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Introduction

In the post-genomic era, increased importance has been placed
on the development of in vivo transfection techniques that can be
used for biological research or ‘gene therapy. Many in vivo
transfection methods have been developed using recombinant
viral vectors or non-viral carriers such as cationic liposomes and
polymers [1-4]. However, transfection methods for naked nucleic
acids, including plasmid DNA (pDNA) or siRNA, have many
advantages, including convenient preparation, ease of handling,
and lack of toxicity associated with the transfection agents.
Therefore, this is largely considered to be the sunplest and safest
method [5].

Liu et al. reported that non-invasive gene delivery to the liver
was performed by a mechanical massage around the abdomen
after intravenous injection of naked pDNA in mice [6,7]. Inspired
by their study, our group found that direct pressure to the kidneys,
spleen, and liver induces the transfection of naked nucleic acids,
which we termed as tissue pressure-mediated transfection [8-10].
This method has been used with naked pDNA, siRNA, and
microRNA [8-11], and the miR-200 family of microRNAs
introduced by renal pressure-mediated transfection ameliorated
renal tubulointerstitial fibrosis in mice [11]. Further, we previously
reported that the secretion of pro-inflammatory cytokines was not
observed under the experimental conditions for transfection and

'® PLoS ONE | www.plosone.org

the degree of direct pressure applied to the target tissue is one of
the key factors for controlling the expression levels of the
transfected pDNA [9].

In tissue pressure-mediated transfection, 2 objects were used to
apply direct pressure effectively to the target tissue; the first is used
to directly press the target tissue, and the other is used to support
the pressed tissue. Examples include the index finger and the
thumb [8,11], a syringe-modified pressure controlling device and
a spatula [9,10], and a pneumatic balloon actuator and a renal
case [12]. We have used these objects to perform tissue pressure-
mediated transfection in small animals such as mice and rats.
However, considering future clinical use, we sought to develop an
easier method using a simpler device that required minimally
invasive treatment. Previously, we developed a micro-pneumatic
suction device for medical diagnosis and operation [13]). The
simple suction device was used to fix medical Micro Electro
Mechanical Systems (MEMS) such as temperature sensors or
micropumps on the surface of pulsating target tissues. The tissue
suction device, made of polydimethylsiloxane (PDMS), suctions
a tissue surface by applying negative pressure. Although the
suctioned part of the tissue was deformed temporarily, in viwo
experiments revealed that the damage was negligible [13].
Furthermore, it has been demonstrated that the suction device

July 2012 | Volume 7 | Issue 7 | e41319



can be mounted to the head of the endoscope, allowing for
increased use in a clinical setting [13].

Our previous results using the pneumatic balloon actuator and
the renal case suggested that tissue deformation following the
tissue pressure would be a key factor for the transfection efficiency
of naked pDNA [12]. This prompted us to investigate whether
a tissue suction device could be used for in wiw site-specific
transfection of naked pDNA or siRNA in mice. In this study,
transfection of mouse kidney, liver, spleen, heart, duodenum,
skeletal muscle, and stomach were evaluated after tissue suction by
a PDMS device following intravenous injection of naked pDNA or
siRNA. This is our initial study concerning in vivo site-specific
transfection using a tissue suction device.

Results ‘

Naked pDNA Transfection by Tissue Suction

To prove our hypothesis, mouse livers were transfected with
pCMV-Luc by using the tissue suction devices (Fig. 1). The liver
surface of the anesthetized mice was suctioned once immediately
after intravenous injection of pCMV-Luc, and in vivo imaging of
luciferase activity was performed 6 h after the suction. As shown in
Fig. 2A, luciferase expression was detected at the region where the
liver had been suctioned. Ex sivo imaging of the suctioned liver
clearly shows that the luciferase was expressed at the site of tissue
suction (Fig. 2B and 2C). The tissue suction device was also used to
transfect pDNA into mouse kidneys. The right kidney of the
anesthetized mouse was suctioned by the suction device just after
pCMV-Luc injection, and the luciferase levels in various tissues
were investigated. As shown in Fig. 2D, luciferase expression was
specifically found in the suctioned right kidney. Therefore, as we
expected, the transfection of naked pDNA was possible by using
the tissue suction device.

Investigation of Applicable Tissues of pDNA Transfection
by Tissue Suction

Next, we investigated the extended application of the naked
pDNA transfection by 'tissue suction. Luciferase activity of the
tissues, including the kidney, liver, heart, spleen, duodenum,
muscle, and stomach, were examined 6 h after the mice had
received an intravenous injection of pCMV-Luc, immediately
followed by suction of each tissue. As shown in Fig. 3, high
luciferase gene expression was obtained in the right kidney, heart,
spleen, and liver. The expression levels were approximately
0.014 ng/mg protein for the right kidney, 0.006 ng/mg protein
for the heart, 0.002 ng/mg protein for the spleen, and 0.001 ng/
mg protein for the liver. In contrast, the luciferase levels of the
duodenum, muscle, and stomach were less than 2x107° ng/mg
protein.

Distribution of Transgene Activities

The distribution of luciferase gene expression around the
suctioned region of the liver was investigated. The liver surface of
“the anesthetized mice was suctioned once just after intravenous
injection of pCMV-Luc. Six hours after suction, the tissue was
separated into 4 parts as shown in Fig. 4A, and the luciferase level
of each part was independently examined (Fig. 4A). The highest
luciferase gene expression was obtained from Part I, and this level
was set at 100% (Fig. 4B). In contrast, the relative luciferase
expression levels were approximately 3.2% for Part II, 3.4% for
part III, and 1.5% for Part IV. Subsequently, the luciferase
expression induced by tissue suction was compared to that of other
methodologies such as the hydrodynamic method and the liver
pressure-mediated transfection (Fig. 4C). For transfection by tissue

@ PLoS ONE | www.plosone.org

In vivo Transfection by Tissue Suction

Figure 1. Tissue suction by using the device. A) Representative
photograph of the tissue suction device {type Il}. B) Schematic
illustration of in vivo transfection by tissue suction. The surface of the
target tissues was suctioned by the suction device just after intravenous
injection of naked nucleic acids.
doi:10.1371/journal.pone.0041319.g001

suction, the luciferase level at Part I was determined to be
0.12%0.03 ng/mg protein. For the hydrodynamic method, the
luciferase level reached a higher level of 6.29%+5.98 ng/mg
protein. For the liver pressure-mediated transfection method,
a luciferase level of 0.14%0.12 ng/mg protein was obtained at the
treated part, and this was not significantly different from the results
obtained by tissue suction. Furthermore, the distribution of the
liver cells transfected by tissue suction was investigated at the
cellular level using pCMV-green fluorescent protein (GFP). A
large number of GFP-expressing cells were observed at the top
surface of Part I (Fig. 4D).

Effects of the Number of Tissue Suctions on Luciferase
Expression ‘

We investigated the effects of the number of tissue suctions on
pDNA expression. First, 2 different parts of the tissue were
simultaneously suctioned by using 2 tissue suction devices just after
intravenous injection of pCMV-Luc. Iz vivo imaging of luciferase
activity. was then performed 6 h after the suction. As shown in’
Fig. 5A and 5B, luciferase was expressed at the 2 different regions
where the liver was simultaneously suctioned. Next, a different
part of the tissue was serially suctioned. Since luciferase expression
levels did not decrease if the liver was suctioned after 180 s
following pCMV-Luc injection (Fig. 5C), the liver surface was
suctioned 1, 3, or 7 times within 180 s. As shown in Fig. 5D, the
luciferase level in the whole liver increased linearly (R?=0.9414),
with an increase in the suction number and reached approxi-
mately 0.02 ng/mg protein.
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Figure 2. /n vivo transfection of naked pDNA by tissue suction. A) In vivo imaging of luciferase activity in a mouse liver that was suctioned
once by the type | device just after intravenous injection of pCMV-Luc. B) Ex vivo Imaging of luciferase activity in the liver suctioned by the type |
device. C) Bright fleld Image of (B). D) Luciferase levels of various tissues. The right kidney in mice was suctioned once by the type lil device. Each
value represents means + SD (n =4). All mice were alive at the end of the experiment.

doi:10.1371/Journal.pone.0041319.g002

siRNA Transfection of the Liver by Tissue Suction

To evaluate the potential for naked oligonucleotide delivery of
the transfection by tissue suction, we demonstrated silencing of an
endogenous gene, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) [14,15]. Transfection of GAPDH siRNA was per-
formed on mouse livers by using the tissue suction device. The
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fo e ie

o i

P -~ -

Pox x =

PN b N

Poyodoy v

1 ¥ ¥

) & NN S & X

&V e°°(° & &
W+ ) / Ob W 9

Figure 3. /n vivo transfection to various tissues by tissue
suction. In vivo transfection by tissue suction was applied to various
tissues (including the kidney, heart, spleen, liver, duodenum, muscle,
and stomach). A type Il device was used for the muscle and stomach. A
type IV device was used for the kidney, heart, spleen, liver, and
duodenum. Each value represents means + SD (n =3 [the kidney,
spleen, and muscle], n =4 [the liver, duodenum, and stomach], orn =5
[the heart]). All mice were alive at the end of the experiment.
doi:10.1371/journal.pone.0041319.9003
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liver surface of the anesthetized mice was suctioned once just after
the administration of GAPDH siRNA, and the GAPDH mRNA
expression of suctioned part of the liver (Part I in Fig. 4A) was
investigated 24 h after suction. As shown in Fig. 6, the GAPDH
mRNA expression in the liver was significantly reduced, with
about 61% suppression. In contrast, when the scramble siRNA
were administered, no marked suppression of GAPDH mRNA
level was observed (Fig. 6).

Effects of Tissue Suction on Hepatic Toxicity

Alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) activities in the serum were examined to determine the
occurrence of liver toxicity after treatment with the tissue suction
device (Fig. 7A and 7B). pCMV-Luc was intravenously injected,
and the liver surface was suctioned once by the device. After 0, 6,
24, and 48 h, ALT and AST activities in the serum were
measured. ALT activity at 6 and 24 h and AST activity at 6 h in
the mice treated with the tissue suction device were significantly
higher than those in mice with the sham operation (p<<0.05);
however, the activities returned to normal levels within 48 h
(Fig. 7A and 7B). We also performed HE staining of the liver
sections to examine damage that may be caused by liver suction.
However, we did not observe any severe damage to the suctioned
livers following transfection (Fig. 7C).

Discussion

In the present study, it was shown that in vive transfection of
naked nucleic acids such as pDNA and siRNA can be achieved by
tissue suction. Previously, positive pressure had been used to
directly press the target tissue to induce transfection [8-12]. The
present study demonstrates the first use of negative pressure to
induce transfection. The negative pressure supplied by the tissue
suction device deformed the target tissue and induced transfection.
Transfection by negative pressure has 2 main advantages over

July 2012 | Volume 7 | Issue 7 | e41319
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Figure 4. Luciferase gene expression around the suctioned region of the liver. A) Schematic illustration of the experiment. The liver was
suctioned by the type Il device, and the liver was cut into 4 parts (I to IV). B) Luciferase levels in each of the 4 parts. The values were normalized to
levels from Part | (n =4)..C) The luciferase level of in vivo transfection by tissue suction was compared with that by hydrodynamic method and tissue

pressure-mediated transfection. *p<0.01 versus tissue pressure.

p<0.01 versus tissue suction. Each value represents means + SD (n =3

[hydrodynamic method), n =8 [tissue pressure], or n =5 [tissue suction]). D) Imaging of the top surface of Part | transfected with pCMV-GFP. Scale

bar, 200 um. All mice were alive at the end of the experiment.
dol:10.1371/journal.pone.0041319.g004

positive pressure: (i) it is easier to fix the relative position between
the target tissue and the device with negative pressure [13,16] and
(ii) the tissue suction devices are simpler than the combinations of 2
objects used to press tissues in the positive pressure studies [8-12].
Therefore, our findings suggest that it is now possible to perform
tissue pressure-mediated # vivo transfection with greater ease than
previously reported. Moreover, since the tissue suction devices are
small enough to be mounted to the head of the endoscope, it is
possible to perform transfections less invasively than before. Thus,
we have successfully innovated a useful procedure for tissue
pressure-mediated transfection employing tissue suction.

We made the tissue suction devices in several sizes (Table 1) and
suctioned the tissue surface until the inner space of the suction
devices was filled with deformed tissue. In this study, we selected
the device type according to tissue size or surgical procedure. For
the smaller tissues including the spleen and duodenum, we used

@ PLoS ONE | www.plosone.org

the device with the smaller inner diameter (type IV). The type IV
device was also used to suction the heart due to limited space
between the ribs. We could use all the types of suction devices
listed in Table 1 for larger tissues including the liver and found
that they could induce pDNA transfection. However, our pre-
liminary data showed that device inner diameter and height
affected transfection efficiency (Fig. S1). Furthermore, hemorrhage
was occasionally observed around the suctioned parts of the tissue
(around part III in Fig. 4A) when the target tissue was excessively
deformed by high negative pressure suction. Thus, further studies
should be conducted to optimize the size of the tissue suction
device and the amount of negative pressure applied to the target
tissues. Data from such experiments could allow researchers ‘to
effectively perform the tissue suction method without causing
toxicity or damage to the target tissues.
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In vivo transfection by tissue suction achieved site-specific gene
transfection in the applied organs (Figs. 2, 4, and 5). In contrast,
conventional methods, including recombinant viral vectors and
‘non-viral carriers, have difficulty in selectively inducing trans-
fection within specific target tissues. However, selective hydrody-
namic gene delivery of naked pDNA to the liver segments by using
balloon catheters was recently performed [17,18]. The catheter-
based method is a promising technique for clinical use, but

Relative mRNA copy numbers
[GAPDH mRNA/ g -actin mRNA]

Figure 6. siRNA transfection to the liver by tissue suction.
GAPDH sIRNA and scramble siRNA were transfected by using type i
device, mRNA expression of GAPDH after 24 h of transfection was
measured. Each value represents means + SD (n =3 [NT], n =4
[GAPDH siRNA and scramble siRNA]). There was a statistically significant
difference between 3 groups (ANOVA; F =99.72, p<0.0001). Post-hoc
analysis (Bonferroni's test) was performed. *p<0.001 versus N.T.
#p<0,001 versus scramble siRNA. All mice were alive at the end of
the experiment,

doi:10.1371/journal.pone.0041319.9006

@ PLoS ONE | www.plosone.org

requires specialized skills and may be difficult to apply to relatively
small animals. In contrast, transfection by tissue suction is easy to
perform and can be applied to both large and small animals.
Transfection can also be induced at a specific site of the tissue;
therefore, it represents a unique technology for performing
selective in vivo transfection.

Transfection by tissue suction can control the amount of
transgene expressed in the target tissue (Fig. 5); our experiments
demonstrated that expression levels of the transfected gene in the
whole liver increased linearly with an increase in the number of
liver suctions (Fig. 5D). Therefore, it is expected that the
concentration of the expressed protein in the serum can also be
controlled by using the pDNA that encodes secretory proteins. We
believe that this ability to control is especially valuable when
transfecting genes that may have toxicity at high concentrations.

On the other hand, it is one of the strategies that uses pDNA to
encode non-secretory protein or the oligonucleotides for silencing
gene expression. For this strategy, it is important to consider the
number of transfected cells within the suctioned part of the tissue.
In the present study, naked pCMV-GFP was transfected to the
liver via tissue suction, and a large number of GFP-expressing cells
were observed at the top surface of the suctioned part of the liver
(Fig. 4D). Moreover, silencing of the expression of an endogenous
gene, GAPDH, within the suctioned part of the liver was
demonstrated by transfection of GAPDH siRNA (Fig. 6). The
earlier study showed that the renal pressure-mediated transfection
method could transfect the microRNA precursor into many
tubular cells in the kidney and ameliorate renal tubulointerstitial
fibrosis [11]. Thus, it is expected that transfection by tissue suction
is applicable for expressing non-secretory protein using pDNA or
silencing gene expression using siRNA or microRNA. Nonethe-
less, a detailed consideration should be performed for further
applications of this method.

We found that transfection by tissue suction was effective in the
kidney, liver, spleen, and heart, although not the duodenum,
muscle, or stomach (Fig. 3). In the previous tissue pressure-
mediated transfection study, however, it was reported that the
transfection of naked pDNA was possible in the kidney, liver, and
spleen, but not the heart [9]. This may be attributed to the fact
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that the heart was not directly pressed for heart pressure-mediated
transfection; the abdomen and chest of the mice were held
between the thumb and the index and middle fingers of both
hands, and pressed without exposure of the tissues [9]. In the
present study, the heart was suctioned directly by using the tissue
suction device and we found that naked pDNA transfection could
be achieved in the heart. This is the first study that demonstrates
in vivo transfection by tissue suction in the heart. These findings
indicate that heart gene therapy is a promising application of

'@ PLoS ONE | www.plosone.org

transfection by tissue suction. So far, several methods that can
induce transfection of naked pDNA into cardiac tissue have been
reported. Direct myocardial injection of naked pDNA has been
used for gene therapy for heart failure [19,20]; retrograde injection
of naked pDNA in the coronary sinus by catheterization was used
for whole cardiac gene transfer [21], and i vivo electroporation
was conducted on rat and porcine hearts [22,23]. As shown in
Fig. 4C, the transfection efficiency by tissue suction in the liver was

“equal to that of the liver pressure-mediated transfection method.
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Table 1. Tissue suction devices used in this study.

In vivo Transfection by Tissue Suction

inner diameter [mm] Outer diameter [mm]

Helght [mm]

Applied tissues

Liver, kidney

Liver, kidney, heart, spleen, duodenum

dol:10.1371/journal.pone.0041319.t001

We previously compared the efficiency of the kidney pressure-
mediated transfection method with that of other transfection
methods—renal parenchymal injection and a combination method
with electroporation in the kidney-and reported almost equal
efficiency [8]. Considering these results, we expected both the
heart suction method and the other methods to be simple and
promising techniques for heart gene therapy [19-23].

For potential clinical use, it is important to consider the toxicity
of transfection by tissue suction on the treated tissues. In the
present study, we performed both biochemical and histological
assays to assess the toxicity of transfection by tissue suction of the
liver (Fig. 7). The ALT and AST activities were transiently
increased and returned to normal levels within a few days (Fig. 7A
and 7B), which is in good agreement with the time-course profiles
of ALT and AST activities of the hydrodynamic method [24,25].
It was also reported previously that renal pressure-mediated
transfection did not induce pro-inflammatory cytokines in the
serum and did not affect renal function [8,9]. Considering these
results, we hypothesized that tissue pressure-mediated transfection,
regardless of suction or pressure, is generally safe in wvivo.
Nevertheless, further investigation about the safety of tissue
suction methods is warranted.

In conclusion, the present study investigated the feasibility of an
in vivo transfection method by using a tissue suction device for the
transfection of naked pDNA or siRNA in mice, and demonstrated
that this method would be an effective approach  in biological
research and therapies using nucleic acids.

Materials and Methods

PDNA, siRNAs, and Mice

pDNA-encoding complementary luciferase DNA (pCMV-Luc)
[26] and emerald GFP (pCMV-GFP; pcDNA6.2-EmGFP, Life
Technologies, Carlsbad, CA) were used. They were driven by the
CMYV immediate-early promoter. The amplification, isolation, and
purification of pDNA were performed as described previously
[26]. siRNAs (21 mer) with 3'-dTdT overhangs were chemically
synthesized by SIGMA Aldrich Japan (Hokkaido, Japan), and
siRNA sequences are shown as follows: mouse GAPDH siRNA,
'5'-CAA GAG AGG CCC UAU CCC AdTdT-3' (sense) and 5'-
UGG GAU AGG GCC UCU CUU GdTdT-3' (antisense);
scrambled siRNA, 5'-CGC AAC UAC CGA UGC GAA CdTdT-
3' (sense) and 5'-GUU CGC AUC GGU AGU UGC GdTdT-3'
(antisense). ICR mice (female, 5 weeks old) were purchased from
Japan SLC Inc. (Shizuoka, Japan). All animal experiments were
carried out in accordance with the Guide for the Care and Use of
Laboratory Animals, as adopted and promulgated by the U.S.
National Institutes of Health (Bethesda, MD) and the Guidelines
for Animal Experiments of Kyoto University (Kyoto, Japan). The
study protocols permission numbers 2010-47, 2011-39, and
2012-50 were approved by the Animal Research Committee,
Kyoto University.

@ PLOS ONE | www.plosone.org

Fabrication of Tissue Suction Devices

A tissue suction device was fabricated as described previously,
with some modifications [13]. Briefly, a polydimethylsiloxane
(PDMS) (10:1) solution was poured into a plastic dish and cured at
75°C for 2 h. The PDMS slab was punched out using a disposable
biopsy punch (Kai Industries Co., Ltd., Gifu, Japan), and ring-
shaped PDMS structures were fabricated. Then, the ring-shaped
structures were bonded to disc-shaped PDMS structure with the
same diameter, and the disc-shaped part was punched out to
connect a silicone tube with an outer diameter of 1 mm used for
supplying negative pressure. Various suction device specifications
such as size and shape can be designed depending on the
requirements [13]. Four sizes of the device structure were used in
the present study (Fig. 1 and Table 1).

pDNA and siRNA Transfection Using Tissue Suction
Devices :

In a typical case of pDNA transfection using tissue suction
devices, the mice were anesthetized with isoflurane, and the target
tissue was minimally exposed. pCMV-Luc (100 pg in 200 pL of
saline) was intravenously injected into the mice, and the target
tissue was suctioned by the device with small amounts of negative
pressure (Fig. 1). The tissue was suctioned until the inner space of
the device was filled with the deformed tissue. In case of the
kidney, liver, spleen, stomach, and duodenum, the target tissue
was slightly exposed by a midline incision, and the target part of
the tissue was suctioned by the device. In case of the heart,
anesthetized mice were ventilated by a respirator (SN-480-7;
Shinano, Tokyo, Japan) during the treatment. The left costal
cartilage (the fourth rib) was removed to minimally expose the left
ventricle, and the ventricle was suctioned by the device. In case of
muscle, the dermis of the left hind leg was cut to expose the
femoral muscle, and the muscle was suctioned by the device.

In siRNA transfection experiments, anesthetized mice were
intravenously injected with GAPDH siRNA or scramble siRNA
(50 pg in 200 pL saline), immediately followed by small negative
pressure-mediated suctioning of the liver by the suction device.

pDNA Transfection by the Hydrodynamic Method

The hydrodynamic method was performed as described pre-
viously [24]. Five micrograms of pCMV-Luc in 1600 L of saline
was intravenously injected within 5 s.

pDNA Transfection by the Liver Pressure-mediated
Transfection Method

The liver pressure-mediated transfection method was performed
as previously described [9]. The applied pressure was controlled at
around 0.5 N/cm? by using the pressure control devices, namely,
a syringe-like device and a spatula.
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Luciferase activity Assay and Imaging

Gene expression levels were determined by luciferase assay after
6 h of tissue suction as described previously [26]. Imaging of
luciferase activity was performed following a previously described
method [8].

Imaging of the GFP-expressing Cells

pCMV-GFP (500 pg in 200 puL of saline} was intravenously
injected into the mice and the livers were suctioned using the type
III device. After 6 hours, the mice were sacrificed and the surfaces
of the target liver parts were observed under an inverted
fluorescence microscope (BZ-8100, Keyence, Osaka, Japan).

Quantitative Real-time RT-PCR

Total RNA was isolated from the cells and organs using
a GenElute Mammalian Total RNA Miniprep Kit (Sigma- Aldrich).
Reverse transcription of mRNA was carried out using PrimeScript®
RT reagent Kit (Takara Bio, Shiga, Japan). The detection of
complementary DNA (GAPDH and B-actin) was conducted using
real-time PCR using SYBR® Premix Ex Taq (Takara Bio) and
a Lightcycler Quick System 3508 (Roche Diagnostics, Indianapolis,
IN). Primers for GAPDH and B-actin cDNA were synthesized by
Invitrogen as follows: GAPDH, 5'-CTC ACT CAA GAT TGT
CAG CAA TG-3' (forward) and 5'-GGC AGT GAT GGC ATG
GAC TGT-3' (reverse); B-actin, 5'-GTT CTA CAA ATG TGG
CTG AGG ACT T-3' (forward) and 5'-TTG GGA GGG TGA
GGG ACT T-3' (reverse). mRNA copy number was calculated for
each sample from the standard curve using the thermal-cycler
software (‘Arithmetic Fit Point analysis’ for the Lightcycler). Results
were expressed as relative copy number calculated relative to B-actin
mRNA (GAPDH mRNA copy number/f-actin mRNA copy

number).

Measurement of the Transaminase Activity in Serum
Alanine aminotransferase (ALT) and aspartate aminotransferase
(AST) activities in the serum were determined as described
previously [27). Briefly, the serum was collected from the
transfected mice 0, 6, 24 and 48 h after transfection, Trans-
aminase CII-Test Wako. kit (Wako Pure Chemical Industries,
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Tokyo, Japan) was used according to the manufacturer’s
instructions.

Hematoxylin and Eosin Staining

The mice livers were harvested at 0 and 7 days after the suction
and fixed in 10% neutral buffered formalin. Four-micrometer
thick paraffin sections were stained with hematoxylin and eosin
(HE). The histology of the liver sections was microscopically
examined.

Statistical Analysis

Prism 5 software (Graphpad Software, La Jolla, CA, USA) was
used. Statistical significance was determined by two-tailed t-test or
one-way analysis of variance (ANOVA), followed by Bonferroni’s
test.

Supporting Information

Figure S1 Effects of the size of the tissue suction devices
on luciferase levels. In vivo transfection by tissue suction was
applied to the right kidney by using type II and IV device.
*p<<0.05 versus type IV device (n =6 [type II}, n =3 [type IV]).
All mice were alive at the end of the experiment.
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We previously developed an in vivo tissue suction-mediated transfection method (denoted as the tissue
suction method) for naked nucleic acids, such as plasmid DNA (pDNA) and small interfering RNA (siRNA),
in mice. However, it remains unclear whether the suction pressure conditions affect the results of this
method. Therefore, in the present study, we assembled a computer system to control the suction pressure
and investigate the effects of the suction pressure conditions on the efficiency of the liver suction transfection
of naked pDNA that encodes luciferase in mice. Using the developed system, we examined the effects of the
minimum magnitude of the suction pressure, suction pressure waveform, and suction times of the luciferase
expression level in mice livers. We determined that the liver suction method at —5SkPa was not only effective
but also caused the lowest hepatic toxicity in mice. Additionally, the results indicated that the suction pres-
sure waveform affects the luciferase expression levels, and a single period of suction on the targeted portion
of the liver is sufficient for transfection. Thus, the developed system is useful for performing the tissue suc-

tion method with high accuracy and safety.

Key words

It is important to develop in vivo transfection methods that
can be used for biological research and therapies that use
nucleic acids. /r vivo transfection methods using recombinant
viral vectors or nonviral drug delivery system (DDS) carriers,
such as cationic polymers and liposomes, have been inves-
tigated widely’™®; however, the methods that deliver naked
nucleic acids using physical stimuli are considered the most
straightforward because of low toxicities associated with the
transfection agents, convenient preparation, ease of handling,
and so on.>™"

We have reported a tissue pressure-mediated transfection
method (denoted as the tissue pressure method) in which a
direct pressure to the kidneys, spleen, and liver can induce
efficient gene transfection using naked nucleic acids into each
organ.®9 In this method, the target organs of the mice are
pressed directly after intravenous injection (iv.)) of the naked
nucleic acids. Previous studies demonstrated that the degree
of pressure could be used to control the expression levels of
the transfected plasmid DNA (pDNA).>'P Regarding kidneys
in mice, renal dysfunction® and secretion of proinflamma-
tory cytokines” were not observed under the experimental
conditions of the tissue pressure method. Recently, Oba et al.
transfected the miR-200 family of microRNA to mice kidneys
via the tissue pressure method and reported that that transfec-
tion ameliorated renal tubulointerstitial fibrosis in the mice.'?
Pons et al. used the tissue pressure method to transfect pDNA
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encoding heat shock protein 70 (HSP70) to rat kidneys and
reported that the immune reactivity to HSP70 expressed in
the kidney is cause of salt-sensitive hypertension.'” Therefore,
the tissue pressure method is beneficial for biological research
using small laboratory animals, such as mice and rats. How-
ever, the method must be improved for application in humans
in the future.

Considering the potential clinical uses, we have developed
an in vivo tissue suction-mediated transfection method (denot-
ed as the tissue suction method)." Its procedure is different
from the tissue pressure method: the target site of the tissue
is supplied with a suction pressure from tissue suction micro-
devices after the iv. administration of naked nucleic acids in
mice. Because the microdevices can be mounted at the head of

“an endoscope,'® this method can be performed in a minimally

invasive manner by exploiting endoscopic surgery. Transfec-
tion was achieved by the suction of the mouse kidney, liver,
spleen, and heart; severe toxicity and tissue damage were not
observed in the mouse liver suctioned with the appropriate
methodology.'

In the previous study, we performed the tissue suction
method with uncontrolled suction pressure,' that is, we sup-
plied a negative pressure with the tissue suction device manu- -
ally by using a syringe until the inner space of the device was
filled with the deformed tissue. It remains unclear whether the -
suction pressure conditions affect the results of the tissue suc-
tion method. To perform the tissue suction method safely and
accurately at research facilities and medical institutions, the
suction method must be performed with a controlled suction
pressure. Therefore, in the present study, we assembled a com-
puter system to control the suction pressure and investigate
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the effects of the suction pressure conditions on the efficiency
of the liver suction transfection of naked pDNA in mice.

MATERIALS AND METHODS

Fabrication of Tissue Suction Devices The tissue suc-
tion devices were manufactured via a polydimethylsiloxane
(PDMS) replica molding process. The molds were fabricated
with a 3D printing system (Objet Geometries Ltd., Rehovot,
Israel) and coated with Parylene C (Specialty Coating Sys-
tems, Inc., Indianapolis, IN, U.S.A.) as described in a previous
report.!® The precured PDMS (20:1) was cured at 75°C for
12h in the molds and the cured PDMS was peeled off and
cut into individual devices. Then, an individual device was
punched out using a disposable biopsy punch (Kai Industries
Co., Ltd., Gifu, Japan), and a silicone tube with an outer di-
ameter of 2mm was connected to the device. The tube was
used to supply the negative pressure. Unless mentioned other-
wise, the device sizes had an inner diameter of 3mm, an outer
diameter of 5mm, and a height of 3mm (Fig. 1A).

Suction Pressure Control Computer System Figure
1B shows the block diagram of the suction pressure control
system. The negative pressure was generated by a vacuum
pump. An electropneumatic regulator (ITV0090; SMC Corp.,
Tokyo, Japan) was controlled by a PC with specially de-
signed LabVIEW software (National Instrument, Austin, TX,
U.S.A.). The LabVIEW software was developed to record the
actual suction pressure monitored by the pressure sensor (Sen-
sez Corp., Tokyo, Japan). The suction pressure waveform was
defined as a trapezoidal pulse, as shown in Fig. 1C.

pDNA and Mice The pDNA was amplified, isolated, and
purified as described in a previous study.!” pDNA encoding
complementary. luciferase DNA that was driven by a cyto-
megalovirus (CMV) immediate-early promoter was employed
(pCMV-Luc).!” Five-week-old ICR mice (female) were pur-
chased from Japan SLC Inc. (Shizuoka, Japan). All animal ex-
periments were carried out in accordance with the Guide for
the Care and Use of Laboratory Animals, as adopted and pro-

“mulgated by the U.S. National Institute of Health (Bethesda,
MD, U.S.A)). The study protocol permission numbers 2012-50
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were approved by the Animal Research Committee, Kyoto
University, Japan.

In Vivo Transfection by Tissue Suction The mice were
anesthetized with isoflurane, ensuring minimal exposure of
the liver. Thereafter, 100 ug of pCMV-Luc dissolved in 200 uL
of saline was injected intravenously into the mice. The target-
ed portion of the left liver lobe was suctioned using the device
with a negative pressure, which was controlled by the suction
pressure control system. Six hours after tissue suction, the left
lobe was harvested and the gene expression levels were deter-
mined by the fuciferase assay, as previously described.!*!41?

Transaminase Activity in Serum Serum was collected
from the mice after 6, 24, and 48h of the liver suction. The
alanine transaminase (ALT) and aspartate transaminase (AST)
activities in the serum were measured, as described previ-
ously.!® )

Statistical Analysis Prism 5 software (Graphpad Soft-
ware, La Jolla, CA, U.S.A.) was used for statistical analysis.

RESULTS AND DISCUSSION

Development of Suction Pressure Control Computer Sys-
tem To perform the tissue suction method under controlled
suction pressure conditions, we set up a suction pressure
control computer system (Fig. 1B). The minimum magnitude
of the suction pressure (a in Fig. 1C), pressure supply time
(b), pressure hold time (c), and pressure release time (d) were
input to an original LabVIEW program to define the suction
pressure waveform. Because the controlled suction pressure
is generated as defined in the program by turning on a foot
switch, the operators can use both hands to perform the tissue
suction method. The actual suction pressure waveform sup-
plied to the tissue is monitored by a pressure sensor.

Figure 2 shows the results of the operation conditions. First,

~ we investigated the controllability of the minimum magnitude

of the suction pressure, which was set to —1, —3, —5, {—15,
and —30kPa. The pressure supply time, pressure hold time,
and pressure release time were set to 1, 3, and 1, respectively
(1-3-1). As shown in Fig. 2A, the minimum magnitude of the
actual suction pressure, which was monitored by the sen-

A C
Manual |} Vacuum Time [S]
Tissue suction device regulator pump b c d
S Em——"— >

T Y

Suctioned tissue

ressure
Sensor wes

b)Y Electropneumatic
Vertical cross section A\ Regulator
- -
: »
L ]

Fig. L

Magnitude of suction pressure [kPa]

The Tissue Suction Method Using the Suction Pressure Control System

(A) Design of the tissue suction device. The device sizes had an inner diameter of 3mm, an outer diameter of 5mm, and a height of 3mm. (B) Configuration of the suc-
tion pressure control computer system. (C) Suction pressure waveform: a, minimum magnitude of the suction pressure; b, pressure supply time; c, pressure hold time; d,

pressure release time.
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(A) Minimum magnitudes of the suction pressure of —1, —3, —5, —15, and —~30kPa. (B) Pressure supply times of (i) 0.5s, (if) 1s, and (iii) 3s.

sor, was similar to the input minimum magnitude of suction
pressure. Secondly, we investigated the controllability of the
pressure supply time, which was set to 0.5, 1, and 3s (b-3-1,
where b=0.5, 1, 3s). For this case, the minimum magnitude of
the suction pressure was set to —5kPa. As shown in Fig. 2B,
the actual pressure supply time and suction pressure wave-
form, which were monitored by the sensor, were similar to the
programmed pressure supply time and the waveform that was
input to the program, respectively. Thus, the suction pressure
could be controlled by using the developed system.

Effects of Suction Pressure Magnitude on Luciferase
Level in Mice Livers We elucidated whether the magnitude
of the suction pressure affects the expression level of trans-
fected naked pDNA when using the developed system. The
minimum magnitudes of the suction pressure were set to —1,
-3, =5, =15, —30, and —40kPa. The pressure supply time,
pressure hold time, and pressure release times were set to 1,
3, and 1s, respectively (1-3-1). As shown in Fig. 3, the lucif-
erase level increased as the minimum magnitude of the suc-
tion pressure decreased, reaching a constant level at less than
~5kPa. Thus, the expression levels of transfected pDNA are
controlled by the minimum magnitude of the suction pressure.
Similarly, we previously reported that the expression levels of
pDNA transfected using the tissue pressure method are con-
trolled by the magnitude of the positive pressure; 0.59n/cm?
(5.9kPa) was sufficient to achieve efficient and highly repro-
ducible pDNA transfection using the tissue pressure method
for kidneys and spleens in mice.” Although the absolute
values of the positive and negative pressures are similar, it is

Luciferase level [ng/mg-protein]
8
g

Fig. 3. Effects of the Minimum Magnitude of the Suction Pressure on
the Transgene Expression Level

Each value represents mean+S.D. (n=4).

still unknown whether the similarity is significant because the
studies were performed on different target tissues. This will
be clarified in the future. ‘

Next, we examined the effects of liver suction on the he-
patic toxicity for different minimum magnitudes of suction
pressure. Considering the results in Fig. 3, the following ef-
fective magnitudes of the suction pressure were employed in
this experiment: —5, —15, —30, and —40kPa. Both ALT and
AST activities in the serum were measured 6h after the liver
suction. The ALT activities at —5, —15, and —30kPa were
not significantly different from that at 0kPa (Sham), whereas
the activity at —40kPa was significantly higher than that at
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0 and —5kPa (Fig. 4A). The AST activities increased with a
decrease in the minimum magnitude of the suction pressure
and the activity at —5kPa was significantly higher than that
at 0kPa (Fig. 4B). However, the AST activities returned to
normal levels within 24h (—~5kPa, 56.79.6 U/L; Sham, 52.7*
7.6 U/L). Considering these results, the liver suction method
at —5kPa was the most effective and had the lowest hepatic
toxicity in mice.

In the previous study, we reported that both ALT and AST
activities 6h after liver suction with an uncontrolled suction
pressure were significantly higher than the activities in mice
with 0kPa, and the activities returned to normal levels within
48h.! In contrast, in the present study, when the liver suc-
tion method in mice was performed at —5kPa, an increase in
ALT activity was not observed and the increased AST activity
quickly returned to normal levels within 24h. Therefore, the
toxicity of the liver suction method was reduced by using the
suction pressure control system.

Effects of Suction Pressure Waveform on Luciferase
Level in Mice Livers Next, we investigated the effects
of the suction pressure waveform on the expression level of
pDNA transfected by liver suction. The minimum magnitude
of the suction pressure was set to —5kPa. The pressure sup-
ply time and the pressure hold time were both varied. High
luciferase levels were measured when the pressure supply time
was set to 0.5s at all the pressure hold times, and statistically
significant differences were observed between 0.5 and 3s for
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Fig. 4. Effects of the Minimum Magnitude of the Suction Pressure on
Hepatic Toxicity

(A) ALT and (B) AST activities in serum 6h after the liver suction. Each value
represents mean*S.D. (n=4). One-way ANOVA, followed by Bonferroni’s test was

used to compare among groups. *p<0.05 versus Sham operation. *p<0.05 versus
—5kPa.

Vol. 37, No. 4

both the 1- and 2-s pressure hold times. The luciferase levels
at 1, 2, and 3s were significantly higher than that at 0s when
the pressure supply time was 0.5s (Fig. 5), and a constant
luciferase level was maintained when the hold time was 30s
(data not shown).

A shorter pressure supply time increased the transgene
expression in the suctioned mice livers (Fig. 5). In a previous
study, we reported that the pDNA permeability of the plasma
membranes in the pressed tissues transiently increased.®
This phenomenon may be related to the increased transgene
expression owing to the shorter pressure supply. time ob-
served in the present study. In the field of neural injury, the
responses of cells and tissues to mechanical loading have been
investigated'® and in vivo®® and in vitro® studies reported that
the mechanical deformations of cells and tissues form tran-
sient survivable pores on the plasma membrane, resulting in
the transient increase of permeability. More recently, in vitro
experimental models of neural injuries showed an increase in
the permeability with respect to the strain rate; a higher strain
rate effectively alters the membrane permeability.?>?® Thus,
similar tendencies may occur for these different phenomena.
However, further experiments should be performed to explain

* the phenomenon of cell membrane permeability in the field of

neural injury and studies regarding the tissue suction method.

There is possibility that a pressure supply time of less than
0.5s may increase the luciferase levels (Fig. 5). However, the
tissue suction method could not be performed with a pressure
supply time of less than 0.5s because our pneumatic system
could not control times lower than 0.5s. Thus, the suction
pressure control system can be further modified to include a
rapid response speed, such as the use of hydraulic pressure
systems. Nonetheless, in the present study, we determined
that the pressure waveform affects the efficiency of the tissue
suction method in mice livers and the most effective suction
method was performed with a suction pressure waveform of
0.5-1-1 when the minimum magnitude of the suction pressure
was —5kPa.

Effects of Tissue Suction Times on Luciferase Level in
Mice Livers In the previous study, we performed the liver
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Fig. 5. Effects of the Suction Pressure Waveform on the Transgene
Expression Level

Each value represents mean*S.D. (n=4). Two-way ANOVA, followed by Bonfer-
roni’s test was used to compare among groups. * p<<0.05 versus 3s of the pressure
supply time for the same pressure hold time. #»p<0.05 versus 0's of the pressure
hold time for the same pressure supply time. :
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suction method by subsequently or serially suctioning differ-
ent parts of the liver and reported that the transgene expres-
sion levels increased with an increase in the tissue suction
number for both cases.!” In contrast, in the present study, we
examined whether the number of tissue suctions on the same
part of the liver increases the expression levels of the pDNA.
We suctioned the same part of the mice liver 1, 3, 5, or 10
times immediately after iv. injection of the pDNA solution.
Because of the developed suction pressure control system, we
were able to perform the tissue suction method on the same
part repeatedly with the same conditions. As shown in Fig. 6,
the number of liver suctions did not alter the luciferase levels
of the liver. This result suggests that a single suction on the
targeted portion of the tissue is sufficient for the liver suction
method in mice.

Effect of Tissue Deformation on Luciferase Level in
Mice Livers The minimum magnitude of the suction pres-
sure affected the transgene expression in the liver suction
method (Fig. 3). Similarly, the results of the previous study
showed that the maximum magnitude of the positive pressure
affected the transgene expression of mice kidneys and spleens
in the tissue pressure method.” Because both the positive and
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Fig. 6. Effects of the Number of Liver Suctions

The same part of the liver was suctioned serially. Each value represents a
mean=®S.D. (n=3).
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suction pressures induced transfection in the target tissue, we
hypothesized that one of the significant factors of the tissue
pressure/suction methods is not the pressure, but the deforma-
tion of the tissue. To prove this hypothesis, we measured the
volume of the suctioned hepatic tissue in the hole of the suc-
tion device for suction pressures of —1, —3, —5, and —15kPa.
As shown in Fig. 7, a difference was observed in the suctioned
volume at the pressures of —3 and —5kPa, but did not reach
significance. A difference in transgene expression levels also
existed between the pressures of —3 and —5kPa using the tis-
sue suction method (Fig. 3).

Furthermore, we controlled the tissue deformation using
four different tissue suction devices and investigated the
effects of those devices on the transgene expression. The de-
vices had different numbers of holes but their total dimensions
were equivalent (Fig. 8A). In the liver suction method, even
though an equivalent pressure of —5kPa was supplied to the
device, the highest luciferase level was detected for the device
with one large hole and the second highest level was observed

10

Suctioned tissue [mg]

Fig. 7. Volume of the Suctioned Liver Tissue in the Hole of the Suction
Device
Volume of the suctioned liver tissue when the mice liver was subject to suction

pressures of —1, —3, —5, and —15kPa using the suction device. Each value repre-
sents mean+S.D. (»=3).
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Fig. 8. Relationship between the Degree. of Tissue Deformation and the Transgene Expression Level

(A) Horizontal ‘cross section of the four different tissue suction devices with different numbers of holes. The device with one hole had an inner diameter of 3mm, an
outer diameter of 6mm, and a height of 3mm. The four devices had the same total dimensions of the holes. (B) Transgene expression level in the suctioned liver after
using a different suction device. The minimum magnitude of the suction pressure was —5kPa and the pressure waveform was 0.5-1-1. * p<<0.05 versus 2, 3, and 4 holes.
#p<0.05 versus 3 and 4 holes. (C) Suctjoned tissue volumes when the hepatic tissue was suctioned by using devices with different number of holes at the pressure of

—5kPa. *p<0.05 versus 2, 3, and 4 holes. *p<0.05 versus 3 and 4 holes.
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for the device with two holes (Fig. 8B). Similarly, among the
volumes of tissue suctioned with the four devices, the volume
of the tissue suctioned with the device with one large hole was
the largest and that suctioned with the device with two holes
was the second largest (Fig. 8C). These results support our hy-
pothesis that the tissue deformation is a key parameter affect-
ing the tissue pressure/suction method. Thus, the process of
the tissue suction method has been clarified in part by using
the developed suction pressure control system.-

Potential Applications of the Liver Suction Method The
tissue suction method can be performed in a minimally inva-
sive manner by exploiting endoscopic surgery, because tissue
suction devices can be mounted at the head of an endoscope.'”
The present study shows that the tissue suction -method using
a suction pressure control system can be accurately and safely
applied for in vivo transfection of naked nucleic acids. These
results suggest that the tissue suction method has the potential
for use in clinical applications in the future.

One of the features of the tissue suction method is the
site-specificity: this method enables a simple and precise site-
specific transfection to the target part of the moving tissues,
because the negative pressure easily fixes the position of the
tissue relative to the device.!” In addition, the transgene ex-
pression levels were increased by suctioning different parts of
the tissues."” Therefore, we can control the transgene expres-
sion level in the suctioned tissue while avoiding transfection
into the non-target parts of the tissue.

To date, treatment with the tissue suction method has not
been investigated. Transfection of naked plasmid DNA en-
coding hepatocyte growth factor (HGF), which. is a secretory
protein, has been reported to prevent endotoxin-induced lethal
fulminant hepatic failure, leading to dramatically enhanced
survival in mice.?? Therefore, the use of nucleic acid-based
drugs that alter the expression of secretory factors in combina-
tion with the tissue suction method might be a good treatment
strategy. In the future, we will investigate the appropriate
combination of diseases and nucleic acid-based drugs for
which the treatment with the tissue suction method could
work efficiently and effectively.

CONCLUSION 2

We developed a pressure-controlled computer system for
the suction-mediated transfection of livers in mice. Our ex-
perimental results indicate that the minimum magnitude of
the suction pressure and the suction pressure waveform both
affected the expression levels of the pDNA transfected via the
tissue suction method applied to livers in mice. Our developed
system can perform the tissue suction-mediated transfection

method with high accuracy and safety at research facilities.

and medical institutions.
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