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Abstract

It has been a challenging task to develop nontoxic nanoprobes for targeted-imaging and selective therapy of prostate cancer.
Herein, fluorescent superparamagnetic nanoparticles with a diameter of 50 nm were conjugated with single-chain Fv
antibody against y-seminoprotein. The resultant nanoprobes showed highly selective targeting, fluorescent imaging, and
magnetic resonance imaging. The cytotoxicity effects were investigated on the prostate cancer cells and solid tumors under in
vitro alternating magnetic field irradiation. It was found that the as-prepared nanoprobes did not show signs of toxicity within
the used maximal dosage. It was also observed that the tumors implanted in nude mice were significantly reduced in size and
disappeared gradually due to thermal treatment. The lifespan of post-therapeutic mice loaded with prostate cancer was
considerable prolonged. High-performance single-chain Fv antibody against y-seminoprotein-conjugated fluorescent
magnetic nanoparticles may have great potential in applications such early detection and localized thermal therapy of prostate

cancer.
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1. Introduction 230,000 new cases per year in the USA [1].
0 . .
Prostate cancer is the second leading cause of About 60% of patients with early prostate cancer

cancer—related deaths, amounting to over exhibit no symptoms, finally leading to

metastasis due to untimely treatment [2]. Novel
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approaches for early detection and effective
therapy will have the most significant influence
on clinical management of the patients with
prostate cancer. Recent advances in molecular
imaging of cancer using biomarker-targeted
contrast agents have shown enhanced specificity
and sensitivity to in vivo tumor imaging [3-5].
The development of multifunctional nanoprobes
with the capabilities of tumor targeted-imaging
and delivery of therapeutic agents may further
advance the abilities in early detection and
treatment of prostate cancer [6, 7]. For example,
%MTc.radioimaging agents targeting prostate-
specific membrane antigen showed significant
potential in applications such as localizing
prostate cancer masses, monitoring response to
therapy, detecting prostate cancer recurrence
following surgery, and selecting patients for
subsequent PSMA-targeted chemotherapy[8].
However, a major challenge in application to
tumor targeted-nanoprobes is insufficient
tratumoral distribution of the nanoprobes due to
disordered tumor vasculatures, low efficiency of
the nanoprobes in crossing the endothelium
because of large size of antibody, and extensive
tumor stroma that limits nanoprobes interacting
with tumor cells. To increase the targeting
capability of nanoprobes in prostate cancer, it is
preferred to use a smaller size of biomarker that
is up-regulated in both prostate cancer and
metastasis cancer, but is less or non-expressed in
normal prostate tissues.

Human y-seminoprotein is a specific antigen
secreted by prostate cancer, existing in the cells
of prostate cancer and metastasis cancer, and is
one specific biomarker for prostate cancer [9].
Using 1**! labeled monoclonal antibody against
human seminoprotein, high sensitivity and

specificity to image radio-immunological images
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of prostate cancer has been achieved [10].
However, after the entry of the mouse-originated
antibody into human body, it will result in human
antibody against mouse antibody. Therefore,
development of its single chain variable fragment
antibody (ScFv) has become more important for
viable clinical applications. In our previous work,
we successfully cloned the ScFv antibody gene
of human y-seminoprotein, and prepared single-
chain Fv antibody against y-seminoprotein by
using RTS [11]. Immunostaining analysis by
using the prepared ScFv antibody against y-
seminoprotein as first antibody indicated that
strong positive staining in prostate cancer cells
and metastasis lymph nodes, but not in normal
prostate tissues. This observation implies that the
ScFv y-seminoprotein antibody may be used as
an ideal candidate for specific targeting to
prostate cancer by conjugating onto the
nanoprobes.

Magnetic nanoparticles have been widely
used for hyperthermia[12], and magnetic
resonance imaging (MRI), etc. [5, 13]. Because
of low toxicity, magnetic nanoparticles own
broad application prospects in clinical imaging
and therapy[14, 15]. Quantum dots have been
subject to intensive investigations due to their
unique photoluminescent properties and potential
applications[16-20]. Quantum dots have been
used successfully in cellular imaging[16], and
tumor imaging [16] and stem cells labeling[21]
as well as metastasis lymph node tracing[22].
These synthesized quantum dots have significant
advantages over traditional fluorescent dyes,
including better stability, stronger fluorescent
intensity, and different colors by controlling their
sizes [23]. Therefore, magnetic nanoparticles and

guantum dots provide a new functional platform
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for ~nanomedicine research and clinical
applications.

In this study, the advantages of magnetic
nanoparticles and quantum dots were combined
with single strain Fv antibody against y-
seminoprotein  for molecular imaging and
hyperthermia therapy of prostate cancer. Critical
issues in this research, such as toxicity, targeting,
multi-modal imaging, and thermal therapy were
addressed by fabricating nanoprobes composed
of ScFv antibody specific for y-seminoprotein
and fluorescent magnetic nanoparticles covered
quantum dots. The experimental results
demonstrate successful targeting and in vivo
imaging of the prostate lesions with low toxicity
by fluorescent magnetic nanoparticles surface
conjugated with the single-chain Fv antibody
against y-seminoprotein. The results also show
markedly inhibition of the tumor growth in nude
mice under in vitro alternating magnetic filed
irradiation. The as-prepared nanoprobes render
the possibility to serve as a universal specific
nanoprobe for multi-modal imaging and thermal

therapy of prostate cancer.

2. Materials and Methods

2.1 Cell Lines and nude mice and Reagents.
Human primary prostate cancer cell line
LNCaP cells and human embryonic kidney
HEK?293 cells were purchased from the ATCC
Company. BLAC/c nude mice (5 or 6 weeks old,
No. scxk 2007-005) from Shanghai Animal
Experiment Center were used. Trypsin,
RPMI1640 medium, and fetal calf serum were
obtained from the Gibco BRL Company. The
following kits were purchased from commercial
sources: The Immunohistochemical Staining Kit
(Boster Co.), E. Coli Linear Template Generation
Set, His-tag kit, and RTS kit (Roche Diagnostics
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GmbH, Penzberg, Germany). The Cell Counting
Kit-8 assay was obtained from Dojindo
Laboratories. All other reagents including
chemical reagents and mice anti-human Cd34
monoclonal antibody were purchased from

Sigma Company.

2.2 Preparation of ScFv antibody against y-
seminoprotein

The single-chain Fv antibody against v-
seminoprotein was prepared according to our
previous reports [11]. The prepared single-chain
Fv antibody (ScFv) was purified by using Ni-Nta
column, and quantified by Uv-Vis spectroscopy,

finally was kept in -20°C for usage.

2.3 Preparation of fluorescent magnetic
nanocomposites

Preparation of Fe;0,4 nanoparticles was based
on co-precipitation of ferrous and ferric ion
solutions (1:2 molar ratio)[17-19]. CdTe
nanocrystals were synthesized as follows
according to our previous report[19]:
CdCl,.2.5H,0 (5mmol) was dissolved in 110 ml
of water, and 12 mmol of TGA were added under
stirring, followed by adjusting the pH to 11 by
dropwise addition of 1 M NaOH solution. The
mixed solution was placed in a three-necked
flask deaerated by N, bubbling for 30 min. Under
stirring, 2.5 mmol of oxygen-free NaHTe
solution was injected into the three-necked flask,
which was freshly prepared from tellurium
powder and NaBH, (molar rate of 1:2) in water
at 0 °C. The resulting solution was about 4
mg/ml, and the 3.5 nm diameter product emitted
with a maximum around 570 nm. Fluorescent
magnetic nanoparticles(FMCNPs) were prepared
using the reverse microemulsion approach[18,19].

Typically, 50 ml cyclohexane, 10 ml Triton X-
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100, 8 ml n-hexanol, 500 pl CdTe stock solution,
500 ul Fes04 stock solution, and 500 ul TEOS
were added in a flask in turn under vigorous
stirring. After thirty minutes from the formation
of the microemulsion, 150 ul ammonia aqueous
solution was introduced to initiate the
polymerization process. The silica growth was
completed after 24 h of stirring. The solution was
dealt with by magnetic separation, and the
supernatant fluid was discarded. The resultant
composite nanoparticles were washed with
ethanol and water to remove any ultrapure water.
Then, to functionalize the surface of the
composite nanoparticles, 9.5 ml ethanol and 2 ml
APS were added to form a mixed solution and
allowed to react at 80 °C for 3h. The
aminosilane—-modified nanoparticles  were
separated by a permanent magnet again and were
washed with water for several times. Finally,
FMNPs were obtained and redispersed in 3 ml

water.

2.4 Preparation and characterization of
nanoprobes composed of ScFv antibody and
FMNPs

Fluorescent superparamagnetic nanoparticles
(FMNPs, 0.5 ml of 2mg/ml) were prepared by
magnetic separation and washing with PBS (PH
=7.4) solution twice. It was subsequently
dispersed in 1 ml glutaraldehyde solution. The
solution was kept in a fully decentralized state by
ultrasound for 3 hours. Magnetic particles were
then separated and washed for three times with
PBS, and then, resuspended in solution of 0.5 ml
PBS with. y-seminoprotein-specific single-chain
antibody scFv peptide (400ul, 2 mg /ml) were
then added for reaction at 4 °C for 24 h. The
FMNPs-ScFv nanoprobes were obtained with a

magnetic separation. The sample was freeze-
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dried for further experiments. The as-prepared
nanoprobes were characterized by high-
resolution transmission electron microscopy
(TEM JEM2010, at 200kV), fluorescence
spectrophotometer  (Perkin  Elmer LS 55
spectrofluorimeter), and the magnetometer
(PPMS-9 T).

2.5 Cytotoxicity of nanoprobes

The Cell Counting Kit-8 assay was used to
measure  cytotoxicity of the synthesized
nanoprobes. HEK293 cells without
overexpression of y-seminoprotein were selected
as negative control. The human prostate cancer
LNCaP cells with positive expression of y-
seminoprotein were selected as target cells. Both
cell lines were cultured in RPMI1640 culture
medium in the incubator with 5% CO, at 37 °C.
Culture medium was exchanged every two days.
The different concentration of nanoprobes and
FMNPs were added into the medium,
respectively, and continued to culture for 1-4
days, then cell proliferation inhibition were
analyzed [24].

Animal experiment was also used to evaluate
the toxicity of as-prepared nanoprobes, which
was performed according to Guidelines for
Animal Care and Use Committee, Shanghai Jiao
Tong University [25]. Thirty nude mice were
divided into two groups, 25 nude mice were used
as a test group, and five nude mice were used as
a control group. As-prepared nanoprobes with
400pmol dose were injected into nude mice in
the test group via tail vessels, and nude mice
were sacrificed at two weeks after injection.
Blood samples were collected for detection of the
amount of prepared nanoprobes. Organs

including heart, liver, spleen, lung, kidney and
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brain-were examined by using hematoxylin and

eosin staining.

2.6 Cell targeting of nanoprobes

HEK293 cells and LNCaP cells were
cultured in RPMI1640 medium in the incubator
with 5% CO, at 37 °C for 2 days. All the cells
were collected and implanted onto 18 mm glass
coverslips in a 12-well tissue culture plates and
were continued to culture for 3 days. After
rinsing the cells 3 times, different amounts of as-
prepared nanoprobes were added into each dish
and incubated for 30 minutes. These cells were
rinsed with PBS buffer, fixed with 4%
paraformaldehyde, coated with glycerol, and
sealed with another coverslip. Then these cells
were observed and imaged by a fluorescnet

microscope (Zeiss Axioscope).

2.7 Selective magnetic thermal therapy of
nanoprobes

The cells incubated with and without
400pmol nanoprobes were exposed to in vitro
alternating magnetic field with 63kHA and 7
KA/m for 4 min [26-28]. The cell viability was
tested by the MTT method [24].

2.8 Two-mode imaging and selective therapy
of nanoprobes

LNCaP cells (5x10%) were injected
subcutaneously into the right back flank area of
35 female nude mice (5 to 6 weeks old) [29].
When tumors grew to 5 mm in diameter,
400pmol nanoprobes were injected into mice via
tail vein. The magnetic resonance imaging (MRI)
of mice was carried out by using The MRI
PHILIPS 15 Tesla system. The animal
fluorescence imaging was performed on the

Xenogen IVIS 200[30]. Mice were respectively
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sacrificed at 3 hours, 6 hours, 9 hours, and 12
hours. Blood samples and organs were collected,
and kept in liquid nitrogen. Blood and tissue
samples were lysed ; the precipitates were
dissolved in 0.5 M HCIL The amount of
nanoprobes was measured by inductively
coupled plasma mass spectrometry (Thermo,
UK).

The prostate cancer cells-bearing mice were
randomly divided into three groups: test group
(20 mice) (400pmol nanoprobes plus in vitro
magnetic fields); control group 1(10 mice) (only
400pmol nanoprobes), and control group 2 (5
mice) (untreated). When the tumor size reached
about 5 mm in diameter, the nude mice were
injected with 400pmol nanoprobes via tail vein.
After 12 hours from injection, the mice in test
group were put under in vitro alternating
magnetic field with 63 kHZ and 7 KA/m for 4
minutes, once a week for one month. The tumor
sizes were measured every week. Tumor size and
mice survivability were monitored for 27 weeks.
Then the nude mice were sacrificed, and tumor
tissues were taken out for observation. These
specimens were prepared into tissue slices.
Expression of y-seminoprotein were analyzed by
immunohistochemical staining using the as-
prepared anti-y-seminoprotein ScFv antibody as
the first antibody. Micro-vessel density (MVD)
[31, 32] were analyzed by immunohistochemical
staining using silver nanoparticles-labeled mouse
anti-human CD34 monoclonal antibody as the

first antibody.

2.9 Data analysis.

All data are presented in this paper as means
result + S.D. Statistical differences were
evaluated using the t-test and considered

significance at P<0.05 level. All figures shown in
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article were obtained from three independent
experiments with similar results. Differences in
survival functions were assessed using the log
rank test. All analyses were performed using
SPSS 14.0 software.

3. Results
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3.1 Characterization of FMNPs and
nanoprobes

Figure 1 shows the results of as-prepared
FMNPs and nanoprobes characterized by high
resolution transmission electron microscopy

(HR-TEM), photoluminescent spectra, and

magnetic spectra.
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Figurel Characterization of as-prepared nanoprobes (A) HR-TEM image of FMCNPs, bar 200nm, (B)

prepared fluorescent magnetic nanoparticles with yellow or green color;(C) aggregated fluorescent

magnetic nanoparticles under the magnetic field. (D) Fluorescence spectra of FMCNPs with and without

ScFv antibody, (E) Magnetic intensity curve of FMCNPs with and without ScFv antibody at room

temperature, (F) Time-temperature curve of as-prepared nanoprobes under an alternating magnetic field

with 63 kHZ and 6 kKA/m

As shown in Figure 1A, FMNPs are
composed of magnetic nanoparticles and
quantum dots coated with silica, showing the
core-shell structure. The insert shows that these
composite particles have an average diameter of
50 nm. Fig.1B showed that prepared fluorescent
magnetic nanoparticles exhibited yellow or green
colour, and dispersed well in water solution,
Fig.1C clearly showed that prepared fluorescent

magnetic nanoparticles can be absorbed by
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outside magnet, which fully showed that
prepared fluorescent magnetic nanoparticles own
strong magnetic properties. Fig. 1D shows
fluorescence spectra of FMNPs conjugated with
and without ScFv antibody. The amount of
bound ScFv antibody is about 0.8 mg/ml (or 0.14
umol /ml) nanoprobes. The PL peak after
conjugation shows a 5nm blue shift. Fig. 1E
shows the hysteresis curves of FMNPs

conjugated with and without ScFv antibody at
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room temperature, indicating the
superparamagnetic characteristic of the prepared
nanoprobes, and 3.24 emu/g of the magnetic
saturation of as-prepared nanoprobes. These
results show that the synthesized nanoprobes

have both fluorescent and magnetic properties.
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Fig.1F shows the time-temperature curves of
FMNPs and as-prepared nanoprobes under in
vitro alternating magnetic field irradiation,
indicating that the response temperature of ScFv-
antibody-conjugated FMNPs is lower than that of

FMNPs.
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Figure2 Interaction between nanoprobes and cells. (A) Effects of as-prepared nanoprobes on the viability

of prostate cancer LNCaP cells;(B) Effects of as-prepared nanoprobes on the viability of HEK293 cells; (C)

image of as-prepared nanoprobes in prostate cancer LNCaP cells under white light(x20); (D and E)

fluorescent microscope images of as-prepared nanoprobes in prostate cancer LNCaP cells (x20); (F) image

of HEK293 cells incubated with as-prepared nanoprobes under white light(x20) ; (G) fluorescent image of

HEK293cells incubated with as-prepared nanoprobes.

3.2 Cytotoxicity and cell targeting of as-

prepared nanoprobes

As shown in Fig. 2A, nanoprobes inhibit

slightly the growth of prostate cancer LNCaP

Nano Biomedicine And Engineering 2009, 1, 94-112
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cells intime-and dose-dependent means. The cell
viability is more than 80 % under the condition
of as-prepared nanoprobes of 400 pmol for 96 h.
For HEK293 cells, as shown in Figure 2B, the
nanoprobes exhibit no significant effect on the
cell viability, indicating a low cytotoxicity.

As shown in Fig. 2C, D and E, as-prepared
nanoprobes can specifically bind with prostate
cancer LNCaP cells, and enter into cytoplasm.
As shown in Fig.2F and G, as-prepared
nanoprobes can not bind with HEK293 cells, did
not exhibit fluorescent signals. These results
fully suggest that as-prepared nanoprobes can
specificially target the prostate cancer cells, and

own low toxicity.

D.Cui et al.

3.3 Fluorescent imaging and distribution of
nanoprobes in nude mice models

The nude mice models loaded with prostate
cancer were successfully prepared. After
injection of the nanoprobes into the nude mice,
the nanoprobes quickly distribute into heart, liver,
spleen, lung, and kidney within 30 min. After 6
hours, the nanoprobes gradually concentrate in
the tumor tissues; after 24 hours, most of
nanoprobes disappear in the organs of mice, and
are mainly observed in local tumor tissues, as
shown in Figure 3A. Figure 3C shows the
biodistribution of nanoprobes at different time
intervals after injection, which indicates the
targeting effects in the tumor tissues after
nanoprobe distribution in the system.

B0

I blood
B liver
504 C I tumor
B spleen
I kindney
404 B lung

Nanoprobe concentration/gram of tissue (PPM)

3 6 9 12 u
Time post Nanoprobe injection (hours)

Figure3 IVIS images of as-prepared nanoprobes in nude mice at 24h after injection, respectively. A: mouse
with tumor and matched imaging; B: Bio-distribution map of as-prepared nanoprobes in organs and tumor

tissues in nude mice at different times after injection.

Through out the entire experiment, no entry
of nanoprobes into the brain tissues was observed,
suggesting an effective blocking mechanism at
the blood brain barrier. The control experiment
result is shown in Fig.3B, we can clearly observe
that FMNPs distributed in the whole body of
mice in the whole body of mice include brain,
eyes, which fully suggest that as-prepared
nanoprobes own good specificity.

3.4 In vivo MRI of nanoprobes in nude mice
models

As shown in Figure 4, in the test group, the
nanoprobes begin to concentrate in the local
prostate cancer tissues at 6 h after injection. As a
result, the signal of local prostate cancer is
gradually enhanced, forming a strong contrast
compared with that of the non-tumor tissues. At
12 h and 24 h after injection, respectively,
prostate cancer tissues can be distinguished

clearly from the normal tissues. Conversely,

Nano Biomedicine And Engineering 2009, 1, 94-112
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FMMNPs are not stabilized with tumor, and
quickly cleared from the tumor tissues, so there
are no obvious changes observed in the MR
images of the tumor tissues, as shown in Figure 4

in the control group. These results are direct and

Test group

D.Cui et al.

clear evidences of prostate cancer cell targeting
by the nanoprobes with a high specificity.
Therefore, they can be potentially used as the
contrast reagent to enhance the MR signals of

prostate cancer.

Control group

Figure4 MR images of prostate cancer tissues at different times after as-prepared nanoprobes injection. In

the test group, (A) MR image of prostate cancer at 3h after injection; (B) MR image of prostate cancer at 6h
after as-prepared nanoprobes injection; (C) MR image of prostate cancer at 12h after injection; (D) MR

image of prostate cancer at 24h after injection.

In the control group, (A) MR image of prostate cancer

before injection, (B) MR image of prostate cancer at 6h after FMNPs injection; (C) MR image of prostate
cancer at 12h after FMNPs injection; (D) MR image of prostate cancer at 24h after FMNPs injection.

3.5 Selective thermal therapy in the prostate
cancer cells and nude mice loaded with
prostate cancer

Prostate cancer LNCaP cells incubated with
the prepared nanoprobes exhibit cell inhibition
effect under the alternating magnetic field
irradiation, as shown in Fig. 5A. Few damaged
cells are observed for the HEK293 cells treated
with the identical dose of nanoprobes without the
alternating magnetic field irradiation (Fig. 5D).
Similarly, few death cells are observed for
LNCaP cells treated with FMNPs or in vitro
magnetic field irradiation (data not shown).
These results indicate that as-prepared

nanoprobes can, via targeting, specifically kill

the prostate cancer cells with over-expressing -
seminoprotein under in vitro magnetic field
irradiation. Selective thermal therapy of prostate
cancer cells can be achieved by the nanoprobes
under in vitro magnetic field irradiation. In
selective thermal therapy, it was found that the
numbers of prostate cancer cells destroyed is
proportional to the concentration of the
nanoprobes in the medium. As shown in Fig. 5B,
when the concentration of the nanoprobes in the
medium is increased up to 400 pmol, all cancer
cells are killed. Therefore, 400 pmol dose was
selected as the therapeutic concentration of
nanoprobes for nude mice loaded with prostate

cancer.

Nano Biomedicine And Engineering 2009, 1, 94-112



A

D.Cui et al.

Ry
Sl |

Figure 5 Effects of nanoprobes on LNCaP cells and HEK293 cells under alternating magnetic field

irradiation for 4 min. Blue color indicates cell death. (A) LNCaP cells with 40 pmol nanoprobes; (B)
LNCaP cells with 400 pmol nanoprobes; (C) LNCaP cells with 20pmol nanoprobes; (D) HEK293 cells

with 400pmol nanoprobes.

As shown in Fig. 6A, after in vitro alternating
magnetic field irradiation, it is observed that the
tumor sizes are effectively reduced in the test
group compared to that in the control group. The
statistical difference between these two groups
(P <0.05) strongly indicate that the nanoprobes
can inhibit growth of tumor tissues under in vivo
alternating magnetic field radiation. The mean
tumor weight in the test group is 423+101.4 mg,
but 2042.8+604.26mg in the control group. The
tumor weight in the test group is markedly lower
than that in the control group, which is the
statistical difference between these two groups
(P < 0.01). It was observed that three tumors in
mice almost entirely disappeared in 7 weeks after
in vitro magnetic field irradiation as shown in
Fig.7.

It was also observed that the mice in the

control group mainly died of tumor within 4

Nano Biomedicine And Engineering 2009, 1, 94-112

weeks, and those in test group still survived
within the experiment time of 7weeks, indicating
an effective in vitro alternating magnetic field
irradiation by the nanoprobes.

As shown in Fig. 6C, there is a high density
of micro-vessels in the prostate cancer tissues.
After in vitro magnetic field irradiation, as
shown in Fig. 6D, micro-vessels in the tumor
tissues are damaged and shrank, leading to
reduced vessel sizes. MVD in the test group is
16.2 £ 2.4, while that in the control group is
28.2t 6.45. There is statistical difference
between these two groups, P< 0.01. These results
are consistent with those shown in Figure 6A,
suggesting an effective destruction of cancer
tissues by selective thermal therapy using the

nanoprobes.
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Figure6 Effects of in vitro alternating magnetic field irradiation on prostate cancer in mice. A: Tumor sizes

in the test group and the control group within 14 days; B: Survival time of nude mice under different

therapeutic condition; C: Tumor vessels by immunohistochemical staining before therapy; D: Tumor

vessels by silver staining after in vitro alternating magnetic field irradiation.

3.6 Effects of as-prepared nanoprobes on
important organs in mice loaded with prostate
cancer

As shown in Fig. 8, nude mice models loaded
with prostate cancer were successfully prepared.
The tumor size is almost 0.8 cm in diameter. As
shown in Fig.9, the tumor sample was stained
with  ScFv

seminoprotein,

antibody  against gamma

exhibiting  brown  positive

staining, which fully suggest that gamma
seminoproteins existed in the tissues of prostate
cancer, which lay foundation for targeting
prostate cancer.

In order to investigate the specificity of
prepared nanoprobes for targeting prostate cancer,

we also set up the control experiments. The

prepared FMNPs exhibited linear arrays under in
vitro magnetic field, the inset showed that the
prepared FMNPs displayed good dispersion
under no in vitro magnetic field. After FMNPs
were injected into mice via tail vein, as shown in
Fig. 3B, we can observe clearly that FMNPs
distributed the whole body in mice, including eye,
head,

investigated the organ toxicity of as-prepared

liver, Kidney, lung, etc. We also
nanoprobes in mice. At two weeks after injection
with 400pmol nanoprobes, mice did not show
abnormal changes such as diet, sleep, and
movement. The important organs such as brain,
lung, heart, liver, and kidney did not show
marked pathological changes as shown in Fig.10,

showing a low toxicity of the prepared

Nano Biomedicine And Engineering 2009, 1, 94-112
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es with 400pmol dose, thus having no important organs.
serious toxic effect on the functions of these

Q ¢ ¢ & @

Control group
| 22 ‘ & & v, Q
' ' f’ ¢ b g Nanoprobe group
" & " ' ok, FMNPs group

Figure7 Cancer tissues from test group and control group, 3 tumors (arrow indicated) almost disappeared
in test group with nanoprobes plus in vitro magnetic field irradiation for 7 weeks.

Figure8 Nude mice models loaded with prostate cancer. The tumor diameter was almost 0.8 cm.

d Engineering 2009, 1, 94-112
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Figure9 (A) The sample of tumor tissues was from nude mice loaded with prostate cancer.

(B) Immunohistochemical analysis result of tumor tissues with antibody against gamma seminoprotein

(x100), strong positive staining showed the tumor tissues are prostate cancer.

Figure10 The main organs including heart, liver, lung, kidney and brain from mice treated with 400 pmol

nanoprobes for two weeks were stained with HE method (x 20) , no marked pathological changes can be
observed. (A) heart. (B)liver, (C) lung, (D) kidney, (E) brain, (F) spleen.

4. Discussion

The objective of this study was to develop a
novel and versatile nano composite probe, with
minimum toxicity, for sensitive detection and

localized thermal treatment of malignant lesion

in the suspected prostate cancer patients [33, 34].

d Engineering 2009, 1, 94-112

Some previous reports demonstrated that the
magnetic nanoparticles with surface conjugated
quantum dots can be used for in vivo two-mode
imaging in the tumor xenografts[35]. However,
the issues on stability and potential toxicity in
mice must be addressed [36, 24]. We designed a
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new nano composite by encapsulating both
guantum dots and magnetic nanoparticles in a
biocompatible silica sphere, as the so-called
fluorescent magnetic nanoparticles (FMNPs).
The  Sckv

nanoprobes exhibit both high luminescence and

antibody-conjugated FMNP

superparamagnetic moments, meanwhile; with
good biocompatibility and stability under
different physiological conditions such as serum,
blood, various pH (data not shown). For example,
the prepared nanoprobes exhibited low toxic
effects on the prostate cancer cells, HEK293 cells,
and nude mice, by only distributing in liver, lung,
heart and kidney after injection, but not
penetrating the blood-brain barrier.
Immunostaining analysis shows no obvious
organs damage by the nanoprobes. These results
demonstrate a good biocompatibility of the
nanoprobes, which may serve as the ideal
candidates for animal in vivo applications.

Up to date, considerable advances have been
made in targeted imaging and therapy of prostate
cancer. For example, functional ultrasound, MRI
and PET/computed tomography have been used
for imaging organ-confined prostate cancer [37-
39]. However, the ultrasound suffers from poor
accuracy despite significant technical
improvements. Most of the recent PET/computed
tomography imaging studies rely on choline
(C-11-choline and F-18-

fluorocholine), their results are promising but

derivatives

insufficient to be currently recommended in
routine practice because of expensive cost and
radioactivity. Therefore, MRI has marked
advantages over functional ultrasound and
PET/computed tomography.

Besides generally used to distinguish cancers
with extraprostatic metastasis, MRI is now

focusing on intraprostatic prostate cancer
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identification [40]. At 1.5T, the most recent high-
resolution pelvic phased-array coils provide
excellent imaging of the whole gland.
Improvements in accuracy for cancer detection
and volume estimation result from dynamic
contrast-enhanced  and  diffusion-weighted
imaging sequences. Histological correlations
showed high sensitivity/specificity for significant
volume cancers [41-43]. Therefore, MRI is
currently optimal choice for imaging of prostate
cancer.

A great deal of reports showed that
nanoparticles such as superparamagnetic iron
oxide nanoparticles (SPIO) can enhance MRI
imaging [44]. These strategies based on SPIO-
conjugated  specific receptors have been
successfully used for imaging of liver cancer [45],
breast cancer [46], and pancreatic cancer[47]. In
this study, in an effort to enhance the sensitivity
of detection of prostate cancer, we achieved high
resolution MRI images of prostate cancer by
using ScFv-conjugated FMNPs as MRI contrast
reagent. At the same time, we also clearly traced
the dynamic distribution of prepared nanoprobes
in mice, and obtained the clear fluorescence
imaging of prostate cancer by using as-prepared
nanoprobes and IVIS system. The targeted
FMNPs-enhanced MRI  and  fluorescence
imaging of prostate cancer markedly improve the
sensitivity of detection of prostate cancer, which
exhibit great potentials in applications such as
early diagnosis of prostate cancer, treatment
selection, and clinical planning and outcomes.

Thirdly, in order to investigate the targeting
ability of as-prepared nanoprobes, we observed
that as-prepared nanoprobes can bind with
human prostate cancer LNCaP cells, enter into
cytoplasm; however, the as-prepared nanoprobes

can not enter into HEK293 cells. These
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observations suggest that the as-prepared
nanoprobes can target human prostate cancer
LNCaP cells specifically. We used Xenogen
IVIS system and MRI to observe bio-distribution
of the as-prepared nanoprobes, and found that
they gradually gather in the tumor tissues at 6 h
after injection. At 12 h and 24h, respectively, as-
prepared nanoprobes mainly congregated on the
tumor tissues. The experimental data show that
the concentration level of the as-prepared
nanoprobes remains at the appropriate level for
the maximum therapeutic effects until the
termination of the prostate cancer loaded mice.
This may lay the clinical foundation for long
term thermal therapy based on magnetic
nanoparticles. The experimental results also
demonstrate that as-prepared nanoprobes can be
used for prostate cancer simultaneous two-mode
imaging such as fluorescent imaging and
magnetic resonance imaging [48], a report for the
first time in this study.

In an effort to improve both detection and
therapy of prostate cancer, some important
advances have been made. For example,
Schroeder et al have developed a PSMA-targeted
ligand that delivers attached imaging and
therapeutic agents selectively to prostate cancer
cells without targeting normal cells [49]. Prostate
cancer cell-specific VEGF siRNA delivery
system using cell targeting peptide conjugated
polyplexes has also achieved therapeutic
effects[50]. However, thermal therapy is still a
very effective method. It is well known that
magnetic nanoparticles can be used for thermal
therapy under in vitro alternating magnetic field
irradiation. Thermal therapy owns marked
advantages over chemical drug treatment such as
smaller tissue damages and controlled

therapeutic effects [27-29]. So far some thermal
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therapy methods have been broadly applied in
clinical tumor therapy [26, 27]. However, the
combined effects from the  magnetic
nanoparticles and quantum dots in the novel
nanoprobe have never been investigated for
thermal therapy of prostate cancer. In this
research, we measured the magnetic saturation
and time-temperature curve of both FMNPs and
single chain Fv antibody conjugated FMNPs,
resulting in a magnetic saturation of 3.24 emu/g.
The time-temperature curve is lower than that of
pure FMNPs, but still can produce sufficient heat,
giving rise in temperature of 60 °C, higher than
42°C, at which tumor cells can be effectively
killed. Further animal experiments also confirm
the feasibility of the ScFv-conjugated FMNP
nanoprobes to be used for thermal therapy of
prostate cancer. This study provides the first
evidence that the nanocomposite of FMNPs is
viable for prostate cancer thermal therapy.
Fourthly, in order to investigate the
therapeutic effect of the as-prepared nanoprobes
as thermal therapeutic reagents for prostate
cancer, thermal treatments by alternating
magnetic field irradiation was carried out, at the
time interval of once a week. The tumor sizes in
the test group were effectively reduced. Three
implanted tumors almost entirely disappeared. In
contrast, the tumor sizes in the control group
progressed steadily. A statistical difference
between these two groups, P < 0.01, was
observed. Furthermore, the nude mice in the
control group usually died of tumor within 4
weeks. Conversely, nude mice in the test group
survived for 7 weeks, showing the effective
therapeutic effects on prostate cancer by as-
prepared nanoprobes. Our results are consistent

with the facts that the heating effects of magnetic

Nano Biomedicine And Engineering 2009, 1, 94-112



nanobe.org

nanoparticles in alternating magnetic field can be
used for cancer hyperthermia therapy [26-29].

In order to identify the potential therapeutic
mechanism, we measured the MVD values in the

test group and the control group, for the

statistical difference between two groups, P<0.01.

This difference is clearly associated with the
damaging of the tumor vessels by the as-prepared
nanoprobes. However, the contributions may
come from several factors including in vitro
alternating magnetic field irradiation and
blocking of the nutrition supply of tumor tissues.
The combined effects lead to slowing down of
the tumor growth, as observed.

According to our observations and
experimental data, we propose a possible model
of interaction between the as-prepared
nanoprobes and prostate cancer cells. The ScFv
antibody in the as-prepared nanoprobes can bind
with y-seminoproteins in prostate cancer cells,
inducing the endocytosis of as-prepared
nanoprobes into cytoplasm. Under the alternating
magnetic field irradiation, magnetic
nanoparticles in the as-prepared nanoprobes can
produce heat energy, and destroying the cancer
cells. After injection of the as-prepared
nanoprobes into the nude mice loaded with
prostate cancer via tail vein, in the course of
blood circulation, nanoprobes can enter into
tumor vessels, and filter into the tumor tissues
because of their high penetrability of tumor
vessels [51]. The ScFv antibody in the as-
prepared nanoprobes can bind with prostate
cancer cells and stay inside the tumor tissues. As
the injection time is prolonged, the concentration
level of nanoprobes increases on the tumor
tissues, while less in the blood stream. As a result
of heat effects of the magnetic nanoparticles
under an alternating magnetic field, the thermal
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energy can damage the vessels in the cancer
tissues[51], and block the nutrition supply of
tumor tissues[52], resulting in slowing down of
tumors growth. As the dose of the nanoprobes is
maintained at a suitable level in the tumor tissues
for a prolong time period, the thermal therapy of
prostate cancer can persist until the termination
of the mice loaded with prostate cancer.

Although as-prepared fluorescent magnetic
nanoprobes like gold nanorods[53], achieved
targeted imaging and hyperthermia therapy of
prostate cancer in mice model, whether these
nanoprobes may be used for human prostate
cancer tissues, it is urgently needed to be
investigated in near future. Another important
concern is the fate of nanoprobes in the body of
mice. Up to date, some reports show that
nanoparticles such as quantum dots could be
filtered by glolerular capillaries in kidney, and
excreted via urine as small molecules within five
days. Most QDs bound to protein and aggregated
into larger particles that were metabolized in the
liver and excreted via feces in vivo. After five
days, 8.6% of the injected dose of aggregated
QDs still remained in hepatic tissues and it was
difficult to clear this fraction of QDs [54]. Our
primary results showed that 10-15% as-prepared
nanoprobes can be remained in the body of mice
for long time, whether most of nanorpobes were
cleared by pathway of kidney or liver excreted
via feces in vitro, is still not clarified well, these
works are under way in our lab.

In  conclusion,  fluorescent  magnetic
nanoparticles with a diameter of 50nm were
conjugated with single-chain Fv antibody against
y-seminoprotein.  The resultant nanoprobes
showed highly selective targeting, fluorescent
imaging and magnetic resonance imaging, and

selective therapeutic effects on the prostate

Nano Biomedicine And Engineering 2009, 1, 94-112
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cancer cells and solid tumors under in vitro
alternating magnetic field irradiation. The as-
prepared nanoprobes were found to exhibit no
obvious toxicity. The tumors implanted in nude

mice were effectively reduced; the lifespan of

mice loaded with prostate cancer were prolonged.

High-performance single-chain Fv antibody
against y-seminoprotein-conjugated fluorescent
magnetic nanoparticles exhibit great potential in
applications such as targeting, simultaneous
fluorescent and magnetic resonance imaging, and
selective thermal therapy of prostate cancer. The
current research mainly focus on further safety
issues of as-prepared nanoprobes in the body,
and their long-term effects of retention in the
body.
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