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a b s t r a c t

The synergistic combination of hydrodynamic-based gene delivery and ultrasound was investigated to
achieve improved gene transfer to the kidney. Plasmids encoding firefly luciferase and Erythropoietin
(EPO) gene were delivered into the left kidney of rats by single or combinative application of renal vein
hydrodynamic injection and ultrasound treatment with or without the addition of ultrasound contrast
agents (UCA). Ultrasound exposure was found to enhance the efficiency of hydrodynamic-based gene
delivery for both luciferase and EPO expression. An ultrasound exposure intensity of 2 W/cm2 at 10% duty
cycle for 15 min, produced a maximal gene expression 4.5 times higher than hydrodynamic delivery
alone. Duration, location, and tissue-specificity of gene expression were not changed by ultrasound expo-
sure. Application of UCA reduced the intensity and exposure duration of ultrasound treatment needed for
optimal expression. Appropriate application of ultrasound and UCA did not alter histological structure or
impair physiological function of the treated kidney.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Gene therapy holds significant promise for the treatment of a
variety of renal diseases [1]. To produce a therapeutic effect in
the kidney without systemic adverse effects to other tissues, an
efficient and targeted gene delivery method to the kidney is
needed. Non-viral vectors based on the delivery of plasmid DNA
(pDNA) have been developed as relatively simple gene therapy
solutions that are both safe and versatile. Direct syringe injection
of naked pDNA into mouse skeletal muscle was observed to pro-
duce significant transgene expression [2]. Subsequently, the use
of direct pDNA injection has been applied to many other organs
and biological models [3,4].

Hydrodynamic delivery [5,6] has emerged as a promising mod-
ification of direct injection that significantly enhances efficiency,
achieving successful gene expression in a variety of organs and tis-
sues [7]. In this method, hydrodynamic forces are generated by a
rapid, pressurized injection of a large volume of DNA solution into
the blood vessel, permeabilizing the capillary endothelium and
generating ‘‘pores” in the plasma membrane of the surrounding
parenchyma cells. These pores, in turn, facilitate the entry of
DNA into the cytoplasm [7,8]. Previous studies have demonstrated
the feasibility of hydrodynamic injection-targeted gene delivery to
the liver, kidney, skeletal muscle, and solid tumors [7]. In particu-
ll rights reserved.
lar, hydrodynamic injections have been shown to be effective at
overcoming tissue barriers, producing large localized concentra-
tions of genetic material in target organs.

Despite this, it has been observed that, following hydroporation,
much of the plasmid is bound to the outer surface of the plasma
membrane for more than 1 h, indicating insufficient permeabiliza-
tion from hydrodynamic pressure [5,9]. It has also been shown that
massage of the delivery site can improve transgene expression
from hydroporation [10], suggesting that additional mechanical
forces capable of enhancing the entry of DNA molecules into the
cytoplasm may further enhance the efficiency of hydrodynamic-in-
duced gene delivery.

Ultrasound has emerged as another promising method for gene
delivery because of its non-invasiveness, safety, and versatility in
focusing acoustic energy on a specific region of organs [11]. It is
hypothesized that acoustic cavitation plays a primary role in ultra-
sound-induced membrane permeability, or sonoporation [12];
consequently, ultrasound contrast agents (UCA) have often been
employed in ultrasound-mediated gene delivery as a means of
boosting cavitational activities. However, for effective ultra-
sound-mediated gene delivery, plasmids need to be localized at
the site of exposure because ultrasound is limited in transporting
genetic material across various tissue barriers without causing sig-
nificant collateral damage.

The respective advantages of ultrasound and hydrodynamic
injection are complementary, suggesting that their combination
may yield a synergistically improved physical method for gene
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delivery. In this study, the feasibility of this combinative delivery
for enhanced transgene expression in rat kidney was explored.
The union of the two methods should provide a high concentration
of plasmid at the target site from hydrodynamic injection, while
increasing membrane permeability from ultrasound-induced cavi-
tation effects. This combination has the potential to enhance gene
expression while maintaining safe, site-specific delivery.
Materials and methods

Animals. Eight-week-old male Wistar rats were purchased from
Charles River Laboratories (Wilmington, MA) and maintained at
the Duke University Vivarium. All animals were treated in accor-
dance with NIH guidelines for animal experiments, and the proto-
cols were approved by Duke University IACUC.

DNA plasmid preparation. Luciferase reporter plasmid (4.2 kb),
gWIZ-Luc, was obtained from Gene Therapy Systems (San Diego,
CA). Plasmid encoding hEPO gene (pCD2/EPO) was provided by
Prof. Airu Zhou of the Department of Biochemistry and Molecular
Biology at Peking University Medical Center. For plasmid prepara-
tion, the plasmids were transformed into DH-5a and selected on
kanamycin containing agar plate. The positive clone was then
amplified in Luria–Bertani (LB) medium. The final products of the
plasmids in bacteria were extracted and purified using Qiagen
Endofree Giga kit (Qiagen, Chatsworth, CA, USA). The purity and
concentration of the isolated plasmids were confirmed by agarose
gel electrophoresis and spectrophotometry.

Hydrodynamic injection of the plasmid DNA. Rats were anesthe-
tized with 35–45 mg/kg Nembutal (Hospira, Lake Forest, IL) by
intraperitoneal injection. A midline incision was performed to ex-
pose the left kidney and isolate the left renal vein. Immediately be-
fore the injection, the renal vein was clamped with a Diethrich
bulldog clamp without occlusion of the adrenal and spermatic
vein. Using a 26-gauge I.V. catheter (Kendall, Tyco Healthcare,
Mansfield, MA), 0.5 ml of 100 lg/ml DNA solution was injected
rapidly into the vein within 5 s, and the blood flow was re-estab-
lished immediately after the injection. The site of injection was
pressured for 15–30 s to achieve homeostasis. For experiments
involving UCA, a mixed solution of pDNA and Optison (GE Health-
care, Princeton, NJ, plasmid DNA solution:Optison = 3:1) was in-
jected into the renal vein within 5 s of the hydrodynamic injection.

Ultrasound treatment. For ultrasound treatment, a hand-held por-
table ultrasound probe (D = 10 mm) was placed on top of the kidney
coupled by a thin layer of ultrasound gel. Kidneys were treated with
the Sonotron 2000 ultrasound system (Rich-Mar Corp., Inola, OK).
After ultrasound treatment, the skin incision was closed, and the ani-
mal was allowed to recover from anesthesia.

Bioluminescent evaluation. Bioluminescent imaging (BLI) was
performed 1, 3, and 7 days after the hydrodynamic injection and/
or ultrasound treatment. After anesthesia and intraperitoneal
administration of 100 ll of D-luciferin at 15 mg/ml through the re-
nal vein, BLI of the kidney and other organs was performed with
the IVIS Imaging System (Xenogen, Alameda, CA). Regions of inter-
est from displayed images were designated around the injection
origin and quantified as total photon counts or photons per second
using the Xenogen system software. Background bioluminescence
was measured to be in the range of 1–2 � 105 photons/s.

EPO ELISA. EPO protein level in the animal was evaluated by a
human EPO ELISA kit (StemCell Technologies, Inc., Vancouver, Can-
ada) according to the manufacturer’s instructions. The presence of
human EPO in serum was analyzed with a sensitivity of 0.6 mIU/ml
and a detection range of 2.5–200 mIU/ml.

Ex vivo luciferase and luciferase activity assay. Rats were euthani-
zied via an overdose injection of Nembutal. 15 min prior to euthana-
sia, 150 mg/kg D-luciferin (15 mg/ml) was injected intraperitoneally
for analysis of luciferase activity. Immediately after necropsy, brain,
heart, lung, liver, kidney, intestine, spleen, bladder, and testicle were
placed individually into 35 mm dishes with sufficient D-luciferin
(300 lg/ml) to cover the tissues. Tissues were then imaged with
the IVIS Imaging System, as described previously.

For luciferase report assay, tissues from various organs were
harvested, homogenized and sonicated using a tissue disrupter
(Sonic Dismembrator 60; Fisher Scientific Co., Pittsburgh, PA) and
BCA Protein Assay Kit (Pierce, Rockford, IL). Luciferase activity
was determined using the Luciferase Assay System (Promega, Mad-
ison, WI). Luciferase activities were normalized to relative light
units per milligram of total protein in the homogenates.

Renal function evaluation. To eliminate the potential influence
on renal function from the compensatory capacity of uninjected
kidneys, the uninjected kidneys were removed immediately after
the renal vein injection of DNA and ultrasound exposure. Uni-
nephrectomized rats without DNA injection were used as controls.
Blood urea nitrogen (BUN) and serum creatinine (Cr) levels, both
endogenous markers for kidney function [13], were measured 1,
3, and 7 days after the treatment.

Immunohistochemistry staining and histology. To detect the loca-
tion of luciferase transgene, immunohistochemistry was per-
formed following the published protocols [14].

For histological analysis, kidneys were harvested 1 day, 7 days,
and 4 weeks after the hydrodynamic injection and/or sonication.
They were fixed in 10% buffered formaldehyde, embedded in par-
affin, and processed for routine light microscopy. To detect possi-
ble tissue injury produced by the gene transfer procedure, 5-lm
sections with periodic acid-Schiff (PAS) were stained and
examined.

Statistical analysis. For all described studies, the sample size for
each experimental group consisted of five rats. Renal function eval-
uations were performed on three rats per experimental group. Data
are presented as mean values ± standard deviation of the mean. All
data were analyzed using the SPSS 15.0 statistical program (SAS,
Cary, NC), and the statistical significance was evaluated with the
Anova and t-tests, with p values less than 0.05 considered to be sta-
tistically significant.
Results

Effect of ultrasound exposure on hydrodynamic gene transfer

Based on the measured luciferase activity, ultrasound exposure
at 1 and 2 W/cm2 intensity levels increased the resultant gene
expression produced by hydrodynamic injection. Specifically,
enhancements in gene expression were produced at 2 W/cm2 with
3 and 15 min exposure times, leading to 3.4- and 4.5-fold increases
in expression yield, respectively (Fig. 1A). In comparison, ultra-
sound exposure at 1 W/cm2 intensity for the same treatment dura-
tions only increased the expression yield by factors of 1.2 and 3.1,
respectively. Interestingly, at these intensity levels, a 30 min treat-
ment time caused a weaker increase in luciferase expression (<1.8-
fold), presumably due to increased tissue injury under long expo-
sure durations.

Ultrasound does not change the profiles of hydrodynamic injection-
mediated gene delivery

The time course of gene expression was evaluated using the
ultrasound exposure condition (2 W/cm2 for 15 min) that led to
maximally enhanced hydrodynamic-based gene expression. Simi-
lar to hydrodynamic injection alone, the highest gene expression
for the combinative setting was found on day 1 after delivery, fol-
lowed by a rapid decline. Gene expression on day 3 and day 7



Fig. 1. (A) Hydrodynamic-induced transgene expression was enhanced by ultra-
sound exposure at 1 and 2 W/cm2 intensity levels. Peak expression occurred for 15
min ultrasound exposures. (B) Representative photographs from BLI. Compared
with hydrodynamic alone, *p < 0.05, #p < 0.01 (n = 5).
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dropped to approximately 1/10 and 1/100 of that on day 1, respec-
tively (Fig. 2A). Moreover, ultrasound exposure did not alter the
distribution of transgene expression produced by hydrodynamic
injection. As shown in Fig. 2B, gene expression produced by the
Fig. 2. (A) Time course of transgene expression mediated by hydrodynamic injection
expression from combinative treatment. Expression occurred predominantly at inte
hydrodynamic injection; US, ultrasound.
combinative delivery was observed primarily near peritubular cap-
illaries (PTC). Furthermore, the combination of ultrasound and
hydrodynamic injection led to tissue-specific expression of exoge-
nous reporter gene with significant luciferase activity observed
only in the left kidney (Fig. 3).

The effect of UCA

The addition of Optison was found to augment the efficiency of
gene delivery at lower doses of ultrasound exposure (Fig. 4A). The
maximal gene expression was achieved at 1 W/cm2 intensity for
3 min exposure, which is comparable to that at 2 W/cm2 intensity
for 15 min without Optison (Fig. 1A). At both intensity levels, gene
expression dramatically declined in 15 and 30 min exposure
groups. Also, the highest expression in the 2 W/cm2 group was sig-
nificantly lower than its counterpart in the 1 W/cm2 group
(p < 0.05). The combination of UCA and hydrodynamic injection
of plasmid DNA without ultrasound exposure did not affect the
efficiency of gene expression. Also, UCA did not enhance gene
expression mediated by ‘‘regular injection” of plasmid DNA
(p > 0.05, data not shown).

EPO gene expression assessment

EPO plasmid was employed to verify if exogenous gene trans-
fected by hydrodynamic injection alone or in combination with
ultrasound treatment could exert biological function as a result
of EPO protein production. Ultrasound exposure settings that pro-
duced maximum gene expression of luciferase were selected. Com-
pared with hydrodynamic injection alone, initial EPO expression
on day 1 was increased by 2.3-fold with the addition of ultrasound
and UCA (3 min at 1 W/cm2). The use of ultrasound alone (15 min
at 2 W/cm2) yielded a 1.4-fold increase in EPO expression. Similar
to the time course of luciferase reporter gene transfer (Fig. 2A), ser-
um EPO reached a peak level at day 1, then decreased sharply with
undetectable levels at day 7 (Fig. 4B).

Combinative treatment dose not deteriorate renal function

Serum creatinine and BUN levels were somewhat elevated at
day 1 following treatment in the combination group; however,
the differences were not of statistical significance when compared
to the hydrodynamic injection alone or the uni-nephrectomized
control groups at three time points (p > 0.05, Table 1). Further-
alone and combinative delivery (n = 5). (B) Representative photograph of gene
rstitial fibroblasts near peritubular capillaries (PTC) (400� magnification). HY,



Fig. 3. Introduction of ultrasound maintained tissue-specific expression, as determined by ex vivo BLI (left panel) and luciferase activity assay (right panel). LK, left kidney; RK,
right kidney; B, brain; H, heart; L, liver; S, spleen; GI, intestine; RT, right testicle; LT, left testicle; BL, bladder.

Fig. 4. (A) Effect of UCA on combined ultrasound and hydrodynamic gene delivery. UCA (Optison, in a 25% solution with pDNA) lowered the energy and shortened the
duration of ultrasound exposure necessary to achieve the highest gene expression (n = 5). (B) Efficacy of combinative delivery of EPO gene to rat kidney with and without UCA
(25% solution with pDNA). Ultrasound was delivered for 3 min at an intensity of 1 W/cm2. For the combinative delivery alone, the ultrasound exposure setting was at 2 W/cm2

for a 15 min duration. HY, hydrodynamic injection; US, ultrasound; UCA, ultrasound contrast agent, n = 5.

Table 1
Functional assessment of the treated kidneys

Normal range Day Control HY HY + US HY + US/UCA

Creatinine (mg/dl) 0.4–0.7 1 0.54 ± 0.10 0.61 ± 0.05 0.46 ± 0.09 0.69 ± 0.11
3 0.51 ± 0.05 0.55 ± 0.05 0.50 ± 0.06 0.56 ± 0.08
7 0.56 ± 0.06 0.57 ± 0.08 0.54 ± 0.04 0.57 ± 0.02

BUN (mg/dl) 9–34 1 27.0 ± 7.2 30.0 ± 1.0 29.7 ± 3.5 31.7 ± 5.0
3 19.7 ± 5.1 17.7 ± 7.0 26.7 ± 2.5 22.7 ± 2.5
7 23.0 ± 1.7 24.0 ± 1.0 26.3 ± 1.5 26.0 ± 1.7

HY, hydrodynamic injection; US, ultrasound; UCA, ultrasound contrast agent, n = 3.
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more, despite these elevated levels, both the creatinine and BUN
data were in the normal control range, indicating undeteriorated
kidney function (Table 1). In comparing kidney sections from rats
treated by combinative treatments with those from rats in the con-
trol group, no apparent pathological changes were found in the
cortex, medulla or papilla of the kidneys at day 1, day 7, or day
28 (data not shown).
Discussion

For effective gene delivery, plasmid must first traverse three
biological barriers before entering into target cells: the spatial bar-
rier between the site of entry and the target organ, the structural
barrier to the target cells, and finally, the cell membrane [8]. While
both hydrodynamic injection and ultrasound are safe, simple, and
relatively effective physical methods of gene delivery, each has its
relative advantages and limitations with respect to overcoming
these biological barriers. Hydrodynamic injection does not require
sophisticated equipment, and, in comparison with electroporation
and ballistic delivery (e.g., gene gun), it is less invasive for gene
delivery to deeper tissues while still maintaining high levels of
expression [15]. This method is highly effective for transporting
large quantities of pDNA to target organs such as kidney, liver,
and skeletal muscle; however, studies have shown large amounts
of plasmid bound to the outer surface of the plasma membrane
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after transient permeabilization has ceased [9,16]. Other reports
demonstrating improved in vivo gene expression from hydrody-
namic injection after physical massage also suggest that a large
portion of injected pDNA remains in interstitial spaces without
entering target cells [10]. Conversely, ultrasound-mediated gene
delivery lacks an effective means of promoting localization of
pDNA; thus, unlike hydrodynamic injection, ultrasound is limited
in overcoming the tissue and structural barriers. The advantage
of ultrasound, though, is that sonoporation is effective at inducing
transient permeability of the cell membrane, facilitating transport
into the cytoplasm [12]. In addition, ultrasound can be adminis-
tered using a variety of transducer configurations and exposure
conditions, enabling highly specific, non-invasive access to most
internal organs.

In seeking a safe, convenient system of gene delivery that can
yield efficient levels of gene expression, the union of ultrasound
and hydrodynamic injection is an ideal fit that combines each
mechanism’s relative strengths while addressing their respective
shortcomings, synergistically augmenting transport of pDNA. Spe-
cifically, hydrodynamic delivery of pDNA provides increased local-
ized concentrations in the interstitial spaces at the target site,
while ultrasound exposure provides additional disruption of the
plasma membrane for improved uptake. In this manner, combina-
tive delivery can effectively overcome the three major biological
barriers.

In this study, the feasibility of combining hydrodynamic injec-
tion of plasmid DNA with localized ultrasound exposure to aug-
ment gene delivery in rat kidney has been demonstrated. This
combinative means of gene delivery produced increased levels of
both luciferase and EPO expression when compared with hydrody-
namic injection alone, particularly during the first 24 h after treat-
ment. Functional and histological examinations of treated kidney
also showed no apparent nephrotoxicity from the combinative
treatment under the conditions used in this study. The augmenta-
tion of ultrasound-induced membrane permeability through the
addition of ultrasound contrast agents further increased gene
expression levels for shorter duration exposures. Furthermore, nei-
ther physical method poses any negative effects to the other sys-
tem, providing site- and tissue-specific gene delivery to the
kidney, with resultant luciferase expression isolated in the tar-
geted interstitial fibroblasts near the PTC.

For combinative delivery, the intensity setting was chosen
based on previous observations that longer duration exposures
(�30 min) at 2 W/cm2 led to improved transport of pDNA into
the nuclei of targeted cells [17], which is believed to be the rate-
limiting step in ultrasound-mediated gene therapy. Thus, the addi-
tion of ultrasound has the potential to further enhance gene
expression through facilitation of pDNA transport into the nucleus.
However, while the described results show an overall improve-
ment in gene delivery, the highest enhancement occurred only
for 3 and 15 min exposure durations. The lower levels of gene
expression from the 30 min exposure may be caused by a poten-
tially increased cellular damage from prolonged cavitation activity
[18]. This speculation was supported by post-operative observa-
tion, with hematuria detected in some animals, and endpoint his-
tology (not shown), which showed minor degrees of cellular
fibrosis in groups receiving ultrasound treatment for 30 min or
ultrasound combined with Optison for 15 min.

The peak of luciferase expression was found to be at 24 h fol-
lowing the renal vein hydrodynamic injection, declining rapidly
thereafter to an undetectable level at day 7 (Fig. 2). This is in agree-
ment with a previous report in which an inferior vena cava injec-
tion of pDNA was applied [19]. The rapid decline of luciferase
expression is mainly attributable to the SV-40 promoter employed
in this study. Because the promoter cannot be integrated into the
cell nuclei, only transient transfection can be achieved, regardless
of the duration of permeability provided by both hydrodynamic
injection and ultrasound exposure. However, others have demon-
strated longer duration EPO expression using CAG promoter [13].

In ultrasound-mediated gene delivery, UCA have been em-
ployed as a means of introducing cavitation nuclei for increased
cell membrane permeability [20]. Here, the use of UCA was found
to increase the expression of luciferase and EPO for lower ultra-
sound exposure settings. This is consistent with previous studies
in ultrasound-mediated gene delivery, where UCA typically lower
the cavitation threshold [21]. The fact that Optison alone did not
increase gene expression from hydrodynamic injection without
ultrasound (data not shown) indicates that microbubbles may only
affect sonoporation. However, the short lifetime of UCA at the site
of ultrasound exposure and the increased cavitation activity at
high ultrasound intensity likely contribute to the dramatic reduc-
tion in luciferase and EPO expression for longer treatment times.
While increased cavitation activity improves membrane perme-
ability, it has also been shown to reduce cell viability [21]. Future
work is needed to develop techniques to produce safe, sustainable
levels of cavitation in vivo that will greatly enhance the efficacy of
this combinative approach.

Delivery of genetic material through the combination of ultra-
sound and hydrodynamic injection has significant clinical poten-
tial. Efficient gene transfer to porcine liver has been achieved by
hydrodynamic injection [22], and similar large animal models have
demonstrated the feasibility of ultrasound gene delivery. Clinically
available ultrasound devices can be employed in conjunction with
image-guided catheterization techniques to inject DNA. In particu-
lar, this technique is suitable for ex vivo naked DNA delivery during
renal transplantation procedures. Other investigations have re-
cently demonstrated improved control of hydrodynamic delivery
to avoid injection-related tissue damage or low gene delivery effi-
ciency due to insufficient volume or injection speed [23]. Future
work is needed to develop techniques for producing sustainable
cavitation activity in vivo and to determine the optimal ultrasound
exposure conditions to prolong the delivery window and maximize
transgene expression with minimal tissue and functional
alterations.
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