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Melanoma is one of the most malignant skin tumors, whose high invasion is generally associated with
BRAF gene mutation. Although new chemotherapeutic drugs, such as vemurafenib, have been developed
to inhibit the growth of melanoma, these drugs are usually administered intravenously or orally, result-
ing in toxic side effects on major tissues and organs. Tetrahedral framework nucleic acids (tFNAs) are a
novel type of DNA nanostructures with excellent biocompatibility and versatility which have been proven
to penetrate through skin barrier with ease. In this study, we prepared tFNAs with vemurafenib and
connected DNA aptamer AS1411 at the apex of tFNAs (AS1411-tFNAs/vemurafenib). On one hand, AS1411-
tFNAs/vemurafenib could kill melanoma cells by blocking the mutated BRAF gene in vitro. Compared with
free vemurafenib, AS1411-tFNAs/vemurafenib had no obvious toxicity to normal cells. On the other hand,
AS1411-tFNAs could transfer vemurafenib to cross through the skin barrier and permeate into tumor tis-
sues. In vivo, transdermal delivery of AS1411-tFNAs/vemurafenib could inhibit the growth of human A375
melanoma, whose inhibiting effect was stronger than intravenous administration of vemurafenib. These
results demonstrated the application prospects of tFNAs combined with chemotherapeutic drugs in skin
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tumors.
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Melanoma originates from melanocytes, and it is one of the
most lethal skin tumors all over the world, because of its ag-
gressive metastasis and high recurrence [1,2]. To date, there
were approximately 300,000 new melanoma patients each year,
and the morbidity is still rapidly increasing [3,4]. Early-stage
melanoma is usually curable with timely surgical intervention. Pa-
tients with advanced melanoma are mainly treated with radiother-
apy, chemotherapy, and immunotherapy to inhibit tumor growth.
However, due to drug resistance or immune tolerance, it often
leads to poor prognosis [5,6]. Furthermore, these therapies tend
to damage healthy organs and cause great toxic side effects for
poor tissue selectivity [7]. Given the existence of mutant genes
that greatly stimulate the growth of melanoma, scientists work
on novel chemotherapy agents, such as dabrafenib, trametinib and
nivolumab, to target and inhibit these genes, resulting in enhanced
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therapeutic efficacy, reduced toxicity, and prolonged median sur-
vival time [8,9]. BRAF gene plays a key role in mitogen-activated
protein kinase (MAPK) signaling pathway, and BRAF gene muta-
tion is reported to occur in most melanomas, which accelerates
tumor development and metastasis [10-12]. Vemurafenib is a kind
of small molecule inhibitors of BRAF V600E (the most common
BRAF mutation) and can significantly improve the progression-free
survival of advanced melanoma patients [13,14]. However, due to
oral or intravenous administration, vemurafenib might cause renal
or hepatic impairment [15,16]. Thus, considering melanomas are
mainly subcutaneous, transdermal vemurafenib delivery has good
prospects.

To achieve the transdermal delivery of drugs, various attempts
were performed, such as electroporation, microneedle, and modifi-
cation of chemical compounds, but these approaches probably in-
fect or injure the skin [17-19]. In the past several years, transder-
mal carriers have been designed to enhance the skin penetration
of drugs, which can improve the convenience of treatment with
no invasion [20-23]. DNA nanotechnology employs complemen-
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tary pairing of DNA single strands to form specific spatial struc-
tures [24]. Compared with other conventional nanostructures, DNA
nanomaterials have structural diversity, remarkable editability, and
biocompatibility [25,26]. Tetrahedral framework nucleic acids (tF-
NAs) stand out from the crowd of DNA nanostructures by their
simple synthesis, low cost, and high yield [27-29]. tFNAs pene-
trate through the cell membrane with ease and possess multiple
modification sites for small molecules, aptamers, or RNA agents,
which make tFNAs widely used in drug delivery, gene therapy, and
biosensor [30-32]. In addition, it was reported that tFNAs could
cross through the skin barrier and permeate into the subcutaneous
tissues [33,34]. Given all this, tFNAs are expected to be good trans-
dermal drug delivery systems for various skin diseases.

In this study, we fabricated tFNAs with vemurafenib for trans-
dermal therapy of skin malignant melanoma. To enhance the tar-
geting and therapeutic efficacy of our transdermal carrier, we
modified a DNA aptamer AS1411, which shows a high affin-
ity for nucleolin expressed on the membrane of multiple tu-
mor cells, at the vertex of tFNAs. Compared with vemurafenib,
AS1411-tFNAs/vemurafenib could penetrate through the skin and
kill melanoma cells without systemic effects. The combination of
small molecules, DNA nanostructures, and nucleic acid aptamers
may provide a new method for the transdermal treatment of skin
tumors.

The tFNAs were prepared according to previous studies [35-
37]. Four designed single-strand DNA (ssDNA) strands were self-
assembled with an equivalent molar ratio in TM buffer (10 mmol/L
Tris-HCI, 50 mmol/L MgCl,, pH 8.0). The tFNAs were synthesized
after heating to 95 °C for 10 min and annealing to 4 °C for 20 min.
Next, the sequence of aptamer AS1411 was added to S4, and the
AS1411-tFNAs were synthesized as the aforementioned procedure
by replacing S4 with S4-AS1411. All the ssDNA sequences were
listed in Table S1 (Supporting information). The vemurafenib pow-
der was dissolved in dimethyl sulfoxide (DMSO), then mixed with
tFNAs or AS1411-tFNAs at different ratios and shaken for 6 h at
room temperature. The products were purified to remove free ve-
murafenib by Millipore Amicon Ultra (30 kDa, 500 pL, USA).

Polyacrylamide gel electrophoresis (PAGE) was applied to
verify the synthesis of tFNAs, AS1411-tFNAs, and AS1411-
tFNAs/vemurafenib. The zeta potential and size of AS1411-tFNAs
and AS1411-tFNAs/vemurafenib were detected by dynamic light
scattering (DLS, Nano ZS, Malvern, UK). Meanwhile, the mor-
phology information was obtained via atomic force microscopy
(AFM, SPM 9700, Shimadzu, Japan). For the further detection
that vemurafenib was loaded into AS1411-tFNAs, the ultraviolet
(UV) absorbances of AS1411-tFNAs, vemurafenib, and AS1411-
tFNAs/vemurafenib were recorded via UV spectrophotometer
(Nanophotometer N60, Implen, Germany) at 318 nm. The loading
ratio of vemurafenib and AS1411-tFNAs was calculated as follows:
Loading ratio = (Loading vemurafenib)/(Total AS1411-tFNAs).

Detailed materials and methods of cellular experiments could
be found in Supporting information.

The mice experiments were approved by the Ethics Commit-
tee of West China Hospital of Stomatology (Approval Number:
WCHSIRB-D-2021-222) and performed according to the relevant
laws and institutional guidelines. Female BALB/c nude mice of 3-4
weeks were raised in specific pathogen free (SPF) environment and
divided into six groups (4 mice per group), including control group,
tFNAs group, tFNAs/vemurafenib group, AS1411-tFNAs/vemurafenib
group, vemurafenib (transdermal) group, and vemurafenib (intra-
venous) group. To establish malignant melanoma modes, 1 x 108
A375 cells in 100 uL DMEM medium were injected subcutaneously
into the left armpit. When tumors grew to ~100 mm?, prepared
drugs were mixed with Aquaphor (Eucerin, Germany) and wiped
evenly on the surface of the tumors with surgical dressing (Tega-
derm, 3M, USA) covered. In Group 6, vemurafenib (250 pmol/L, 100
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pL) was injected intravenously. Each group of mice was handled
daily with related drugs, and tumor volume and mouse weight
were measured once every two days. Tumor volume was calculated
by W2 x L x 0.5, in which W referred to the shortest diameter
of tumor and L referred to the longest diameter. After 10 doses,
mice were sacrificed and harvested for tumors and organs (skin,
liver, heart, lung, kidney, and spleen). All tissues were fixed in
paraformaldehyde and subjected to hematoxylin-eosin (H&E) stain-
ing. Besides, tumor sections were stained for immunofluorescence
detection.

C57/BL mice were divided into four groups, which included tF-
NAs group, tFNAs/vemurafenib group, AS1411-tFNAs/vemurafenib
group, and control group. In this section, tFNAs were labeled with
Cy5 fluorescence. C57 mice were removed the hair on the back
in advance. Cy5-labeled samples were mixed with Aquaphor and
smeared evenly on the hairless area of the mice. Then, the treated
back was covered with a surgical dressing. After penetration for 24
h, the treated skin was cleaned and collected for frozen sections.
To detect the penetration of drugs in A375 tumor, tumor-bearing
BALB/c nude mice were handled with Cy5-labeled agents as the
same methods above. The tumors were also collected for fluores-
cence detection.

All results were presented as mean + standard deviation (SD).
One-way ANOVA and t-test were applied for statistical analysis in
GraphPad Prism 7.0 (GraphPad Software Inc., USA). When P was
less than 0.05, the results were considered statistically significant.

A simplified synthesis procedure is shown in Fig. 1A. Four de-
signed ssDNA strands (S1, S2, S3 and S4) were self-assembled into
tFNAs in TM buffer by complementary pairing [38,39]. Then we
connected the aptamer AS1411 sequence to 5’ end of S4, and syn-
thesized AS1411-tFNAs as the same procedure above. All ssDNA se-
quences were exhibited in Table S1. The fabrication of tFNAs and
AS1411-tFNAs was detected by 8% PAGE (Fig. 1B). The band of tF-
NAs moved faster than that of AS1411-tFNAs in PAGE, implying the
synthesis of AS1411-tFNAs.

Next, we mixed different concentrations of vemurafenib (5, 10,
20, and 50 pmol/L) with AS1411-tFNAs (1 pmol/L) and shook the
samples at room temperature for 6 h. Considering the positive
charge of vemurafenib, vemurafenib might be adsorbed onto tF-
NAs through electrostatic interaction (Fig. S1A in Supporting infor-
mation). PAGE was also applied to verify the combination of ve-
murafenib and AS1411-tFNAs (Fig. 1C). With the increasing con-
centration of vemurafenib, the migration rate of bands was getting
lower, demonstrating the rising loading amount of vemurafenib on
AS1411-tFNAs. To further monitor the maximum loading capacity,
we removed residual vemurafenib by ultrafiltration and detected
it with an ultraviolet spectrophotometer (Fig. 1D). It was obvious
that the peak of AS1411-tFNAs/vemurafenib was high than that of
AS1411-tFNAs at the same concentration. Moreover, according to
the standard curve of vemurafenib, the maximum loading ratio of
vemurafenib and AS1411-tFNAs was about 25:1 (Fig. S1B in Sup-
porting information).

To observe the morphology of our nanostructures, AFM was
employed, and the results illustrated that the size of AS1411-
tFNAs/vemurafenib was slightly larger than AS1411-tFNAs (Figs. 1E
and F). Meanwhile, AS1411-tFNAs/vemurafenib still maintained a
tetrahedral-like spatial structure. The excellent tissue penetra-
tion of tFNAs owes much to such a three-dimension structure
[34,40]. Next, we further detected the size and shape of AS1411-
tFNAs and AS1411-tFNAs/vemurafenib via transmission electron
microscope (TEM). As shown in Fig. S2 (Supporting information),
the images of TEM indicated the growing in size and change
in morphology of AS1411-tFNAs/vemurafenib, which was consis-
tent with AFM and further demonstrated the successful synthe-
sis of AS1411-tFNAs/vemurafenib. Finally, we utilized DLS to detect
the particle size and zeta potential of AS1411-tFNAs and AS1411-
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Fig. 1. Successful synthesis and characterization of AS1411-tFNAs/vemurafenib. (A) Schematic diagram showing the composition of AS1411-tFNAs and AS1411-
tFNAs/vemurafenib. (B) PAGE graph showing the synthesis of AS1411-tFNAs (I: S1, II: S2, III: S3, 1V: S4, V: S4-AS1411, VI: tFNAs, VII: AS1411-tFNAs). (C) PAGE graph analysis
of AS1411-tFNAs/vemurafenib with different AS1411-tFNAs: Vemurafenib ratios (AS1411-T refers to AS1411-tFNAs). (D) UV absorption spectroscopy of AS1411-tFNAs and
AS1411-tFNAs/vemurafenib. (E, F) AFM images of AS1411-tFNAs and AS1411-tFNAs/vemurafenib, respectively. Scale bars are 2 pm and 500 nm. (G) Hydrodynamic sizes of
AS1411-tFNAs and AS1411-tFNAs/vemurafenib measured by DLS. (H) Zeta potentials of AS1411-tFNAs and AS1411-tFNAs/vemurafenib.

tFNAs/vemurafenib (Figs. 1G and H). The particle size of AS1411-
tFNAs was 15.09 nm, and AS1411-tFNAs/vemurafenib’s was a little
larger (18.75 nm), which accorded with the results of AFM. Mean-
while, the zeta potential of AS1411-tFNAs (—7.53 mV) was more
negative than that of AS1411-tFNAs/vemurafenib (—2.18 mV). All
of the above results verified the successful synthesis of AS1411-
tFNAs/vemurafenib.

To measure the uptake of AS1411-tFNAs/vemurafenib by A375
cells, S1 strand was modified with Cy5 fluorescein to form

Cy5-AS1411-tFNAs/vemurafenib as the same procedure mentioned
above. After being treated with the related samples for 12 h, we
conducted a confocal microscope to detect the cellular uptake. As
shown in Fig. 2A, the fluorescence intensity of tFNAs/vemurafenib
was weaker than pure tFNAs, but the fluorescence intensity of
AS1411-tFNAs/vemurafenib was almost as strong as that of tFNAs.
The results indicated that tFNAs could transfer vemurafenib into
A375 cells, and aptamer AS1411 further enhanced the cellular in-
ternalization of our carriers due to its affinity with nucleolin ex-
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Fig. 2. Cellular uptake of AS1411-tFNAs/vemurafenib and cell viability. (A) Cellular uptake of tFNAs, tFNAs/vemurafenib or AS1411-tFNAs/vemurafenib in A375 cells detected
by confocal laser microscope (nucleus: blue; cytoskeleton: green; Cy5: red). Scale bars are 20 pm. (B) Flow cytometry analysis of the proportion of A375 cells uptake
of tFNAs, tFNAs/vemurafenib or AS1411-tFNAs/vemurafenib. (C) CCK-8 assays to detect the inhibitory effect of AS1411-tFNAs/vemurafenib on A375 cells (n = 5). (D) Cell
apoptosis analysis of A375 cells by flow cytometry. (E) CCK-8 assays to detect the side toxic effect of AS1411-tFNAs/vemurafenib on L929 and HaCaT cells (n = 5). (F) Cell
apoptosis analysis of HaCaT cells by flow cytometry. Data are presented as mean =+ SD. Statistical analysis: ***P < 0.001, ****P < 0.0001.

pressed in A375 cells [41,42]. In addition, flow cytometry was uti-
lized to detect cellular uptake (Fig. 2B). The uptake level of AS1411-
tFNAs/vemurafenib (62.53%) was significantly stronger than that of
tFNAs/vemurafenib (43.42%), and the results were consistent with
fluorescence detection.

The concentration of tFNAs was investigated via CCK-8 as-
say, and its result indicated that 62.5 nmol/L or 125 nmol/L tF-
NAs showed less influence on the cell viability of A375 cells
(Fig. S3 in Supporting information). Furthermore, 125 nmol/L tF-
NAs could protect multiple epithelial and mesenchymal cells from
damage factors according to previous reports [36,43]. Therefore,
125 nmol/L tFNAs were applied in the subsequent experiments.

Next, the inhibiting effects of AS1411-tFNAs/vemurafenib on the
growth of A375 cells were detected via CCK-8 and cell apopto-
sis assay (Figs. 2C and D). Both results indicated that AS1411-
tFNAs/vemurafenib had a stronger inhibiting effect on A375 cell
viability than tFNAs/vemurafenib, and this might be caused by in-
creased cellular uptake of AS1411-tFNAs/vemurafenib.

In addition, we evaluated the cytotoxicity of AS1411-
tFNAs/vemurafenib to normal cells through the two methods
mentioned above. L929 and HaCaT cells took the same treatment
as A375 cells. As shown in Fig. 2E, neither tFNAs/vemurafenib
nor AS1411-tFNAs/vemurafenib were cytotoxic to 1929 and Ha-
CaT cells, while simplex vemurafenib had obvious cytotoxicity.
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The result of cell apoptosis detection was consistent with the
CCK-8 assay (Fig. 2F). Free vemurafenib could induce HaCaT
cell apoptosis, but failed induction in tFNAs/vemurafenib and
AS1411-tFNAs/vemurafenib. In theory, vemurafenib only inhibits
the growth of cells with BRAF gene mutation. However, previous
studies reported that vemurafenib was easily encapsulated in cell
membranes due to its hydrophobic property and caused damage
to membranes without cell specificity [44]. tFNAs could transfer
vemurafenib into cells but avoid cell membrane damage, resulting
in inapparent toxic effects on normal cells. Furthermore, those
results implied that the poor hydrophobicity of vemurafenib might
contribute to its slightly stronger inhibition on the growth of A375
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cells compared with AS1411-tFNAs/vemurafenib, and tFNAs might
not weaken the tumor-killing effect of vemurafenib.

The variation of apoptosis proteins was another aspect to
evaluate the killing effect of AS1411-tFNAs/vemurafenib on A375
cells. The expression of caspase-3, Bcl-2 and Bax was detected
by Western blot (Figs. S4D and E in Supporting information).
After being treated with AS1411-tFNAs/vemurafenib, the expres-
sion of caspase-3 and Bax both increased and the expression of
Bcl-2 decreased. Meanwhile, the variation of apoptosis proteins
in AS1411-tFNAs/vemurafenib group was more conspicuous than
tFNAs/vemurafenib group. Considering the key role of caspase-
3 in apoptosis pathway, we also observed its expression by im-
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Fig. 3. Transdermal test and antitumor evaluation of AS1411-tFNAs/vemurafenib in vivo. (A) Schematic illustration of the transdermal therapy of subcutaneous melanoma. (B,
C) Fluorescence imaging of skin and tumor histological sections following tFNAs, tFNAs/vemurafenib or AS1411-tFNAs/vemurafenib transdermal application (nucleus: blue;
Cy5: red; stratum corneum: yellow arrow). Scale bars are 400 and 200 pm. (D) Tumor growth curves of tumor-bearing mice received various treatments (n = 4). (E) Body
weight recorded in the experiment (n = 4). (F) Tumors excised from tumor-bearing mice after 10 days. (G) Comparison of tumor weight (n = 4). Data are presented as mean

=+ SD. Statistical analysis: *P < 0.05, **P < 0.01 (ns: no significance).
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munofluorescence detection (Fig. S4A in Supporting information).
The result illustrated that the fluorescence intensity of caspase-
3 in AS1411-tFNAs/vemurafenib group was boosted and stronger
than tFNAs/vemurafenib group, which was consistent with Western
blot.

Next, to verify the influence of AS1411-tFNAs on the mecha-
nism of vemurafenib, Western blot and immunofluorescence de-
tection were also used to measure the expression of BRAF kinase
(Figs. S4B, F, and G in Supporting information). Similar to free ve-
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murafenib at equal concentration, AS1411-tFNAs/vemurafenib could
downregulate the expression of BRAF, and the downregulation ef-
fect was stronger than tFNAs/vemurafenib. Moreover, the mutant
BRAF in melanoma can unconventionally activate the level of phos-
phorylated extracellular regulated protein kinases (ERK) in MAPK
signaling pathway, which is not influenced by upstream RAS ki-
nase [45,46]. The high phosphorylation of ERK contributes to cell
proliferation, DNA damage repair, and prevention of cell apopto-
sis. As shown in Figs. S4C, F, and G (Supporting information), af-
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Fig. 4. Histopathological analysis of tumors, skins, and other important organs. (A, B) H&E staining of excised tumors and skins covered on subcutaneous tumors in different
treatment groups. Scale bars are 100 pm. (C, D) Immunofluorescence micrographs of tumor tissues (nucleus: blue; BRAF, caspase-3: red). Scale bars are 200 pm. (E) H&E
staining of harvested heart, liver, spleen, lung, and kidney after different treatment for 10 days (yellow circle: atrophy of glomerular basement membrane). Scale bars are

100 pm.
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ter being treated with AS1411-tFNAs/vemurafenib, the phosphory-
lated level of ERK was decreased and consistent with the vari-
ation tendency of BRAF kinase. Meanwhile, these results further
demonstrated the mechanism of cell apoptosis induced by AS1411-
tFNAs/vemurafenib.

To evaluate the transdermal ability of AS1411-tFNAs/
vemurafenib, we mixed saline and Cy5-labeled drugs with
Aquaphor and smeared them on the back of C57 mice that were
already depilated. Then, Tegaderm was applied to protect the
treated area. After penetration for 24 h, we wiped off the residual
Aquaphor and collected the treated back skin for frozen sections
(Fig. 3B). Like simplex tFNAs, AS1411-tFNAs/vemurafenib showed
strong red fluorescence at the basal layer of skin. The result im-
plied that the modification of AS1411 and vemurafenib could not
significantly disturb the transdermal ability of tFNAs. Furthermore,
it has been reported that linear DNA nanomaterials are weak in
skin penetration [47].

Next, to explore the permeation ability of AS1411-tFNAs/
vemurafenib after crossing through the skin barrier, we conducted
the same drug administration as mentioned above on A375 tu-
mor mice. After being treated for 24 h, tumors were separated and
washed for frozen sections (Fig. 3C). The fluorescence images illus-
trated that all of the three Cy5 labeled agents could reach 300-400
pm depth from the surface of tumor. Moreover, the fluorescence
intensity of AS1411-tFNAs/vemurafenib was stronger than tFNAs or
tFNAs/vemurafenib, which was attributable to enhanced target and
uptake of AS1411-tFNAs/vemurafenib by melanoma cells.

The in vivo antitumor ability of AS1411-tFNAs/vemurafenib was
detected on BALB/c nude mice, and a schematic diagram of the
modeling and treatment procedure is shown in Fig. 3A. The syn-
thesized drugs (1 pmol/L of tFNAs, tFNAs/vemurafenib, AS1411-
tFNAs/vemurafenib) and 25 pmol/L of vemurafenib were mixed
with Aquaphor and then applied on the tumors. In addition, ve-
murafenib (250 pmol/L) was administered by caudal vein. These
treatments were performed every day, and tumor volume and
mice weight were measured every two days. As shown in Fig. 3D,
AS1411-tFNAs/vemurafenib inhibited the growth of melanoma tu-
mors, and its antitumor efficiency was higher than intravenous ad-
ministration of vemurafenib. In addition, there was no significant
difference between the groups that received transdermal treatment
of tFNAs or vemurafenib and the control group. After 10 days of
treatment, excised tumor photograph and tumor weight further in-
dicated that AS1411-tFNAs/vemurafenib had the strongest inhibi-
tion on the growth of melanoma tumors among all experimental
groups (Figs. 3F and G).

Tumors and important organs of mice were collected for
histopathological examination and immunofluorescence staining.
As shown in Fig. 4A, the H&E staining results illustrated that tu-
mor cell death and atrophy in cell shape and size were most obvi-
ous to observe after being treated with AS1411-tFNAs/vemurafenib.
Furthermore, the fluorescence intensity of BRAF in AS1411-
tFNAs/vemurafenib group was the weakest, while the fluorescence
intensity of caspase-3 was the strongest (Figs. 4C and D). The find-
ings demonstrated that AS1411-tFNAs/vemurafenib could downreg-
ulate the expression of BRAF kinase and induce tumor cell death.
Meanwhile, the weight of mice was not significantly decreased,
and the H&E staining of skin and other important organs did not
display inflammation and pathological injury, which indicated the
good biocompatibility and biosafety of AS1411-tFNAs/vemurafenib
in vivo (Fig. 3E and Figs. 4B and E). In contrast, the thinning of
skin thickness could be observed after transdermal administra-
tion of vemurafenib, while atrophy of glomerular basement mem-
brane (yellow circles in Fig. 4E) was detected in vemurafenib intra-
venous injection group. These results further demonstrated the su-
periority of transdermal delivery and target therapy with AS1411-
tFNAs/vemurafenib.
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In this study, we demonstrated the transdermal therapeutic
effect of AS1411-tFNAs/vemurafenib on subcutaneous malignant
melanoma. By simple procedures, we combined tFNAs with two
types of antitumor drugs, DNA aptamer AS1411 and BRAF in-
hibitor vemurafenib. AS1411-tFNAs/vemurafenib could inhibit the
growth of A375 melanoma cells through downregulating the ex-
pression of mutant BRAF kinase and inducing cell apoptosis. Mean-
while, AS1411-tFNAs/vemurafenib showed no cytotoxicity to nor-
mal epithelial and mesenchymal cells, which might be caused
by reducing supererogatory damage of vemurafenib to cell mem-
brane. Similar to tFNAs, AS1411-tFNAs/vemurafenib could pene-
trate through the skin barrier and permeate into the subcuta-
neous tumor. Furthermore, considering the targeting of AS1411 to
nucleolin, AS1411-tFNAs/vemurafenib was more readily taken up
by melanoma cells. In tumor-bearing mice, transdermal treatment
with AS1411-tFNAs/vemurafenib showed stronger antitumor effi-
ciency compared with transdermal and intravenous administra-
tion of vemurafenib. Throughout the treatment process, AS1411-
tFNAs/vemurafenib had no significant toxic side effects, which indi-
cated the good biocompatibility of our DNA nanomaterials. In sum-
mary, versatile DNA nanostructures based on tFNAs are promising
in transdermal drug delivery. Our combination of multiple antitu-
mor agents and tFNAs may provide a new therapeutic strategy for
subcutaneous tumor via the percutaneous route.
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