL@HA MN, ICG-MPEG-PCL@HA MN, and 5-Fu-ICG-MPEG-
PCL@HA MN. The results (Fig. 7A) demonstrated that the ICG-MPEG-
PCL@HA MN and 5-Fu-ICG-MPEG-PCL@HA MN groups, containing
ICG, could quickly reach to 60 °C within 5 min under 1.5 W/cm2

808 nm NIR laser, implying that these microneedles had good photo-
thermal effect. The temperatures of HA MN and 5-Fu-MPEG-PCL@HA
MN groups did not change too much. Besides, we also investigated the
heating transfer efficacy of the above-mentioned groups, as the heating
transfer efficacy affected the therapeutic effects. In Fig. 8A, the tem-
peratures of HA MN, 5-Fu-MPEG-PCL@HA MN did not change sig-
nificantly. However, when the pork tissue was treated with ICG-MPEG-
PCL@HA MN and 5-Fu-ICG-MPEG-PCL@HA MN, the heat could be
transmitted to the center of the pork tissue and rise up to 65 °C within
5 min, and the heat reached to 1.5 cm depth, indicating that the heat
could be transferred to the center of the tumor. The heating curves of
the in vitro photothermal effect (Fig. 7B) and heating transfer efficacy
(Fig. 8B) revealed the same trend.

3.7. In vivo near-infrared thermal imaging

Furthermore, we studied the in vivo NIR thermal imaging in A431
tumor-bearing balb/cA-nu mice and A375 tumor-bearing balb/cA-nu
mice. In Fig. 9A, the control, HA MN, 5-Fu-MPEG-PCL, and 5-Fu-MPEG-
PCL@HA MN groups could not increase the temperature of the tumor
sites, and the temperature of the tumor sites rose to 50 °C when the
tumor was treated with the ICG. Additionally, the temperature of the
tumor sites, treated with ICG-MPEG-PCL@HA MN and 5-Fu-ICG-MPEG-
PCL@HA MN, was higher than ICG-MPEG-PCL and 5-Fu-ICG-MPEG-
PCL groups, because the ICG-MPEG-PCL and 5-Fu-ICG-MPEG-PCL were
injected intratumorally, which was not distributed evenly in the tumor
tissues, and reduced the heating efficiency at the tumor sites, further
proving that microneedles were better drug carriers for transdermal
drug delivery. Meanwhile, the heating curves also revealed that the
temperature of the tumor tissues could rise up to 50 °C with ΔT of 21 °C
within 5 min when the mice were treated with ICG-MPEG-PCL@HA MN
and 5-Fu-ICG-MPEG-PCL@HA MN transdermal and under NIR irra-
diation. The in vivo near-infrared thermal imaging of A375 tumor-
bearing balb/cA-nu mice (Fig. S2) was almost similar to those of A431
tumor-bearing balb/cA-nu mice.
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Fig. 3. In vitro cytotoxicity study of (A) 3T3 cells treated with MPEG-PCL after 24 h and 48 h of incubation, A431 cells treated with different nanoparticle after (B)
24 h and (C) 48 h of incubation and A375 cells treated with different nanoparticle after (D) 24 h and (E) 48 h of incubation.

Fig. 4. The cellular uptake ability of (A) A431 cells (scale bar: 50 μm) and (B) A375 cells (scale bar: 20 μm).
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3.8. In vivo antitumor efficacy

Finally, we studied the in vivo antitumor ability of 5-Fu-ICG-MPEG-
PCL@HA MN in A431 tumor-bearing balb/cA-nu mice and A375
tumor-bearing balb/cA-nu mice. In Fig. 10A, the tumor growth curves
of the control and HA MN groups displayed rapid growth. In 5-Fu-
MPEG-PCL, ICG-MPEG-PCL + laser, and 5-Fu-MPEG-PCL@HA MN

groups, the tumor volumes were reduced, but the therapeutic effect was
not as obvious as a single-chemotherapy or photothermal therapy. The
intratumor administration of 5-Fu-ICG-MPEG-PCL under NIR irradia-
tion exhibited better antitumor ability than the above 3 groups because
of the synergistic chemotherapy and photothermal therapy. The 5-Fu-
ICG-MPEG-PCL@HA MN + laser group exhibited the greatest tumor
inhibition, the mice were all cured without recurrence, which further

Fig. 5. The image of (A) A431 cells (scale bar: 100 μm) and (B) A375 cells (scale bar: 50 μm) stained by calcein AM/PI with different treatments. (1. Control,
2.Control + Laser, 3.MPEG-PCL, 4.5-Fu, 5.5-Fu-MPEG-PCL, 6. ICG, 7.ICG + Laser, 8.ICG-MPEG-PCL, 9.ICG-MPEG-PCL + Laser, 10. 5-Fu-ICG-MPEG-PCL, 11. 5-Fu-
ICG-MPEG-PCL + Laser, 12.the cell viability after different treatments.)

Fig. 6. (A, B) SEM images of the 5-Fu-ICG-MPEG-
PCL@HA MN (The photograph of 5-Fu-ICG-MPEG-
PCL@HA MN is inserted). (C) optical micrograph
(scale bar:100 μm, the photograph of skin was in-
serted) and (D) histological sections (scale bar,
100 μm) of the mice skin stained with trypan blue
after 5-Fu-ICG-MPEG-PCL@HA MN application.
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demonstrated that the combination therapy could improve the anti-
tumor ability, and the microneedle was a remarkable drug carrier.
Besides, the mice treated with ICG-MPEG-PCL@HA MN inhibited the
tumor growth in early time, but the tumor could recur, implying that
the microneedle without chemical drug could not inhibit the recurrence
of the tumor. The body-weights of all groups were not changed sig-
nificantly (Fig. 10B), indicating that the treatment was safe. The pho-
tographs and weights of the subcutaneous tumors in all groups are
displayed in Fig. 10C and D. Meanwhile, the H&E staining images of
major organ tissues (Fig. S3) presented no lesions or inflammation in all
groups, suggesting that the microneedle transdermal administration
was a safe method. Additionally, A375 tumor-bearing balb/cA-nu mice

were used for studying the anti-tumor ability of 5-Fu-ICG-MPEG-PCL@
HA MN, the results (Fig. 11) showed that the 5-Fu-ICG-MPEG-PCL@HA
MN + laser group could also cure the tumor without recurrence. These
results have implied that the as-made microneedle system has a wide
application prospect for skin cancer treatment.

3.9. The histopathological and proliferation study of the tumor cells

We also studied the histopathological and immune histochemical of
all groups (Fig. S4). After H&E staining the tumors, the group, treated
with ICG-MPEG-PCL@HA MN + laser, exhibited seriously damaged
tumor cells. Additionally, we also investigated the apoptosis and

Fig. 7. (A) The near-infrared thermal imaging of different microneedles within 5 min (1.5 W/cm2, 808 nm laser). (B) The heating curves of the microneedles.

Fig. 8. (A) The heat-transfer efficacy in pork tissue within 5 min (1.5 W/cm2, 808 nm laser, scale bar: 1 cm). (B) The center temperature curves of the pork tissue.
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Fig. 9. (A) The near-infrared photothermal effect on A431 tumor-bearing mice within 5 min (1.5 W/cm2, 808 nm laser). (B) The temperature change curves in the
tumor sites.

Fig. 10. (A) The growth curves and (B) body weights of A431 tumor-bearing mice in each group. (C) The photograph and (F) weights of subcutaneous tumors in each
group (the black circle represents the location of cured tumors). The data are represented as the mean ± standard deviation (n = 5). “∗∗” indicated P < 0.01.
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proliferation of the tumor cells via tunel staining and Ki67 staining. The
highest level of the cell apoptosis was noticed in ICG-MPEG-PCL@HA
MN + laser group, and the cell proliferation was consistent with
apoptosis. These results demonstrated that the photothermal therapy is
a better method for skin cancer treatment.

4. Conclusion

In conclusion, the 5-Fu-ICG-MPEG-PCL with uniform size produced
good photothermal effect and effectively inhibited the proliferation of
A431 and A375 cells. Then, the 5-Fu-ICG-MPEG-PCL was integrated
with HA MN to obtain NIR-responsive 5-Fu-ICG-MPEG-PCL@HA MN.
The 5-Fu-ICG-MPEG-PCL@HA MN exhibited good skin insertion ability
and heat-transfer efficacy. Meanwhile, it also possessed good photo-
thermal effect, which not only thermally ablated tumor, but also
controlled the release behavior of 5-Fu in the nanoparticles to achieve
synergistic chemotherapy and photothermal therapy of skin cancer.
Furthermore, both for the A431 tumor-bearing balb/cA-nu mice and
A375 tumor-bearing balb/cA-nu mice, the 5-Fu-ICG-MPEG-PCL@HA
MN exhibited promising anti-tumor ability and could cure the tumor
without any recurrence. Therefore, this NIR-responsive 5-Fu-ICG-
MPEG-PCL@HA MN could inhibit the tumor growth of human epi-
dermoid cancer and melanoma, which could be applied in skin cancer
therapy.
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