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C
ombining advances in nanotech-
nology with molecular biology and
imaging is providing exciting new

nanomedicine-based strategies for cancer

treatment. The ideal cancer therapy would

target cancer cells while sparing normal tis-

sue. In most conventional chemotherapies,

normal cells are damaged together with

cancer cells.1,2 siRNA-mediated silencing of

specific targets3,4 has significant potential in

cancer therapy5 to down-regulate path-

ways that are up-regulated in cancer cells

but not in normal tissue to achieve cancer-

cell-specific treatment. Similarly, prodrug

enzyme therapy, where a drug-activating

enzyme delivered to the tumor converts a

nontoxic prodrug to a cytotoxic drug,6 is be-

ing actively investigated to minimize nor-

mal tissue damage.7,8 A combination of

both strategies can be exploited to en-

hance the effect of conventional chemo-

therapy against cancer cells and minimize

damage to normal tissue.

Imaging can play a key role in several as-

pects of such a treatment. Since tumor vas-

culature is typically heterogeneous and

chaotic,9,10 the ability to image the delivery

of the siRNA and the prodrug-activating en-

zyme within the tumor would ascertain ef-

fective delivery. Noninvasive detection of

target down-regulation and visualization of

the prodrug-activating enzyme could be ex-

ploited to time prodrug administration to

minimize normal tissue damage. Detecting

the conversion of the prodrug to the active

drug within the tumor would verify that the

prodrug enzyme was functional.

We previously synthesized a prototype

agent consisting of bCD labeled with multi-

modal MR and optical imaging reporters.11

bCD converts a nontoxic prodrug 5-FC to
5-FU.12 The feasibility of image-guided pro-
drug enzyme therapy using MRI was dem-
onstrated with this prototype agent. Imag-
ing was used to time prodrug
administration, and conversion of 5-FC to
5-FU was dynamically monitored by 19F
MRS.13

Here, for the first time, in proof-of-
principle studies, we developed and evalu-
ated a prototype nanoplex carrying MRI and
optical reporters that delivered bCD and
siRNA in the ER/PR/Her2-neu negative
MDA-MB-231 human breast cancer
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ABSTRACT The ability to destroy cancer cells while sparing normal tissue is highly sought after in cancer

therapy. Small interfering RNA (siRNA)-mediated silencing of cancer-cell-specific targets and the use of a prodrug

enzyme delivered to the tumor to convert a nontoxic prodrug to an active drug are two promising approaches in

achieving this goal. Combining both approaches into a single treatment strategy can amplify selective targeting of

cancer cells while sparing normal tissue. Noninvasive imaging can assist in optimizing such a strategy by

determining effective tumor delivery of the siRNA and prodrug enzyme to time prodrug administration and

detecting target down-regulation by siRNA and prodrug conversion by the enzyme. In proof-of-principle studies,

we synthesized a nanoplex carrying magnetic resonance imaging (MRI) reporters for in vivo detection and optical

reporters for microscopy to image the delivery of siRNA and a functional prodrug enzyme in breast tumors and

achieve image-guided molecular targeted cancer therapy. siRNA targeting of choline kinase-� (Chk-�), an enzyme

significantly up-regulated in aggressive breast cancer cells, was combined with the prodrug enzyme bacterial

cytosine deaminase (bCD) that converts the nontoxic prodrug 5-fluorocytosine (5-FC) to cytotoxic 5-fluorouracil (5-

FU). In vivo MRI and optical imaging showed efficient intratumoral nanoplex delivery. siRNA-mediated down-

regulation of Chk-� and the conversion of 5-FC to 5-FU by bCD were detected noninvasively with 1H MR

spectroscopic imaging and 19F MR spectroscopy. Combined siRNA and prodrug enzyme activated treatment

achieved higher growth delay than either treatment alone. The strategy can be expanded to target multiple

pathways with siRNA.

KEYWORDS: molecular imaging · cancer · image-guided siRNA delivery · prodrug
enzyme therapy
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xenograft model. Both MRI and optical imaging report-
ers were used because MRI is routinely used in diagnos-
tic imaging, and preclinical results can be clinically
translated. Optical imaging reporters, although not eas-
ily clinically translatable, allow characterization of the
nanoplex at subcellular resolution with microscopy in
cells and tissue and provide in vivo corroboration of the
MRI data.14

We used siRNA targeting Chk-� in our prototype
nanoplex. Overexpression of Chk-� has been observed
in breast and lung cancer.15�17 1H MRS studies have con-
sistently detected an elevation of phosphocholine (PC)
and total choline (tCho) containing compounds in sev-
eral cancers15,18,19 that are closely related to malignant
transformation, invasion, and metastasis.20�24 Chk is a
cytosolic enzyme that catalyzes the phosphorylation of
choline to PC,25 a precursor as well as a breakdown
product of the major membrane component phos-
phatidylcholine. Chk-� is being actively investigated as
a target for antitumor therapy.26,27 We previously found
that a combination of siRNA-chk transfection and 5-FU
treatment achieved a greater reduction of cell viability
in malignant human mammary epithelial cells com-
pared to nonmalignant ones.28

Noninvasive 1H MRI detection of nanoplex delivery
was confirmed by fluorescent imaging and micro-
scopy. Down-regulation of Chk-� by the siRNA was de-
tected through decreased tCho observed by noninva-
sive 1H MRSI, a technique routinely used in the clinic,
and further validated by immunoblotting. Conversion
of 5-FC to 5-FU was determined in vivo by 19F MRS.
Therapeutic response was evaluated from changes in
tumor growth and histology.

This nanoplex strategy can be expanded to down-
regulate multi-drug-resistant pathways or repair en-
zymes and increase the efficiency of chemo- or radia-
tion therapy.

RESULTS
Nanoplex Synthesis and Characterization. The synthesis of

the nanoplex (nanoplex 11) is outlined in Figure 1.
Briefly, treatment of Cy5.5-NHS esters and DOTA-NHS
ester with poly-L-lysine (PLL) gave 1. After complexation
with Gd3�, compound 2 was functionalized with
S-acetylthioacetate and hydrazine to give 4. Mean-
while, branched PEI was labeled with rhodamine and
polyethyl glycol (PEG) (2.0 kDa). The cografted polymer
bPEI-PEG 5 was labeled with benzaldehyde to give 6.
Conjugation of equivalent 4 and 6 resulted in the PLL-
PEI copolymer 7. The reduction of S-acetylthioacetate in
7 to a sulfhydryl group gave 8. Treatment of bCD11

with N-[e-maleimidocaproyloxy]succinimide ester
(EMCS) gave 9. Cross-linking of 9 with 8 gave bCD-111
(10). Finally, condensation of siRNA-chk with 10 pro-
vided nanoplex 11.

The molar ratio of bCD/PEI/PLL in vector bCD-111
(10) was measured as 1/1.05/1.2. The molecular weight

of 10 was determined as 366 kDa (Supporting Informa-
tion, Figure S1), and its average diameter and zeta po-
tential were 55 nm and 0.9 mV, respectively, at pH 7.4
(Supporting Information, Figure S2). The longitudinal
relaxivity r1p of 10 was 16.6 mM�1 s�1 at 9.4 T and 25 °C
(Supporting Information, Figure S3). Kinetic studies
demonstrated that 10 and unmodified bCD have simi-
lar Michaelis�Menton constant Km values to both sub-
strates of cytosine and 5-FC (Supporting Information,
Table S1). Compared to the unmodified bPEI, the IC50

of 10 in MDA-MB-231 cells increased 23 times to 4.8 �M
(Supporting Information, Figure S4). 10 also showed
high enzymatic stability and efficiently converted 5-FC
to 5-FU even 24 h after internalization (Supporting In-
formation, Figure S5). As shown in Figures S6 and S7 in
Supporting Information, nanoplex 11 remained intact
at an N/P ratio greater than 20 and the siRNA-chk en-
capsulated in nanoplex 11 was well-protected in 70%
fresh mouse serum even 8 h after incubation. Immuno-
blot studies also clearly demonstrated the N/P ratio-
dependent Chk silencing efficacy in MDA-MB-231 cells
(Supporting Information, Figure S8).

Cellular and Molecular Characterization of Combined siRNA
and Prodrug Strategy. Efficient cellular uptake of nanoplex
11 in live MDA-MB-231 cells was demonstrated with con-
focal fluorescence microscopy. After 30 min incubation,
the predominant attachment of the nanoplex to the cell
membrane was likely due to the nonspecific electrostatic
interaction between the positively charged nanoplex and
the negatively charged cell surface proteoglycans (Fig-
ure 2A).30,31 Distinct fluorescent vesicular structures were
observed in the cytoplasm after incubation for 4 h, while
fluorescence at the cell membrane diminished, suggest-
ing that the nanoplex was internalized through endocyto-
sis (Figure 2B).32 Intracellular delivery of the nanoplex
was verified by yellow vesicular structures resulting from
colocalization of red fluorescence from rhodamine la-
beled in the PEI vector and green fluorescence from FITC
labeled in the siRNA-chk. Cytosolic release of encapsu-
lated siRNA-chk from nanoplex 11 was evident from the
diffuse green stain observed in areas adjacent to the yel-
low vesicular structures at 4 h after treatment (enlarged
area 2, Figure 2B). Cytosolic release of the siRNA-chk was
more apparent at 24 h after the nanoplex uptake (Figure
2C). In some cells, the green stain occupied the entire cy-
toplasm including the nuclear area (enlarged area 3, Fig-
ure 2C). These live cell fluorescence images indicated that
nanoplex 11 not only efficiently delivered encapsulated
siRNA-chk into cancer cells but also possessed the ability
to release the siRNA-chk into the cytoplasm, which was
essential for the siRNA to down-regulate the message.

The transient transfection efficiency of nanoplex 11
in MDA-MB-231 cells was evaluated with immunoblot-
ting (Figure 3A). Effective Chk down-regulation by the
nanoplex compared with negative (oligofectamine
alone) and positive (oligofectamine/siRNA-chk lipoplex)
controls with the same siRNA-chk concentration was
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observed. Nanoplex 11 showed a siRNA concentration-

dependent Chk down-regulation efficacy. Notably, Chk

silencing was observed for siRNA-chk concentrations as

low as 20 nM.

Chk levels in tumors treated with PBS, 10/scrambled

siRNA nanoplex, or nanoplex 11 were substantially

lower in tumors treated with nanoplex 11 (300 mg/kg,

N/P � 50, i.v.) for 24 and 48 h (Figure 3B). We also inves-

tigated intratumoral Chk levels after the combined

strategy for 48 h (5-FC was delivered 24 h after nano-

plex 11); however, no further reduction of Chk levels

was observed.

Imaging of Nanoplex 11 In Vivo and Ex Vivo. Both in vivo op-

tical imaging and MRI studies demonstrated efficient in-

tratumoral delivery of nanoplex 11 (300 mg/kg via i.v.)

in tumors. In vivo dynamic NIR fluorescence imaging

showed the uptake of nanoplex 11 in the tumor as early

as 15 min post-i.v. injection (Figure 4A). NIR fluores-

cence intensities in tumors reached a maximum value

of 7.4 � 0.6 � 109 ps�1 cm�2 sr�1 (n � 3, Figure 4B) at

Figure 1. (A) Synthetic procedure of nanoplex 11. (B) Schematic structure of nanoplex 11.
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48 h post-injection. The T/N ratio also attained a maxi-

mum value of 5.6 � 0.5 at 48 h post-nanoplex injection

(n � 3, inset of Figure 4B).

Ex vivo white light, fluorescence, and color-coded
fluorescence images of tumor sections obtained at 4,
24, and 48 h following i.v. injection of the nanoplex are
shown in Figure 4C. A heterogeneous intratumoral dis-
tribution pattern of the nanoplex was observed in all tu-
mor sections, and the degree of colocalization be-
tween the fluorescence from rhodamine (PEI) and FITC
(siRNA) decreased with time after nanoplex injection.
These ex vivo fluorescence images confirmed that the
encapsulated siRNA-chk was released from the nano-
plex within 24�48 h post-injection.

Biodistribution data of nanoplex 11 obtained at 4,
24, and 48 h post-injection in tumor-bearing mice are
shown in Figure 4D. The nanoplex predominantly accu-
mulated in liver, kidney, lung, spleen, and tumor at 4 h
after i.v. injection. Concentration of the nanoplex in the
kidney, lung, and spleen decreased gradually but in-
creased in the liver and tumor at 24 h post-injection.
At 48 h, the normalized fluorescence intensity continu-
ally decreased in all normal tissues but peaked to the
highest observed value in the tumor (n � 4, 5.7 � 0.4
normalized to muscle).

Representative in vivo high-resolution T1-weighted
MR images and quantitative T1 maps of a tumor before
and after i.v. administration of nanoplex 11 (300 mg/kg)
are shown in Figure 5A. Tumor regions with MR signal
enhancement were observed immediately after inject-
ing the nanoplex. Within 60 min of injection, the en-
hancement slowly diffused from the periphery to the in-
terior of the tumor. By 24�48 h, it was mainly localized

Figure 2. Confocal fluorescent and brightfield microscopic images of live cells treated with the nanoplex 11 for 0.5 (A), 4 (B), and 24 h
(C). The yellow color in merged fluorescence images represents colocalization between FITC and rhodamine and indicates internaliza-
tion of the nanoplex. The diffuse green staining is from siRNA-chk released in the cytosol. Scale bar, 15 �m. Arrows mark vesicular delin-
eation of the nanoplex, while arrow heads mark the released siRNA-chk. Scale bars represent 5 �m in the enlarged area.

Figure 3. (A) Immunoblots showing siRNA concentration-
dependent Chk down-regulation efficiency of nanoplex 11
(N/P � 50) in cultured cells. Commercial transfection agents
oligofectamine and oligofectamine/siRNA-chk lipoplex (100
nM siRNA-chk) were used as negative and positive controls.
GAPDH protein was used as loading control. (B) Chk levels in
tumors treated with nanoplex 11 (300 mg/kg, N/P � 50,
i.v.) for 24 and 48 h were substantially lower than in tumors
treated with 10/scrambled siRNA nanoplex (300 mg/kg, N/P
� 50, i.v.) or PBS alone. No further reduction of Chk levels
was observed after the combined treatment for 48 h (5-FC
was delivered 24 h after nanoplex 11 injection).
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within the central region of the tumor. MR signal en-

hancement in the T1-weighted images was further con-

firmed as a decrease of T1 values in the quantitative T1

maps (lower panel in Figure 5A). The time-dependent

average T1 values of the tumor presented in Figure 5B

demonstrate that T1 values decreased significantly from

2127 � 30 ms before injection to 1652 � 21 ms (mean

� SD, average 22% reduction, n � 5, P � 0.0029) at 60

min post-injection. After that, the T1 values increased

slowly, but a reduction of 18% remained (1743 � 52 ms,

n � 5, P � 0.0023) at 48 h post-injection.

Real-Time Noninvasive Imaging of Therapeutic Response In

Vivo. Evidence of the enzymatic activity of nanoplex 11
localized in the tumor was confirmed by monitoring the

conversion of 5-FC to 5-FU by noninvasive 19F MRS (Fig-

ure 5C). The nanoplex demonstrated high enzymatic ac-

tivity even 24 h after tumor localization. As shown in

Figure 5C, only a single 5-FC peak was detected imme-

diately after prodrug administration. A peak at 3.4�3.8

ppm from F-Nucl (FU-derived fluoronucleotides and FU-

derived fluoronucleosides), which are the active me-

tabolites of 5-FU that inhibit cancer cell replication,33,34

was apparent from 1 h onward following 5-FC injection.

Another peak at 1.4 ppm from 5-FU increased slowly

2 h post-prodrug injection. The 5-FC peak intensity de-

creased with time, consistent with the conversion of the

prodrug to the active drug by bCD.

In vivo intratumoral Chk down-regulation induced

by nanoplex 11 was noninvasively evaluated by

measuring tCho levels with 1H MRSI. Representative

tCho maps and color-coded tCho intensity maps over-

laid with corresponding T1-weighted images of a tumor

before and at 24 and 48 h post-injection of the nano-

plex (300 mg/kg, N/P � 50, i.v.) are shown in Figure 5D.

Prior to injection, tCho was detected almost over the

entire tumor. However, tCho decreased within 24 h

post-injection, and by 48 h, tCho was localized to a thin

peripheral rim. On average, tCho levels decreased to

35 and 34%, respectively, at 24 and 48 h post-injection

compared to pretreatment values (n � 4, P � 0.0049).

Therapeutic Efficacy of Image-Guided Combined siRNA and

Prodrug Strategy In Vivo. On the basis of the biodistribu-

tion and imaging data, the prodrug was injected 24 h

after the nanoplex administration to achieve high thera-

peutic efficacy and low systemic toxicity. In contrast to

the average tumor doubling time of 5.5 days in mice

treated with PBS only or with 10/scrambled siRNA

nanoplex, an average tumor doubling time of 10 and

18 days was observed in mice treated with nanoplex 11
alone or treated with the enzyme/prodrug strategy

alone, respectively. The combined prodrug/siRNA strat-

egy, however, resulted in an average tumor doubling

time of 35 days (Figure 6A). A slight body weight loss

(�5%) was observed in mice treated with the com-

bined treatment strategy, nanoplex 11 alone or 10/

5-FC alone (Figure 6B). Mice recovered original body

weights within one week.

The therapeutic response in tumors was addition-

ally evaluated by histology. As shown in Figure 6C,

gross necrosis was not detected in control tumors

Figure 4. (A) Dynamic in vivo NIR optical imaging of tumor-bearing mice before and after i.v. injection of nanoplex 11 (N/P � 50). Red arrow
denotes tumor location. (B) Time course of in vivo fluorescent intensities in tumor xenografts. Inset panel demonstrates the time course of av-
erage fluorescent intensity ratio (T/N) between the tumor and mouse body. T/N values were normalized to preinjection values. Data are ex-
pressed as mean � SD (n � 3). (C) Representative ex vivo white light, fluorescence (gray scale), and color-coded fluorescence images of tu-
mor sections at 4, 24, and 48 h post-injection (i.v.) of nanoplex (N/P � 50). Rhodamine fluorescence identified the distribution of PEI, while the
FITC fluorescence identified the location of siRNA-chk. (D) Biodistribution of nanoplex 11 in tumor-bearing mice at 4, 24, and 48 h post-
injection. Fluorescent intensities were normalized to that of muscle. Data are expressed as mean � SD (n � 3).
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treated with PBS alone or with scrambled siRNA in the

nanoplex. In contrast, a large necrotic area (�61 � 12%,

mean � SD, n � 4) was observed at 48 h after the

image-guided combined treatment. Necrosis was also

detected in tumors treated with nanoplex 11 alone for

48 h (�23 � 7%, n � 3) and tumors treated with bCD-

111 10/prodrug (�40 � 8%, n � 3, prodrug 5-FC in-

jected at 24 h post-bCD-111 administration). No evi-

dence of necrosis was found in the liver or kidney after

combined treatment.

Kidney and Liver Function. Serum creatinine levels were

0.4 mg/dL in both control mice and 0.3 � 0.1 mg/dL

(mean � SD) in the treated mice (normal range 0.3�1

mg/dL). Aspartate aminotransferase (AST) levels were

40 � 4.2 U/L in control mice and 200 � 77.8 U/L in

treated mice (normal range 50�300 U/L). Alanine ami-

notransferase (ALT) levels were 28.5 � 2.1 U/L in control

mice and 88.5 � 34.6 U/L in treated mice (normal range

20�80 U/L). Of the three enzymes, only ALT levels were

slightly higher than the normal range. These data to-

gether with the absence of mouse body weight loss

suggest that nanoplex 11 was well-tolerated in vivo.

DISCUSSION
Here, in proof-of-principle studies, we have demon-

strated the feasibility of noninvasive molecular imag-

ing guided delivery of siRNA and a prodrug enzyme to-

gether with noninvasive detection of target gene

down-regulation and conversion of the prodrug. Both

MRI and optical imaging reporters were incorporated in

the nanoplex: MRI for clinical translatability and optical

reporters for microscopy of cells and tissues at subcellu-

lar resolution. The NIR fluorophore Cy5.5 increased the

sensitivity and quantification accuracy of optical imag-

ing because of low tissue autofluorescence and higher

penetration depth. In vivo 1H MRI, 19F MRS, 1H MRSI, and

optical imaging showed efficient intratumoral delivery

of the nanoplex, down-regulation of the target gene,

and formation of the prodrug enzyme-activated cyto-

toxic drug. While further optimization of dose and dose

timing is required, the additive therapeutic effect

achieved by the combined siRNA and prodrug enzyme

strategy was evident from significant tumor growth de-

lay and extensive necrosis.

While previous studies have reported the use of im-

aging to detect siRNA delivery,35�37 here, noninvasive

imaging was used not only to monitor delivery of the

therapeutic prodrug enzyme and siRNA and time pro-

drug administration but also to evaluate, in real time,

down-regulation of the message and activity of the pro-

drug enzyme.

The nanoplex met several criteria to achieve this

multipurpose ability and maintain low cytotoxicity and

biodegradability in vivo. The prodrug activating enzyme

Figure 5. (A) Representative in vivo T1-weighted MR images (top panel) and quantitative T1 maps (bottom panel) of a tumor (400 mm3)
pre- and post-injection of nanoplex 11 (300 mg/kg, i.v.). (B) Time-dependent mean T1 values of tumors (n � 4) pre- and post-injection of
nanoplex 11; a significant decrease of T1 (P 	 0.0023) was observed up to 48 h. Inset panel shows the T1 variation within the first 60
min of injection. (C) In vivo 19F MRS demonstrated efficient conversion of prodrug 5-FC to 5-FU and its metabolites F-Nucl by nanoplex
11 localized in the tumor. 5-FC (200 mg/kg i.v. and 250 mg/kg i.p.) was injected at 24 h after nanoplex injection. (D) Representative in vivo
tCho maps and color-coded tCho intensity maps overlaid on corresponding T1-weighted images of a tumor before and at 24 and 48 h
after nanoplex injection (300 mg/kg, i.v.).
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bCD, selected because of its high stability,12 main-
tained high enzymatic activity after conjugation. PLL
as an imaging reporter carrier provided numerous pri-
mary amines to conjugate to multimodal imaging re-
porters13 with a high payload to improve sensitivity and
spatial resolution of the images. Additionally, since PLL
is biodegradable, the labeled Gd3�-DOTA was rapidly
excreted, with minimal tissue accumulation and associ-
ated side effects.38 Synthetic polymer PEI was chosen
as the siRNA delivery vector because of its buffering ef-
fect,39 which resulted in endosomal release of endocy-
tosed siRNA into the cytoplasm. To overcome the toxic-
ity of cationic PEI that results from interactions with
nontargeted blood components or vessel
endothelia,40,41 hydrophilic PEG was labeled to PEI to
partially shield the positive charges on the PEI surface

and reduce intra/intermolecular aggregation.40 The en-
hanced enzymatic stability of 10 in vivo and in vitro may
be due to its positive charge that accelerated cellular
uptake and blocked proteolysis of bCD.32 Other than a
modest increase of serum ALT levels, neither serum cre-
atinine nor serum AST levels were outside the normal
range in nanoplex injected mice.

The higher permeability of tumor vasculature al-
lowed the nanoplex to leak out extensively in tumors
but not normal tissue.42 Tumor specificity may have also
increased because of facilitated association between
the cationic nanoplex and the negatively charged sul-
fated proteoglycans that are overexpressed on MDA-
MB-231 cell membranes.43 The 24 h time window was
selected for prodrug administration after nanoplex ad-
ministration because imaging and biodistribution stud-

Figure 6. (A) Growth curves of tumors treated with PBS only (n � 3), a single dose of 10/scrambled siRNA nanoplex (n � 3), a single dose
of nanoplex 11 (n � 3), a single dose of 10 (n � 3) followed by 5-FC (450 mg/kg) administered at 24 h after 10 injection and a single
dose of nanoplex 11 (n � 4) followed by 5-FC (450 mg/kg) administered at 24 h after nanoplex injection. All nanoplexes 11 or 10 were in-
jected i.v. at a dose of 300 mg/kg and N/P ratio of 50. Values are mean � SD. Arrows point to the earliest significant difference (two
tailed) compared to mean volumes of tumors treated with PBS only. (B) Time course of normalized mouse body weight after the corre-
sponding treatments as described in panel A. (C) Representative microscopy images of H&E stained histological sections obtained at 48 h
after treatment with top panel going from left to right, nanoplex 11 and prodrug 24 h later, nanoplex 11 alone, 10 and prodrug 24 h
later, and 10/scrambled siRNA nanoplex. The bottom panel shows, going from left to right, a magnified view (20�) of marked area, tu-
mor treated with PBS only for 48 h, liver, and kidney sections. Purple hematoxiphilic regions (V) indicate viable tumor tissues, and eosi-
nophilic areas indicate tumor necrosis (N). Scale bar: 1.0 mm.
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ies demonstrated that the T/N ratio of the nanoplex
was high at this time point and that significant down-
regulation of Chk-� had occurred by this time.

A fairly heterogeneous distribution of the nanoplex
was observed in the tumor. At 15 min, the nanoplex
was localized more at the tumor periphery, but by 60
min, it had diffused into the central region of the tumor.
The distribution of tCho was heterogeneous even be-
fore the nanoplex injection. After the combined pro-
drug and siRNA therapy, the overall tCho level de-
creased significantly. However, a thin rim of cancer
cells in the peripheral region of the tumor still exhib-
ited high tCho. It is possible that a combination of the
nanoplex treatment with radiation therapy may elimi-
nate this viable rim. In future studies, it will be impor-
tant to investigate the relationship between the change
in T1 and the decrease of tCho, using this platform sys-
tem, since the siRNA-mediated down-regulation of cho-
line kinase is directly reflected by the change in tCho.
This may allow detection of delivery and prediction of
the action any siRNA of choice, using T1 measurements
alone.

The siRNA-chk treatment and prodrug strategy
alone did result in an increase of tumor doubling time,
as well as an increase of necrosis. This was anticipated
because down-regulating Chk-� has been previously
observed to decrease cell viability,28 and the formation
of 5-FU in the tumor following treatment with the pro-
drug strategy alone will result in cell death, as previ-
ously observed.13 The combined siRNA and prodrug
strategy, however, resulted in a significantly longer tu-

mor doubling time than a single treatment of either
the prodrug strategy or siRNA-chk treatment given
alone. The longer growth delay was consistent with
large necrotic areas detected in tumors treated with
the combined strategy. Necrosis in tumor sections was
more extensive than nanoplex-containing regions de-
tected in T1-weighted images, suggesting that local dif-
fusibility of 5-FU resulted in a strong “bystander” ef-
fect.44

The biodistribution studies demonstrated signifi-
cant accumulation of the nanoplex in the liver and kid-
ney. However, since down-regulation of Chk-�, the
siRNA target selected, does not affect nonmalignant
cells,28 this component of the nanoplex did not pose a
significant problem. The other concern is the 5-FU gen-
erated by bCD in these organs from injected 5-FC. The
liver contains high levels of dihydropyrimidine dehy-
drogenase, which rapidly catabolizes 5-FU to dihydrof-
luorouracil.45 Liver or kidney necrosis was not observed
previously13 or in the current study.

Image-guided combined siRNA and prodrug en-
zyme treatment has significant potential to improve
therapeutic efficacy and minimize normal tissue dam-
age. In these proof-of-principle studies, a single dose of
the siRNA prodrug enzyme containing nanoplex to-
gether with the prodrug resulted in a 6-fold increase
of tumor doubling time. Choosing siRNA targeting a re-
pair or resistance pathway or enzyme, or multiple path-
ways/enzymes, may achieve even better growth con-
trol in combination with prodrug enzyme treatment
and radiation therapy.46

METHODS
siRNA. The siRNA-chk duplex directed against the sequence

of human Chk-� (sense: 5=-CAUGCUGUUCCAGUGCUCCUU-3=
and antisense: 5=-GGAGCACUGGAACAGCAUGUU-3=), and the
scrambled siRNA ON-TARGETplus were purchased from
Dharmacon.

Cell Lines. MDA-MB-231 human breast cancer cells (ATCC)
were cultured as recommended by the supplier.

Immunoblots. Intratumoral Chk levels in cells and tumors be-
fore and after treatment were characterized by Western blot
analyses using a custom-designed antibody for Chk-�.29 Tumors
were excised, weighed, and ground at selected time points after
the treatments. The tissue powder was added to a RIPA buffer
supplemented with protease inhibitors and homogenized. After
centrifugation at 10 000g for 10 min, the clear supernatant was
collected and the protein concentration was calculated.

Mouse Model and Tumor Implantation. All in vivo studies were com-
pliant with institutional guidelines established by the Institu-
tional Animal Care and Use Committee of Johns Hopkins Univer-
sity. MDA-MB-231 human breast cancer cells (2 � 106) were
inoculated in the upper left thoracic mammary fat pad of fe-
male severe combined immuno-deficient (SCID) mice. Tumors
used were approximately 300 mm3. Mice were anesthetized with
a mixture of ketamine (25 mg/kg) and acepromazine (2.5 mg/
kg) injected intraperitoneally (i.p.).

Confocal Laser Scanning Fluorescence Microscopy. Fluorescence
microscopic images of live cells were generated on a Zeiss LSM
510 META confocal laser scanning microscope (Carl Zeiss). A 63�
oil immersion lens was used to collect 6�10 scanning layers
from a depth of 0.8 mm. The rhodamine label in PEI was ex-

cited with a 543 nm laser, and the emission was detected by a
photomultiplier tube using a 560 nm band-pass filter. The FITC
label in siRNA-chk was excited with a 488 nm laser and the emis-
sion detected with a secondary photomultiplier using a 505 to
550 nm band-pass filter.

In Vivo MRI. All MR (imaging and spectroscopy) studies were
performed noninvasively in vivo on a 9.4T MR spectrometer
(Bruker) using a solenoidal coil placed around the tumor. In the
MRI studies, multislice relaxation rates (T1

�1) were obtained by a
saturation recovery method combined with fast T1 SNAPSHOT-
FLASH imaging (flip angle of 10°, echo time of 2 ms), as previ-
ously described.13 Images of 4�6 slices (slice thickness of 1 mm)
acquired with an in-plane spatial resolution of 0.125 mm (128
� 128 matrix, field of view of 16 mm, NA � 8) were obtained for
three relaxation delays (100 ms, 500 ms, and 1 s). A fully relaxed
Mo map with a recovery delay of 10 s was acquired once at the
beginning of the experiment. Images were obtained before and
at time points after intravenous administration of the nanoplex
delivered through a catheterized tail vein. T1 relaxation maps
were reconstructed from data sets for three different relaxation
times and the Mo data set on a pixel by pixel basis.

In Vivo 19F MRS. 19F MR spectra from the tumor were acquired
using a one pulse sequence (flip angle, 60°; repetition time,
0.8 s; number of averages, 2,000; spectral width, 10 kHz).13

In Vivo 1H MRSI. MRSI was performed using a 2D chemical shift
imaging (CSI) sequence. Water-suppressed MRSI was performed
on a 4 mm thick central slice, with an in-plane resolution of 1 mm
� 1 mm per pixel using a 2D CSI sequence with VAPOR water
suppression and the following parameters: echo time (TE) of 120
ms, repetition time (TR) of 1000 ms, field of view (FOV) of 1.6
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cm � 1.6 cm, phase encode steps of 16 (16 � 16 voxels), num-
ber of scans (NS) 8 for 2D CSI, block size 1024, and sweep width
of 4000 Hz. Water-unsuppressed reference MRSI was acquired
from the same tumor slice as the water-suppressed MRSI, but
with TE � 20 ms and NS � 2, and all other parameters the same.
Spectroscopic images of the tCho signal at 3.2 ppm and the wa-
ter signal at 4.7 ppm were generated from the MRSI data sets us-
ing an in-house IDL program and analyzed using the freeware
program ImageJ 1.37v (http://rsb.info.nih.gov/ij/).

In Vivo Optical Imaging. In vivo optical images were acquired
with an IVIS 200 scanner (Caliper) as previously described.13

Time-dependent fluorescence intensities in regions of interest
(ROIs) were quantified by using Living Image 2.5 software (Cali-
per). Tumor/normal tissue ratio (T/N) was calculated by compar-
ing the average Cy5.5 fluorescence intensities in the tumor ROI
and the whole mouse body. All in vivo fluorescence images were
acquired using 0.1 s exposure time under the Cy5.5 channel
(FOV 6.4 or 12.8 cm; f/stop, 4; bin, high resolution), and the fluo-
rescence intensity was scaled as a unit of ps�1 cm�2 sr�1.

Biodistribution. Mice were sacrificed, and the tumor and other
organs were excised and carefully sliced to a thickness of 3.0
mm to minimize depth-dependent nonlinear fluorescence emis-
sion.13 Tissue slices were imaged with an IVIS 200 scanner (Cali-
per). Fluorescence intensities of tissue sections were quantified
by ImageJ software (NIH, Bethesda, MD) and normalized to that
of muscle. Mean relative fluorescent intensities were obtained by
averaging at least five FOV for different sections from the same
organ.

In Vivo Antitumor Effect. To investigate the therapeutic response
of the combined strategy, nanoplex 11 (300 mg/kg i.v.) was in-
jected in mice (n � 6) followed by a dose (450 mg/kg) of 5-FC
(administered as 200 mg/kg i.v. and 250 mg/kg i.p.) at 24 h after
the nanoplex injection. As controls, mice (n � 5) were injected
with nanoplex 11 (300 mg/kg i.v.) without prodrug administra-
tion or with conjugate 10 (300 mg/kg i.v., n � 3) followed by a
dose (450 mg/kg) of 5-FC (administered as 200 mg/kg i.v. and
250 mg/kg i.p.) after 24 h or with nanoplex 11 (300 mg/kg i.v.,
n � 3) alone, or with PBS (250 �L i.v., n � 3) only. Tumor vol-
umes and body weights of mice were measured on the day of
administration and subsequently every 2�3 days until tumor
volumes reached 1.0 cm3.

Kidney and Liver Function. Studies were performed to evaluate
kidney and liver function following nanoplex injection. Serum
creatinine levels and serum ALT and AST levels were evaluated
by the Johns Hopkins University School of Medicine Phenotyp-
ing Core Facility, from spectrophotometric measurements ob-
tained with an automated Vet Ace Clinical Chemistry system
(Alfa Wasserman Diagnostic Technologies LLC, NJ), which is an
automated benchtop random access analyzer that provides
quantitative measurements of constituents in blood and serum.
Serum was obtained from control mice (n � 2) and treated mice
(n � 2) 48 h after injecting the nanoplex.

Histological Evaluation. Tumors were fixed in formalin, sec-
tioned at 5 �m thickness, and stained with hematoxylin and
eosin. At least three 5 �m thick sections were obtained form
each tumor and analyzed. Three to four tumors from each group
were analyzed. Necrotic cells were identified by pyknotic nuclei
or lack of nuclei that resulted in a decrease of purple staining of
chromatin by hematoxylin, leaving a primarily pale pink eosino-
philic staining of the cytoplasm in necrotic areas. Percent necro-
sis in the tumor sections was determined by obtaining a ratio
of necrotic to the total tumor area in each section from images
acquired with a 2� objective using ImageJ software.

Statistical Analysis. Values are presented as mean � SD of at
least three experiments. Statistical differences were evaluated
with Student’s t test (Excel 2002, Microsoft); P 	 0.05 (two tailed)
was considered significant.
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