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We report the topical administration of sponge Haliclona sp.
Spicules (SHS) combined with cationic flexible liposomes
(CFL) to increase the delivery of small interfering RNA
(siRNA) into viable skin cells in vitro and in vivo. SHS can be
applied topically as novel microneedles to overcome skin
barrier by creating plenty of newmicrochannels in stratum cor-
neum. Subsequently, well-designed CFL can be also utilized
topically as nanocarriers to overcome skin cells membrane by
delivering siRNA to skin deep layers through these microchan-
nels and thereby facilitating their cell internalization. The
topical application of SHS in combination with CFL (0.05%
of lipids, w/v), referred to as CFL(0.05%), enhanced siRNA
skin penetration in vitro by 72.95 ± 2.97-fold compared to con-
trol group (p < 0.001). Further, the topical application of SHS
in combination with CFL(0.05%) on female BALB/c mice skin
resulted in 29.21% ± 1.41% of glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) knockdown at all application area
in vivo, which was not significantly different from the GAPDH
protein knockdown rate in the subcutaneous injection center.
However, the high knockdown rate only appears in the vicinity
(<0.5 cm) of the injection center. In sum, this study provides a
promising strategy of topical delivery of siRNA by the com-
bined used of SHS and well-designed CFL.

INTRODUCTION
RNA interference (RNAi) is to inhibit gene expression sequence, spe-
cifically using short double-stranded RNA (21 to 23 nucleotides, small
interfering RNA [siRNA]).1,2 RNAi therapy so far has been proven to
have great potential to treat skin diseases stem from aberrant gene
expression,3 including alopecia,4 psoriasis,5 allergic skin diseases,6,7

skin cancer,5,8,9 pachyonychia congenita,10 and hyperpigmentation,11

among others. For the specific gene suppression in these skin diseased
regions, topical application of RNAi therapy can avoid first pass meta-
bolism and side-effect involved by systemic administration. It also can
exert its action directly on the skin diseased site and improve patient
compliance, and so on.12,13

Since siRNA is a hydrophilic and negatively charged bio-macromole-
cule (~13 kDa), its topical delivery into viable skin cells generally meets
two barriers. The first barrier of the delivery is the stratum corneum
Molecular T
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(SC) because of the “brick and mortar” construction and lipophilic na-
ture.14,15 To overcome this skin barrier, various penetration enhance-
ment strategies and technologies have been developed and utilized,
such as microneedle,16,17 chemical penetration enhancers,18 and nano-
carrier systems,19,20 among others. The second barrier of the topical de-
livery of siRNA is the viable skin cells membrane.21 To overcome this
challenge, we utilized a number of methods to facilitate internalization
of siRNA, such as electroporation,22 lipoplex,23,24 and heat-shock,25

among others.18,26–31 However, physical delivery techniques, such as
microneedle patch,32 sonophoresis,33 iontophoresis,34 electropora-
tion,35 and heat-shock, despite their relatively high efficacy to overcome
skin barrier or cytoplasm barrier of viable cells, can be applied only to
small areas of the skin and have limited potential for self-administra-
tion. In addition, some of these methods are invasive. On the other
hand, chemical delivery techniques, such as nanocarriers and penetra-
tion enhancers, are ineffective to be utilized alone to overcome the both
barriers to deliver siRNA into skin viable cells.36 In addition, the long-
termusage of chemical penetration enhancers can lead to skin irritation
because of their cytotoxicity.37 Therefore, there could be a lurking but
reasonable expectation that a certain topical delivery system can be well
designed and fabricated not only to overcome both skin barrier and
cytoplasm barrier for the delivery of siRNA into skin viable cells, but
also to be adapted to any location of interest or diseased area of the
skin with a non-invasive or a minimally invasive way.

Recently, we have shown that sponge Haliclona sp. spicules (SHS), as
novel silicon microneedles, can be used alone38 or in combination
with flexible liposomes39 to overcome skin barrier for enhanced
skin absorption of hydrophilic macromolecules. SHS can create
plenty of new long-lasting micro-channels (around 800 micro-pores
per mm2 over 48 h at a dosage of 10 mg of SHS per 1.77 cm2) through
or into the SC in a minimally invasive way.39 However, even with us-
ing SHS, the cytoplasm barrier is still a big challenge for the topical
delivery of siRNA into skin viable cells.
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Figure 1. Characterization of SHS and Lipid Vesicles

(A) Photo of Sponge Haliclona sp. (B) Visualization of SHS

by SEM. (C) Statistics of SHS size in different batches. (D)

Mean particle diameter of lipid vesicles. (E) z-potential of

lipid vesicles. (F) Deformability of lipid vesicles. (G) Visu-

alization of lipid vesicles by TEM. Values represent

mean ± SD (n = 100 for C; n = 3 for D–F)

Molecular Therapy: Nucleic Acids
In this work, we topically applied SHS in combination with different
lipid vesicles, flexible liposomes (FL) and cationic flexible liposomes
(CFL), to greatly enhance skin penetration of siRNA in vitro.
Further, the combined use of SHS and CFL(0.05%) can result in a
synergistic action to deliver siRNA to viable skin cells and conse-
quently significantly inhibit the protein expression in vivo, which
is comparable to the subcutaneous injection of CFL(0.05%)@siRNA
mixture. In addition, the combined topical use of SHS and well-de-
signed CFL can be adapted to any location of interest or diseased
area of the skin.

RESULTS
Characterization of SHS and Lipid Vesicles

SHS from sponge Haliclona sp. cultured in 2018 exhibited similar
length (around 125 mm) and diameter (around 7.5 mm) distribution
as that of previous batches (Figure 1C) (batch16 versus batch17:
p = 0.626, batch16 versus batch18: p = 0.411, batch17 versus batch18:
p = 0.780). Cationic flexible liposomes (CFL, Figure 1G) were homo-
geneously nano-sized unilamellar spherical vesicles (mean diameter
of 101.4 ± 1.1 nm, polydispersity index (PDI) of 0.14 ± 0.04) with a
640 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
positive z-potential of 35.7 ± 0.4 mV. When
mixed with siRNA, CFL(0.05%)@siRNA ex-
hibited a similar particle size distribution and
PDI, however possessed a negative z-potential
of �31.4 ± 1.1 mV. Flexible liposomes without
or with siRNA (FL or FL@siRNA, Figure 1G)
were both homogeneously nano-sized unila-
mellar spherical vesicles (mean diameter of
around 102.5 nm with a PDI of around 0.08)
with a neutral z-potential of about �2.2 mV.
Optimized CFL (0.05%) possessed a better de-
formability (94.08% ± 1.01%, p < 0.001)
compared to original CFL (1%, 56.03% ±

1.98%) and FL (4%, 61.79% ± 0.48%).

Improved Topical Delivery of siRNA In Vitro

To overcome the first barrier of siRNA topical
delivery, we topically applied SHS alone or in
combination with different lipid vesicles con-
taining GAPDH-siRNA. The topical applica-
tion of SHS combined with CFL(0.05%) could
significantly improve the skin penetration of
siRNA compared to all other groups (Figure 2);
it led to skin absorption of 61.18% ± 2.49% of
topically applied GAPDH-siRNA in 16 h, which
is 72.95 ± 2.97-fold (p < 0.001), 14.77 ± 0.60-
fold (p < 0.001), 11.45 ± 0.47-fold (p < 0.001), 1.88 ± 0.08-fold (p <
0.01), and 1.61 ± 0.07-fold (p < 0.001) higher than those of control
group (0.84% ± 0.16%), CFL(0.05%) alone (4.14% ± 0.73%), Derma-
roller combined with CFL(0.05%) (5.34% ± 0.72%), SHS alone
(32.55% ± 8.90%), and SHS combined with FL (37.99% ± 1.52%),
respectively. The skin absorption of siRNA from the topical applica-
tion of SHS combined with CFL(0.05%) is significantly higher than
that from the topical application of SHS combined with CFL(1%)
(48.19% ± 7.21%, p < 0.05). The result indicated that the capability
of CFL to deliver siRNA into skin after SHS treatment seems to be
proportional to its deformability.

Moreover, the topical application of SHS combined with CFL (0.05%)
could significantly increase the skin deposition of siRNA compared to
other groups (Figure 3). In addition, the skin penetration behavior of
siRNA from different topical formulation in vitro was visualized by
confocal microscopy (Figure 4). These results confirmed that the
topical application of SHS combined CFL (0.05%) could significantly
enhance the delivery of siRNA into skin (Figure 4H) compared to all
other groups.



Figure 2. Total Amount of GAPDH-siRNA Entering Skin under Different

Topical Treatments

Values represent mean ± SD (n = 3). *p < 0.05; **p < 0.01; ***p < 0.001.

Figure 3. GAPDH-siRNA Penetrates Different Skin Layer In Vitro

SC represents the first to the tenth tape strip, EPI represents the epidermis, DER

represents the dermis, REC represents the receptor. Values represent mean ± SD

(n = 3). *p < 0.05; **p < 0.01; ***p < 0.001.
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siRNA Entry into Cells and Knockdown of GAPDH In Vitro

To overcome the second barrier, viable skin cells cytoplasm, we next
evaluated the capabilities of three lipid vesicles, CFL(0.05%),
CFL(1%), and FL, to facilitate the internalization of 6-carboxy-fluo-
rescein (FAM)-GAPDH siRNA in L929 cell by using confocal micro-
scopy (Figure 5). CFL (0.05%) can induce obvious cell entry of fluo-
rescent FAM-siRNA (Figure 5) compared to other groups. In
contrast, siRNA alone cannot enter the cells by itself.

Further, we also examined the GAPDH protein knockdown in L929
cell lines to verify the cell transfection effect (Figure 6). CFL(0.05%)
@siRNA can result in 41.09% ± 5.14% of GAPDH knockdown in
68 h, which was much higher (p < 0.001) than that from CFL(1%)
@siRNA (8.38% ± 2.08%), FL@siRNA (3.48% ± 2.25%), and siRNA
alone (6.07% ± 1.62%).

Cytotoxicity of Lipid Vesicles

The cytotoxicity of CFL(0.05%), CFL(1%), and FL was studied as a
function of applied dose by using thiazolyl blue tetrazolium bromide
(MTT) assay. The results (Figure 7A) indicated that IC50 values of
CFL(0.05%), CFL(1%), and FL for cell growth were 6.634 mL/well,
0.626 mL/well, and 0.428 mL/well, respectively. As the dose of the
added lipid vesicles was reduced, the cell state gradually recovered
(Figure 7B). These results indicated that CFL(0.05%) with appro-
priate dose is more suitable for delivering siRNA into cells without
cytotoxicity.

In Vivo Verification of GAPDH siRNA Delivery into Skin

According to skin penetration study in vitro, cell transfection in vitro,
and cytotoxicity in vitro, the topical application of SHS combined
with CFL(0.05%) seems to be the most effective system for topical
application of RNAi. Thus, we subsequently verified the ability of
SHS in combination with CFL(0.05%) to topically deliver GAPDH-
siRNA into skin of female BALB/C mice (7–8 weeks). The CFL car-
rying GAPDH-siRNA was delivered into mice skin by subcutaneous
injection and SHS treatment. In the case of the subcutaneous injection
group, while there was no significant difference between the GAPDH
protein knockdown in the injection center (26.17% ± 6.25%) and
0.5 cm away from the injection center (26.38% ± 7.40%), the GAPDH
protein knockdown dropped rapidly in the position of 1 cm away
from the injection center (6.45% ± 5.87%; Figure 8). In contrast,
the topical application of SHS in combination with CFL(0.05%) on
mice over 72 h led to 29.21% ± 1.41% of GAPDH knockdown in
the entire topically applied area, which was significantly higher
than that from SHS treatment alone (5.48% ± 7.97%, p < 0.01) and
was comparable to that from the subcutaneous injection of
CFL(0.05%)@siRNA mixture in the injection center area (26.17% ±

6.25%, p = 0.458) (Figure 8). These results indicated that the utiliza-
tion of SHS in combination with CFL(0.05%) is a promising delivery
system for the topical application of RNAi therapy in vivo.

DISCUSSION
SHS can create plenty of new long-lasting micro-channels through or
into the SC and subsequently facilitate the penetration of drug or
nano-particles into deep skin layers. Thus, the skin penetration of
CFL containing siRNA induced by the SHS is significantly enhanced
compared to that induced by the Dermaroller (HC902, 162micronee-
dles, 0.2 mm, Munich, Germany; p < 0.01; Figures 2, 4G, and 4H),
supporting our previous conclusion that SHS can be used as a more
effective microneedle to topically deliver therapeutics and even
nano-carriers system such as CFL.

Further, SHS is safe to be topically applied as a novel microneedle for
the skin drug delivery. Themicrochannels created by SHS are the gaps
between skin and SHS within SC layer. We believe that these gaps are
nano-scale since rigid conventional liposomes (around 100 nm)
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 641
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Figure 4. Visualization of Skin Delivery of siRNA

Induced by Different Formulations

(A) siRNA alone. (B) Topical application of SHS and siRNA.

(C) Topical application of CFL (1%) containing siRNA. (D)

Topical application of CFL (0.05%) containing siRNA. (E)

siRNA with SHS and FL treatment. (F) siRNA with SHS and

CFL (1%) treatment. (G) siRNA with dermaroller and CFL

(0.05%) treatment. (H) siRNA with SHS and CFL (0.05%)

treatment.
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cannot pass through these microchannels according to our recent
study.39 Subsequently, while SHS can be gradually eliminated from
the skin with desquamation and eventually leaves the skin, the skin
Figure 5. CFL(0.05%) Obviously Facilitate the Internalization of FAM-GAPDH siRNA in L929 Cell Com

Cells for transfection were incubated in 24-well plates. The up line shows an image of the L929 cell in bright field

under different liposome treatments.
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microchannels caused by SHS are gradually
closed. Moreover, transepidermal water loss and
guinea pig skin irritation experiments in our pre-
vious study have verified the safety of SHS topical
treatment, and skin disruption caused by SHS
treatment can be repaired with time and effi-
ciency.38,39 Therefore, there should be low risk
or no risk of most bacterial or virus infection after
SHS topical treatment.

Subcutaneous injection could be the most direct
method to deliver siRNA into skin viable tissue
layers; it is also commonly used as a positive con-
trol to evaluate the efficacy of skin delivery tech-
nologies for therapeutics such as siRNA. From
the in vivo results, the RNAi efficiency induced
by subcutaneous injection of CFL containing
siRNA is inversely proportional to the distance
to the injection center (Figure 8). In addition,
subcutaneous injection may lead to significant patient non-compli-
ance due to the severe needle-phobia.40 In contrast, the RNAi effi-
ciency induced by the topical administration of SHS combined with
pared to Other Lipid Vesicles

. The bottom line shows the internalization of siRNA in cells



Figure 6. Liposome Induced Knockdown of GAPDH Protein in L929 Cell

Cells for transfection were incubated in 24-well plates. CFL(0.05%)@siRNA: add

1.5 mL of CFL(0.05%) and 30 pmol of GAPDH siRNA mixture to each well; CFL(1%)

@siRNA: add 1.5 mL of CFL(1%) and 30 pmol of GAPDH siRNAmixture to each well;

FL@siRNA: add 1.5 mL of FL and 30 pmol of GAPDH siRNA mixture to each

well; siRNA: 30 pmol/well GAPDH-siRNA. Values represent mean ± SD (n = 6).

***p < 0.001.
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CFL is not only comparative to that of the subcutaneous injection
center area (p = 0.458), but also almost equally and homogeneously
available to all topically applied area (Figure 8). These results suggest
that the utilization of SHS in combination with CFL can be suitable
for large-area topical application for RNAi therapy.

Since naked RNA cannot penetrate the cell lipidmembrane, many stra-
tegies have been developed to address the skin delivery of siRNA.6,41–46

siRNA can be protected from degradation by lipid vesicles47 and conse-
quently have been delivered into cells by lipid vesicles for almost 2 de-
cades.48 In this study, different lipid vesicles, including cationic flexible
liposome (CFL) and flexible liposome (FL) were used to deliver siRNA
into skin. Without SHS, these lipid vesicles only increased the distribu-
tion of siRNA in skin upper layers (Figure 3). In contrast, SHS creates
plenty of microchannels on the skin to facilitate the skin penetration of
lipid vesicles with a hydration-driven transport mechanism.38 The syn-
ergistic effect from the SHS and lipid vesicles also appears to be propor-
tional to the vesicles’ deformability. The flexibility of liposomes can be
adjusted by modifying the concentration of surfactants,49,50 solvent in
the system,51 and even lipid concentration as demonstrated in this
study. The well-designed flexible liposomes, such as CFL(0.05%), can
squeeze into skin through the microchannels created by SHS with car-
rying vesicle-bound siRNA into deep skin layers under the driving
force of transdermal osmotic gradients.

Further, once the siRNA is delivered into the skin, it must also be
ensured that the siRNA can be delivered into the viable cells. While
both CFL(1%) and FL show high cytotoxicity with resulting in low
knockdown efficiency of target gene, CFL(0.05%) can significantly in-
crease the cell entry of siRNA (Figure 5) with the low cytotoxicity
(Figure 7), which in turn led to the improved GAPDH knockdown
efficiency.
The silencing of siRNA for specific pathogenic genes sequences has
led to a large number of preclinical and even clinical studies.52 How-
ever, two barriers posed by the stratum corneum and viable skin cells
membrane limits the entering of siRNA into viable skin cells. The
topical application of SHS in combination with CFL in the skin deliv-
ery of siRNA may open new opportunities to siRNA-based treatment
for dermatological diseases.

Conclusions

This study demonstrated that the combined use of SHS and well-de-
signed CFL, CFL(0.05%), significantly enhanced the skin penetration
and deposition of siRNA into deep skin layers. Cell transfection ex-
periments in vitro showed that CFL(0.05%) as a siRNA carrier system
resulted in a significant decrease in the expression of GAPDH protein
in the cells. In vivo experiments further confirmed the effectiveness of
the combined use of SHS and CFL(0.05%) for the delivery of siRNA
into skin viable cells, which in turn can effectively silence the target
gene expression. The topical application of SHS in combination
with a well-designed CFL, such as CFL(0.05%), could be a platform
technology for topical RNAi therapy.

MATERIALS AND METHODS
Chemicals

2, 3-dioleoyloxy-propyl-trimethylammoniumchlorid (DOTAP) was
purchased from CordenPharma (Switzerland). Phospholipon 90G
was purchased from Lipoid GmbH (Germany). Thiazolyl Blue Tetra-
zolium Bromide (MTT) and BRIJ O20 were purchased from Sigma-
Aldrich (St. Louis Missouri, USA). FAM-labeled GAPDH-siRNA
(50-FAM-CACUCAAGAUUGUCAGCAATT-30) was obtained
from GenePharma (Shanghai, China). Neutral Balsam was purchased
from Solarbio (Beijng, China). L929 cell was purchased from iCell
Bioscience (Shanghai, China). Trypsin 0.25% (1�) Solution, Dulbec-
co’s modified Eagle’s medium (DMEM)/high glucose, and 100�
penicillin/streptomycin solution were purchased from HyClone (Lo-
gan City, UT, USA). Fetal bovine serum (FBS) and opti-mem (1�)
were purchased from GIBCO (Grand Island, USA). Chloral hydrate
was purchased from Macklin (Shanghai, China). KDalert GAPDH
Assay was purchased from Thermo Scientific (USA). Female BALB/
c mice (6–7 weeks old) were purchased from Xiamen University Lab-
oratory Animal Center. All other chemicals (analytical grade) used in
this study were purchased from SinopharmGroup (Shanghai, China).

Preparation of Lipid Vesicle Formulations

In this study, CFL and FL were prepared using thin film hydration
methods.53,54 DOTAP (10 mg/mL) with BRIJ O20 (12 mg/mL; CFL)
or 90G (40 mg/mL) with BRIJ O20 (12 mg/mL; FL) were dissolved in
chloroform.The solvent was then removed by using a rotary evaporator
at 25�C. The obtained lipids film was hydrated with 0.2 M PBS (pH =
7.4; FL) or the solution of 0.2 M Tris-HCl (pH = 4; CFL). The obtained
suspension was then homogenized with a liposome extruder (Liposo-
Fast, AVESTIN) and the polycarbonate film (100 nm). To optimize
the ratio between CFL and siRNA, we further diluted the original
CFL with diethylpyrocarbonate (DEPC) water to adjust the concentra-
tion of liposomal particles. Different CFL or FLweremixedwith siRNA
Molecular Therapy: Nucleic Acids Vol. 20 June 2020 643
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Figure 7. Cytotoxicity of Liposomes to Cells (L929)

(A) The growth inhibition rate of cells after adding different

doses of CFL (0.05%), CFL (1%), and FL. Values repre-

sent mean ± SD (n = 6). (B) Cell growth status after adding

different doses of liposomes. The first line shows the

morphological change of L929 cells after adding different

doses of CFL(0.05%). The second line shows the

morphological change of L929 cells after different doses

of CFL(1%) were added. The third line shows the

morphological change of L929 cells after adding different

doses of FL. The dosages were 5 mL/cell, 2.5 mL/cell,

1 mL/cell, 0.5 mL/cell, and 0.1 mL/cell, respectively.
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(25 nmol/mL) and then ultrasonic treatment for 20 min to prepare
CFL@FAM-siRNA and FL@FAM-siRNA formulations.
Preparation and Purification of SHS

The raw material of SHS was obtained frommarine spongeHaliclona
sp. that was cultured explants cultivated in 2018 at Dongshan Bay
(Zhangzhou, Fujian Province, China). The purified SHS (>95%, w/
w) was prepared and purified as described in our patent
(ZL201610267764.6).
Characterization of Lipid Vesicles

The lipid vesicles with or without siRNAwere characterized in terms of
particle size, polydispersity index (PDI) and z-potential by using aMal-
vern Zetasizer Nano ZS90 instrument (Malvern Instruments, UK). The
deformability of different lipid vesicles was determined in accordance
with previous study.55 The time of test formulation to pass through a
polycarbonate film (100 nm of pore size) at a pressure of 0.25 MPa
was recorded as Tw, Tc, and Tf for water, CFL, and FL, respectively.
The deformability of lipid vesicles was calculated as follows:
644 Molecular Therapy: Nucleic Acids Vol. 20 June 2020
Deformabilityð%Þ = Tw
Tc or Tf

� 100%

The lipid vesicles were further visualized by using a transmission elec-
tron microscope (TEM, FEI Tecnai G2 Spirit BioTwin, Hillsboro,
USA). Prior to the analysis, 10 mL of lipid vesicles were applied
onto copper grids. The samples were then stained by uranyl acetate
and dried on air. Finally, the sample was observed by the TEM at
an operating voltage of 120 KV.
Skin Penetration Study In Vitro

The porcine skin (YinXiang Group, Xiamen, China) was used for
in vitro penetration study. The skin was prepared as described in
the previous study.38 Briefly, the subcutaneous fatty tissue under
the porcine skin was removed carefully with a scalpel. The hair shaft
was shaved to less than 5 mm using an electric razor (Codos KP-3000,
Guangzhou, China). The porcine skin was then cleaned with ultra-
pure water and stored at �20�C. Skin was thawed at room tempera-
ture before use. In vitro, the skin was punched out in disk samples



Figure 8. The Knockdown of GAPDH Protein

Induced by Different siRNA Delivery after 72 H

Treatment In Vivo

(A) 3D simulation of GAPDH protein knockdown rate. (B)

Top view of (A). Formulations of all group contain 25 nmol/

mL of GAPDH-siRNA. Injection + CFL(0.05%)@siRNA:

the formulation contains 50 mL of CFL and 25 nmol/mL of

GAPDH-siRNA, subcutaneous injection. The knockdown

of GAPDH protein at three different locations in the

Injection + CFL(0.05%)@siRNA group was determined,

the center location of the injection, a location of 0.5 cm

from the center of the injection, and a location of 1 cm

from the center of the injection. SHS + CFL(0.05%)

@siRNA: the formulation contains 50 mL of CFL and

25 nmol/mL of GAPDH-siRNA, SHS massage; GAPDH

protein knockdown rate was measured at three random

sites in the siRNA delivery area. SHS: The formulation only

contains 25 nmol/mL of GAPDH-siRNA, SHS massage;

GAPDH protein knockdown rate was measured at three

random sites in the siRNA delivery area. Values indicate

mean ± SE (n = 3).
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(36 mm) and put in vertical Franz diffusion cells (FDCs, ZhengTong,
Tianjin, China). The effective penetration area was 1.77 cm2. The re-
ceptor compartment (12 mL) was filled with deaerated phosphate
buffered saline (PBS, pH 7.4, 20 mM) and then placed in a water
bath at 37�C ± 0.5�C. The conductivity of the skin was measured
before the penetration study to ensure the integrity of the skin bar-
rier.38 SHS (5 mg/cm2) were topically applied to skin by using a
homemade electric applicator (application force of about 0.3N and
massage speed of around 300 r/min) for 2 min. After the application,
the skin was washed with PBS (0.2 M, pH = 7.4) to remove residual
SHS on the skin. The test formulations (150 mL) were then applied
non-occlusively on the skin surface. Each group was assessed at least
in triplicate. The penetration time of all test formulations was over 16
h. The receptor phase solution was withdrawn at the end of penetra-
tion study. The concentration of the FAM-labeled siRNA (with an
excitation wavelength of 485 nm and an emission wavelength of
520 nm) in solution was measured by a microplate reader (Infinite
M200 Pro, Switzerland). The linearity of the standard curve was veri-
fied of accuracy (R2 = 0.9999). The skin was washed with 0.2 M PBS
(pH = 7.4) and tapped dry to remove the test formulations left for the
further skin separation treatment.

Extraction of FAM-siRNA Skin Deposition

The skin SC layer was separated from the skin by using the tape-strip-
ping method.56 Briefly, the SC was stripped 10 times continuously us-
ing transparent tapes (Scotch Transparent Tape, 3M Corporation,
USA). The viable epidermis left was then peeled off from the dermis.
The obtained viable epidermis and dermis tissue was cut into small
pieces. The individual skin tissues were placed in brown avoid-light
Molecular T
glass bottles and placed in a shaker (25�C,
200 rpm/min) overnight. The FAM-labeled
siRNA accumulated in each skin layer was ex-
tracted with methanol/PBS mixture (v/v, 1:1). All liquid supernatant
in the bottles was obtained by centrifugation (8,000 r/min, 5 min,
H1650-W, XiangYi Centrifuge Instrument, Changsha, China) to
determine the FAM-labeled siRNA deposition in different skin layers.
The FAM-labeled siRNA was measured with the microplate reader.
The linearity of the standard curve was confirmed (R2 = 0.9999).

Skin Imaging Studies

The distribution of FAM-siRNA in the skin was studied using a
confocal microscopy (LSM780NLO, Carl Zeiss, Germany). Skin bi-
opsies (5 mm) were punched out and frozen rapidly in the OCT com-
pound (Sakura Finetek, USA). The obtained biopsies were cut into a
section (20 mm of thickness) by a freezing microtome (CM1900, Le-
ica, Germany). The obtained sample was placed on adhesive glass
slide with 50 mL of neutral balsam (Solarbio, Beijing, China) and a
coverslip placed thereon for the further imaging.

Cell Culturing

L929 cell (mouse fibroblasts) were grown in DMEM/high glucose me-
dium containing 100 U/mL penicillin, 100 mg/mL streptomycin, and
10% FBS (GIBCO). The cells were cultured in a humidified incubator
containing 5% CO2 at 37�C.

Cytotoxicity of Lipid Vesicles

L929 cells were seeded in 96-well plates (1� 104 cells/well) at 37�C for
1 day. The medium in each well was removed and replaced with fresh
one. The cells were then incubated at 37�C for another 1 day with a
series of different doses of lipid vesicles (5.0 mL/well, 2.5 mL/well,
1.0 mL/well, 0.5 mL/well, 0.1 mL/well). Thereafter, 10 mL of MTT
herapy: Nucleic Acids Vol. 20 June 2020 645
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reagent (5 mg/mL) was added to each well and incubated with L929
cells at 37�C and 5% CO2 for 4 h. Finally, the medium, lipid vesicles
andMTTmixture in each well was removed and replaced with 150 mL
of DMSO. The plates were placed in a shaker (150 rpm/min) for
10 min. Finally, the absorbance of the solution in each well was
measured at 490 nm. The inhibition rate of different lipid vesicles
to cells and the corresponding IC50 were calculated according to
the absorbance.

GAPDH Protein Knockdown In Vitro

L929 cells were seeded in 24-well plates (5 � 105 cells/well) at 37�C
with 5% CO2. Transfection experiments were carried out until the
density of cells were about 70%–80%. 1.5 mL of different lipid vesicles
and 3 mL of FAM-siRNA (10 nmol/mL) were mixed thoroughly with
25 mL of opti-mem. The obtained mixture was allowed to stand at
25�C for 5 min and then added to each well. The cells were incubated
for 6 h in an incubator. The imaging of transfection was performed
using a confocal microscope (LSM780NLO, Carl Zeiss, Germany).
Transfection mixture was added to each well and incubated for 68
h. The GAPDH protein expression level was determined with a KDa-
lert GAPDHAssay Kit and the knockdown rate was calculated. There
are six repetitions in each group.

Skin Penetration In Vivo

Female BALB/c mice (6 weeks old) were purchased from the Labora-
tory Animal Center (Xiamen University, China) and used in skin de-
livery of siRNA in vivo. Based on protocols approved by the Institu-
tional Animal Care and Use Committee at Xiamen University
Laboratory Animal Center, we investigated the effect of different lipid
vesicles on the knockdown of GAPDH protein in vivo. A total of four
groups were designed: subcutaneous injection of CFL(0.05%)@siRNA
as a positive control; topical application of SHS combined use with
CFL(0.05%)@siRNA; topical application of SHS and siRNA; and
topical application of a negative siRNA control. In the case of the sub-
cutaneous injection group, 50 mL of CFL (0.05%) was mixed thor-
oughly with 100 mL of siRNA (3.75 nmol) solution, and then the
mixture was injected subcutaneously into mice. In the case of SHS
treatment groups, mice were intraperitoneally injected with 150 mL
of chloral hydrate (4%) for anesthesia. The hair on the back of the
mice was clipped to prepare an exposed skin area of 1.77 cm2. The
exposed skin was then massaged using SHS (5 mg/cm2) for 2 min
with the application force of 0.3 N. The treatment area was then
washed 3 times with PBS (0.2 M, pH = 7.4) to remove SHS. For the
topical application of SHS combined with CFL-siRNA group, a mixed
solution of 50 mL of CFL (0.05%) and 100 mL of siRNA (3.75 nmol)
solution was dropped on the treatment area non-occlusively. For
the SHS group, 150 mL of siRNA (3.75 nmol) solution was applied
on the SHS treatment area occlusively. For the control group,
150 mL of a negative control siRNA (3.75 nmol) solution was applied
on the exposed skin area occlusively. The mice were sacrificed by CO2

overexposure after 72 h. Mice skin tissues were collected from the
treated area, and GAPDH protein expression levels were determined
using KDalert GAPDH Assay Kit. Each set of experiments comprised
three repetitions.
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Statistical Analysis

All data in this study were presented as mean ± SD. All experiments
were investigated at least in triplicate. Statistical significance was
determined by the two-tailed and unpaired Student’s t test in IBM
SPSS Statistics 19. A p < 0.05 is considered to be significantly different.
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