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ABSTRACT: Chlorotoxin-conjugated multifunctional dendrimers
labeled with radionuclide '*'I were synthesized and utilized for
targeted single photon emission computed tomography (SPECT)
imaging and radiotherapy of cancer. In this study, generation five
amine-terminated poly(amidoamine) dendrimers were used as a
platform to be sequentially conjugated with polyethylene glycol
(PEG), targeting agent chlorotoxin (CTX), and 3-(4'-
hydroxyphenyl)propionic acid-OSu (HPAO). This was followed

by acetylation of the remaining dendrimer terminal amines and

radiolabeling with 1311 to form the targeted theranostic dendrimeric

nanoplatform. We show that the dendrimer platform possessing

approximately 7.7 CTX and 21.1 HPAO moieties on each
dendrimer displays excellent cytocompatibility in a given

concentration range (0—20 uM) and can specifically target cancer
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cells overexpressing matrix metallopeptidase 2 (MMP2) due to the attached CTX. With the attached HPAO moiety having the
phenol group, the dendrimer platform can be effectively labeled with radioactive '*'I with good stability and high radiochemical
purity. Importantly, the '*'T labeling renders the dendrimer platform with an ability to be used for targeted SPECT imaging and
radiotherapy of an MMP2-overexpressing glioma model in vivo. The developed radiolabeled multifunctional dendrimeric
nanoplatform may hold great promise to be used for targeted theranostics of human gliomas.
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B INTRODUCTION

Cancer therapy remains a tremendous global challenge.'”
Current cancer treatments include surgery, radiation therapy,
and chemotherapy, but these fail to significantly improve the
survival rates of cancer patients.s_8 In recent years, nano-
technology has revolutionized cancer therapy with extensive
prospects for clinical applications.””” Nanotechnology can not
only provide precise cancer imaging information for surgical
excision but also develop novel platforms for cancer therapy.”
For instance, various nanoparticulate systems have been
designed for noninvasive imaging applications such as
fluorescence imaging,'”'" magnetic resonance (MR) imag-
ing,'”"* and computed tomography (CT).'*"® Likewise, a
variety of nanocarrier systems have also been developed to load
chemotherapeutic agents or genes for cancer therapy in order
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to maximize the therapeutic efficacy with minimal damage to
normal tissues.'®!® Importantly, some researchers have
developed novel theranostic nanoplatforms that combine the
diagnostic and therapeutic functions for cancer treatment.'””>!

Nuclear medicine utilizes radionuclides and radiolabeled
compounds to diagnose and treat diseases, playing an
increasingly important role in medical sciences.”””>” With the
development of nuclear medicine, radionuclide imaging and
radiotherapy of cancer have been the focus of basic research
and clinical practice.””** Radionuclide-based imaging techni-
ques such as single photon emission computed tomography
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Figure 1. Schematic illustration of the synthesis of the "*'I-GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers. Ac,0 represents acetic anhydride.

(SPECT) and positron emission tomography (PET), unlike
CT and MR imaging, are highly sensitive and quantitative in
diagnosis.”® In clinical applications, technetium-99m (*™Tc)
and iodine-131 (**'I) are mostly used for SPECT imaging,””
while fluorine-18 (**F) and carbon-11 (*'C) are widely applied
for PET imaging.30 Concurrently, radiotherapy that delivers
cytotoxic levels of energy from radionuclides to disease sites has
been used to treat various tumors.””** Many radionuclides
including 131y 31 phosphorus-32 (**P),” strontium-89 (*°Sr),*
yittrium-90 (°°Y),** and rhenium-188 (**Re)’' have been
applied for radiotherapy in the clinic. Among these, '*'I has
been received considerable attention because of its relative long
half-life (¢;/, = 8.01 days), appropriate radiation energy (0.606
MeV, 89.9%), and convenient labeling methods.” 7** Fur-
thermore, "*'I has also been used for SPECT imaging, enablin
simultaneous radionuclide imaging and radiotherapy.”™>
However, because of the specific affinity of free "'I for the
thyroid, free '*'1 is difficult to directly accumulate within the
tumor site to achieve effective SPECT imaging and radio-
therapy. Thus, it is critical to select an appropriate carrier
system to specifically deliver "*'I to the tumor site.

Poly(amidoamine) (PAMAM) dendrimers are a class of
highly symmetric, branched, monodispersed synthetic macro-
molecules that have been widely investigated as a platform for
cancer imaging' **® and therapy.””~*' In the past decades, many
researchers have shown that anticancer drugs or therapeutic
genes can be carried by dendrimers for cancer therapy
applications.”””* Dendrimers can also be attached with
targeting li§ands and contrast agents for targeted cancer
imaging.*’~ ® Recent studies have demonstrated that den-
drimers conjugated with radionuclides can be used for cancer
imaging;** > however, the therapeutic potential of the
dendrimer conjugates has not been fully explored.

On the basis of the inherent SPECT imaging and
radiotherapy properties of '*'I and the versatile dendrimer
nanotechnology, we attempted to develop a dendrimer-based

theranostic platform for targeted tumor SPECT imaging and
radiotherapy. In this study, amine-terminated poly-
(amidoamine) (PAMAM) dendrimers of generation $
(GS.NH,) were sequentially conjugated with polyethylene
glycol (PEG), targeting ligand chlorotoxin (CTX), and 3-(4'-
hydroxyphenyl)propionic acid-OSu (HPAO), followed by
acetylation of the remaining terminal amines of dendrimers
and radiolabeling with "*'I to form the targeted theranostic
nanoplatform of ''I-G5.NHAc-HPAO-(PEG-CTX)-(mPEG)
(Figure 1). The unlabeled and labeled multifunctional
dendrimers were characterized via different techniques. The
cytotoxicity of the unlabeled dendrimers (GS.NHAc-HPAO-
(PEG-CTX)-(mPEG)) was assessed via in vitro cell viability
assay. Flow cytometry and confocal microscopy were used to
evaluate the binding specificity of the G5.NHAc-HPAO-(PEG-
CTX)-(mPEG) dendrimers toward cancer cells overexpressing
matrix metallopeptidase 2 (MMP2). To evaluate the stability of
the 'I-GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers,
the radiochemical purity at different time points was analyzed.
Finally, the resulting "*'I-GS.NHAc-HPAO-(PEG-CTX)-
(mPEG) dendrimers were used as a platform for targeted
SPECT imaging and radiotherapy of a MMP2-overexpressing
glioma model in vivo.

B EXPERIMENTAL SECTION

Materials. G5.NH, PAMAM dendrimers with an ethylenediamine
core and polydispersity index less than 1.08 were from Dendritech
(Midland, MI). PEG with one end of maleimide group and the other
end of succinimidyl valerate group (MAL-PEG-SVA, Mw = 5000) and
PEG monomethyl ether with a carboxyl end group (mPEG-COOH,
Mw = 5000) were provided by Shanghai Yanyi Biotechnology
Corporation (Shanghai, China). Na''I was obtained from Shanghai
GMS Pharmaceutical Co., Ltd. (Shanghai, China). Chloramine-T
trihydrate (ch-T), potassium iodide (KI), 1-butanethiol, sodium
metabisulfite (Na,$,0;), and HPAO were from J&K Chemical Ltd.
(Shanghai, China). CTX was from Chinese Peptide Company
(Hangzhou, China). 2-Iminothiolane hydrochloride, 3-(4,5-dime-
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thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), acetic
anhydride, triethylamine, 1-ethyl-3-(3-(dimethylamino)propyl) carbo-
diimide hydrochloride (EDC), and all the other chemicals and solvents
were provided from Aldrich (St. Louis, MO). Disposable PD-10
desalting columns were from GE Pharmacia (GE Inc., Fairfield, CT).
C6 cells (a rat glioma cell line) and 1929 cells (a mouse fibroblast cell
line) were purchased from Institute of Biochemistry and Cell Biology
(The Chinese Academy of Sciences, Shanghai, China). Dulbecco’s
Modified Eagle’s Medium (DMEM), fetal bovine serum (FBS),
penicillin, and streptomycin were from Hangzhou Jinuo Biomedical
Technology (Hangzhou, China). Water used in all experiments was
purified by a Milli-Q Plus 185 water purification system (Millipore,
Bedford, MA) with a resistivity above 18 MQ cm. Regenerated
cellulose dialysis membranes (molecular weight cutoff, MWCO =
14000 and 1000) were provided from Fisher (Pittsburgh, PA).

Synthesis of the G5.NHAc-HPAO-(PEG-CTX)-(mPEG) Den-
drimers. We synthesized CTX-conjugated dendrimers according to
the literature.””>® Briefly, CTX-NH, (2 mg, 0.0005 mmol) dissolved in
S mL of DMSO was reacted with 2 mol equiv of 2-iminothiolane
hydrochloride (0.14 mg, 0.001 mmol) in 2 mL of DMSO at room
temperature for 24 h with stirring. The reaction mixture was
extensively dialyzed against phosphate buffered saline (PBS, 3 times,
4 L) and water (3 times, 4 L) through a dialysis membrane with an
MWCO of 1000 for 3 days to remove the excess reactants. The
obtained CTX-SH solution in dialysis liquid was then collected.

mPEG-COOH (1442 mg, S mL DMSO) with 15 mol equiv of
GS.NH, (50.0 mg, S mL of DMSO) was first activated by EDC (110.6
mg, S mL of DMSO) and then reacted with the DMSO solution of
GS.NH, under vigorous magnetic stirring for 3 days to acquire the raw
GS.NH,-mPEG dendrimers. Then, MAL-PEG-SVA (144.2 mg, S mL
of DMSO) with 15 mol equiv of G5.NH, was dropwise added into the
GS.NH,-mPEG dendrimer solution under stirring for 3 days. The
formed G5.NH,-(PEG-MAL)-(mPEG) dendrimers in DMSO solution
were mixed with the above CTX-SH solution under vigorous magnetic
stirring for 24 h to get the GS.NH,-(PEG-CTX)-(mPEG) dendrimers.
To avoid the remaining maleimide groups of PEG-MAL conjugated
onto the surface of dendrimers to react with HPAO added in the
following reaction (see below), we used excess 1-butanethiol (15.5 uL,
S mol equiv of PEG-MAL) to react with the remaining maleimide
groups on the surface of the dendrimers under vigorous stirring for 24
h.

Then, HPAO (152 mg, S mL of DMSO) with 30 mol equiv of
GS.NH, was mixed with the DMSO solution of the GS.NH,-(PEG-
CTX)-(mPEG) dendrimers under stirring. The reaction was stopped
after 24 h to obtain the raw GS.NH,-HPAO-(PEG-CTX)-(mPEG)
conjugates. After that, excess triethylamine (178.4 uL) was added to
the GS.NH,-HPAO-(PEG-CTX)-(mPEG) conjugate solution and the
mixture was thoroughly stirred for 30 min. Acetic anhydride (100.9
uL) with S mol equiv of the dendrimer terminal amines was then
dropwise added into the above dendrimer/triethylamine mixture
solution under stirring for 24 h. Finally, the reaction mixture was
purified via dialysis with a similar procedure to that used to purify
CTX-SH to get the GS.NHAc-HPAO-(PEG-CTX)-(mPEG) den-
drimers except the use of a dialysis membrane with an MWCO 14 000,
followed by lyophilization to get the product of GS.NHAc-HPAO-
(PEG-CTX)-(mPEG) dendrimers. For comparison, GS.NHAc-
HPAO-(PEG-MAL)-(mPEG) dendrimers without CTX were also
synthesized.

Synthesis of the '3'I-G5.NHAc-HPAO-(PEG-CTX)-(mPEG)
Dendrimers. We labeled '*'I to the G5.NHAc-HPAO-(PEG-CTX)-
(mPEG) dendrimers through the phenol group of the HPAO moiety
according to protocols described in the literature.””*® Briefly, sterile
Na®®'I solution (185—370 MBq, 0.5—1 mL) was added to a vial
containing the GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimer
(200 pg) and the ch-T (100 pg) codissolved in 200 uL of PBS (0.1
M, pH = 7.2—7.4) with continuous stirring. The reaction mixture was
incubated at room temperature for 2 min before Na,S,05 (100 ug)
was added to terminate the reaction. The final reaction mixture was
then eluted with a PD-10 desalting column and 1 mL of liquid was
collected in each tube. After 20 tubes were collected, the radioactivity

of each aliquot tube was measured with a CRC-15R radioisotope dose
calibrator (Capintec, Inc.,, Ramsey, NJ). Through the same method, we
also labeled "' on the surface of the control device of GS.NHAc-
HPAO-(PEG-MAL)-(mPEG) dendrimer under similar experimental
conditions.

Characterization Techniques. '"H NMR spectra were obtained
on a Bruker AV-400 NMR spectrometer. All samples prior to the "'l
labeling were prepared in D,0 before measurements. Zeta potential
and dynamic light scattering (DLS) measurements were conducted
using a Malvern Zetasizer (Nano ZS model ZEN3600, Worcestershire,
UXK.) equipped with a standard 633 nm laser. Dendrimers were
dissolved in water at a concentration of 1 mg/mL before measure-
ments.

Radiochemical Purity Analysis. The radiochemical purity of the
1311.G5.NHAc-HPAO-(PEG-CTX)-(mPEG) and '*'I-G5.NHAc-
HPAO-(PEG-MAL)-(mPEG) dendrimers was analyzed by instant
thin-layer chromatography (ITLC) using silica gel-coated fiber glass
sheets (Macherey-Nagel, GmbH & Co. KG, Diiren, Germany). Saline
was utilized as the mobile phase, and the sheets were analyzed with a
thin-layer chromatogram scanner (Bioscan Inc., Tucson, AZ).

In Vitro Radiolabeling Stability Study. The stability of the
radiolabeled '*'I-G5.NHAc-HPAO-(PEG-CTX)-(mPEG) and U'I-
GS.NHAc-HPAO-(PEG-MAL)-(mPEG) dendrimers in vitro was
studied by measuring the radiochemical purity via ITLC at different
time intervals.”’ Briefly, the '*'I-GS.NHAc-HPAO-(PEG-CTX)-
(mPEG) dendrimers (100 uL, 18.5 MBq) or *'I-G5.NHAc-HPAO-
(PEG-MAL)-(mPEG) dendrimers (100 uL, 18.5 MBq) were mixed
with 1 mL of PBS at room temperature. ITLC was then utilized to
analyze the radiochemical purity of the *'I-GS.NHAc-HPAO-(PEG-
CTX)-(mPEG) or “'I-GS.NHAc-HPAO-(PEG-MAL)-(mPEG) den-
drimers after incubation at room temperature for 1, 6, and 24 h,
respectively. A similar procedure was applied to evaluate the
radiochemical stability of the dendrimers in FBS at 37 °C.

Cell Culture. We cultured C6 and 1929 cells continuously in 25
cm? tissue culture flasks with S mL of DMEM containing 10% FBS,
100 U/mL penicillin, and 100 U/mL streptomycin in a humidified
incubator with 5% CO, at 37 °C.

In Vitro Cytotoxicity Assay and Cell Morphology Observa-
tion. MTT assay was used to assess the cytotoxicity of the GS.NHAc-
HPAO-(PEG-CTX)-(mPEG) dendrimers in vitro. Briefly, C6 cells (1
X 10*) were seeded into each well of a 96-well plate. After 24 h to
bring the cells to confluence, the medium was removed and 200 uL of
fresh medium containing the GS.NHAc-HPAO-(PEG-CTX)-(mPEG)
dendrimers with different concentrations was added into each well.
After 24 h incubation at 37 °C, an MTT solution (S mg/mL, 20 xL in
PBS) was added to each well. After another 4 h incubation at 37 °C,
the medium in each well was replaced with DMSO (200 uL) to
dissolve the formazan crystals. The absorbance was measured at 570
nm using a Thermo Scientific Multiskan MK3 ELISA reader (Thermo
Scientific, Waltham, MA) according to the manufacturer’s instructions.
For comparison, a similar procedure was applied to evaluate the
cytotoxicity of the GS.NHAc-HPAO-(PEG-CTX)-(mPEG) den-
drimers with a normal cell line (1929 cells). We calculated the
mean and standard deviation of triplicate wells for each sample. The
cell morphology was also observed with a Leica DM IL LED inverted
phase contrast microscope after treatment with the GS.NHAc-HPAO-
(PEG-CTX)-(mPEG) dendrimers at different concentrations for 24 h.

Flow Cytometry Analysis. Here we synthesized fluorescein
isothiocyanate (FI)-modified dendrimers (GS.NHAc-FI-HPAO-(PEG-
CTX)-(mPEG)) with the same modifications of mPEG, PEG-CTX,
HAPO, and acetylation as those of the GS.NHAc-HPAO-(PEG-
CTX)-(mPEG) dendrimers. The targeting efficiency of the GS.NHAc-
HPAO-(PEG-CTX)-(mPEG) dendrimers toward C6 cells was
assessed by flow cytometry.”® Briefly, 2 X 10° C6 cells were first
seeded into each well of a 12-well plate. After overnight incubation, the
medium was replaced with 1 mL of fresh DMEM containing the
GS.NHAc-FI-HPAO-(PEG-MAL)-(mPEG) or GS.NHAc-FI-HPAO-
(PEG-CTX)-(mPEG) dendrimers at the ultimate concentrations of
0.4 uM and 4 uM, respectively. After 2 h, the cells were trypsinized,
resuspended in PBS containing 0.1% bovine serum albumin, and
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measured using a Becton Dickinson FACScan analyzer. For
comparison, we also evaluated the cellular uptake of the G5.NHAc-
FI-HPAO-(PEG-MAL)-(mPEG) and GS.NHAc-FI-HPAO-(PEG-
CTX)-(mPEG) dendrimers with cells having no MMP2 expression
(L929 cells) under similar experimental conditions. Approximately
10000 cells were recorded in the FL1-fluorescence channel, and the
mean fluorescence of the gated viable cells was analyzed.

Confocal Microscopy. The cellular uptake of the GS.NHAc-FI-
HPAO-(PEG-CTX)-(mPEG) dendrimers by C6 cells was observed
with confocal microscopy (Carl Zeiss LSM 700, Jena, Germany).
Briefly, coverslips were pretreated according to our previous work.”'
Then, C6 cells (5 X 10*) were seeded into each well of a 12-well plate
and cultured overnight to allow the cells to attach onto the coverslips.
The medium was then replaced with 1 mL of fresh medium containing
PBS (control), GS.NHAc-FI-HPAO-(PEG-MAL)-(mPEG) den-
drimers (0.4 uM and 4 uM), and GS.NHAc-FI-HPAO-(PEG-CTX)-
(mPEG) dendrimers (0.4 M and 4 uM), respectively. The cells were
incubated at 37 °C and 5% CO, for 2 h, rinsed with PBS, fixed with
glutaraldehyde (2.5%) at 4 °C for 15 min, and then counterstained
with Hoechst 33342 (1 ug/mL) at 37 °C for 20 min according to a
standard procedure. The FI fluorescence was excited with a 488 nm
argon blue laser and a 505—525 nm barrier filter was applied to collect
the FI emission. Samples were scanned using a 63X oil-immersion
objective lens, and the optical section thickness was set at 5 mm.

Targeted SPECT Imaging of Glioma in Vivo. Animal experi-
ments were approved by the ethical committee of Shanghai General
Hospital. For in vivo imaging experiments, 6-week-old BALB/c female
nude mice (21—23 g, Shanghai Slac Laboratory Animal Center,
Shanghai, China) were inoculated subcutaneously with 2 x 10° C6
cells/mouse in the right side of flank. At approximately 3 weeks
postinjection, the tumors reached a volume of 0.5—1.0 cm®. These
mice were fed with water containing 1% potassium iodide for 7 days
before SPECT imaging to decrease the thyroid uptake of the “'I-
labeled dendrimers or "*'I ions. The mice were randomly divided into
the experimental and control groups. We then intravenously injected a
PBS solution of the "'I-GS.NHAc-HPAO-(PEG-CTX)-(mPEG)
dendrimers (["'T] = 92.5 MBq/mL, 200 uL) to the mice via tail
vein. For comparison, nontargeted '*'I-GS.NHAc-HPAO-(PEG-
MAL)-(mPEG) dendrimers without CTX were also injected at the
same dose. Before SPECT imaging, all mice were anesthetized with
pentobarbital sodium (40 mg/kg).

SPECT images were acquired at 5 min, 30 min, 1 h, 2 h,4h, 6 h, 15
h, and 24 h postinjection using an Infinia SPECT scanner equipped
with an Xeleris Workstation and High Energy General Purpose
collimator (GE Inc., Fairfield, CT). At 15 h postinjection, one mouse
of each experimental group was sacrificed. The major organs and
tumors were removed and their relative radioactivity ratios were
recorded by analyzing the regions of interest.

Targeted Tumor Radiotherapy in Vivo. The mice were
randomized into six different groups and numbered after the glioma
model was established. A PBS solution of the *'I-G5.NHAc-HPAO-
(PEG-CTX)-(mPEG) dendrimers ([*'T] = 37 MBq/mL, 200 uL) was
intravenously injected into each mouse in the first group via the tail
vein every third day. For comparison, saline (200 uL), GS.NHAc-
HPAO-(PEG-MAL)-(mPEG) dendrimers (200 uL), GS.NHAc-
HPAO-(PEG-CTX)-(mPEG) dendrimers (200 L), Na'*'I solution
(200 uL), and "*'I-GS.NHAc-HPAO-(PEG-MAL)-(mPEG) den-
drimers with the same concentration of the '*'I-GS.NHAc-HPAO-
(PEG-CTX)-(mPEG) dendrimers were injected. Mice in all groups
were injected for a total of seven times. Three days after each injection,
the tumor size and the body weight of each mouse were recorded at
predetermined time points. During the treatment period, we recorded
the mouse death to get the survival rate. The tumor inhibition efficacy
was finally evaluated according to protocols described in our previous
work.®!

H&E Staining. After seven injection treatments for a period of 21
days, mice treated with saline, Na'*'I, GS.NHAc-HPAO-(PEG-MAL)-
(mPEG), G5.NHAc-HPAO-(PEG-CTX)-(mPEG), 'I-GS.NHAc-
HPAO-(PEG-MAL)-(mPEG), and "'I-GS.NHAc-HPAO-(PEG-
CTX)-(mPEG) were sacrificed and the tumors and major organs

19801

(heart, liver, spleen, lung, and kidney) were extracted. According to the
standard procedure of hematoxylin and eosin (H&E) staining, the
tumors and organs were fixed with 10% neutral buffered formalin,
embedded in paraffin, sectioned into 4-um thick slices, and then
stained with H&E. Finally, the sections were observed using a Leica
DM IL LED inverted phase contrast microscope.

TUNEL Assay. The tumor tissue apoptosis of each group of mice
was further studied using a terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) method by apoptotic detection kit
(Roche, Basel, Switzerland) according to the literature.®* Through the
treatments of fixation, dehydration, paraffin-embedment, sectioning,
and staining using a TUNEL kit, the tumor sections were finally
observed with a Leica DM IL LED inverted phase contrast
microscope. The number of TUNEL-positive cells was counted from
five random fields for each tumor section.

Statistical Analysis. The significance of the experimental data was
assessed by one-way ANOVA statistical analysis method. A value of
0.05 was considered to be significant, and the data were marked with
() for p < 0.0S, (#x) for p < 001, and (xxx) for p < 0.001,
respectively.

B RESULTS AND DISCUSSION

Synthesis and Characterization of the '3'I-G5.NHAc-
HPAO-(PEG-CTX)-(mPEG) Dendrimer. Radioactive '3'I-
labeled multifunctional GS.NHAc-HPAO-(PEG-CTX)-
(mPEG) dendrimers were synthesized for targeted tumor
SPECT imaging and radiotherapy. In this study, amine-
terminated GS PAMAM dendrimers were sequentially
conjugated with mPEG-COOH, PEG-CTX, and HPAO,
followed by acetylation of the remaining dendrimer terminal
amines and labeling of radioactive '*'I (Figure 1). Detail
molecular structure of the CTX-conjugated multifunctional
dendrimers labeled with '*'I can be seen in Figure Sl
(Supporting Information).

CTX was selected to be conjugated onto the dendrimer
surface in order to specifically target MMP2-overexpressing
cancer cells,”*%%* while HPAO attached onto the dendrimer
surface was used for *'I labeling through the phenol group of
HPAO.” The formed "“'I-GS.NHAc-HPAO-(PEG-CTX)-
(mPEG) dendrimers were characterized by different methods.

The conjugation of mPEG-COOH onto the surface of
GS5.NH, dendrimers was characterized via '"H NMR. On the
basis of the characteristic peaks at 3.4—3.6 ppm corresponding
to 448 protons of repeating —CH,CH,0— groups of mPEG-
COOH, the number of mPEG-COOH conjugated onto each
GS dendrimer was calculated to be 11.2 (Figure S2, Supporting
Information). Then the heterofunctional MAL-PEG-SVA was
attached to the GS dendrimer surface. Through the NMR
integration, the number of PEG-MAL conjugated onto each G5
dendrimer was estimated to be 8.4 (Figure S3, Supporting
Information). Followed by thiol-maleimide coupling, thiolated
CTX was conjugated onto the dendrimer surface. The number
of CTX attached to each GS dendrimer was estimated to be 7.7
by integration of the characteristic peaks at 1.0—1.5 ppm
associated with 52 protons of CTX (Figure S4, Supporting
Information). Further, HPAO was modified onto the surface of
GS dendrimers for '*'I labeling. By integration of the
characteristic peaks at 6.6 and 6.9 ppm associated with the
four protons on the HPAO phenol, the number of the HPAO
moieties modified onto each dendrimer was estimated to be
21.1 (Figure SS, Supporting Information). The control device
of the GS.NHAc-HPAO-(PEG-MAL)-(mPEG) dendrimer
without CTX was also characterized. The practical numbers
of mPEG and PEG-MAL attached to each G5 dendrimer were
comparable to those of the targeted GS.NHAc-HPAO-(PEG-
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CTX)-(mPEG) dendrimer (Figure S6, Supporting Informa-
tion). Zeta potential measurements were used to examine the
surface potential of the multifunctional dendrimers (Table S1,
Supporting Information). The surface potential of the
GS5.NHAc-HPAO-(PEG-CTX)-(mPEG) and GS.NHAc-
HPAO-(PEG-MAL)-(mPEG) dendrimers are +25.9 and
+27.9 mV, respectively. DLS was used to measure the
hydrodynamic size of the multifunctional dendrimers (Table
S1, Supporting Information), and the hydrodynamic sizes of
the GS.NHAc-HPAO-(PEG-CTX)-(mPEG) and GS.NHAc-
HPAO-(PEG-MAL)-(mPEG) dendrimers are 233.5 and 256.1
nm, respectively. The relatively large hydrodynamic size of the
dendrimers could be due to the PEG modification, slightly
enhancing the interdendrimer interaction via hydrogen
bonding. In any case, their hydrodynamic size distribution is
relatively narrow with a quite low polydispersity index.

Finally, "*'I-GS.NHAc-HPAO-(PEG-CTX)-(mPEG) den-
drimers were successfully prepared with the optimized yields
by the ch-T method. Quality control tests using ITLC
chromatography demonstrated a single peak (Rf value = 0.1—
0.2) for the "'I-GS.NHAc-HPAO-(PEG-CTX)-(mPEG) den-
drimer, and the product had a relative high radiochemical purity
(98.4% + 0.8%).

Radiostability of the '3'I-G5.NHAc-HPAO-(PEG-CTX)-
(mPEG) Dendrimer. For SPECT imaging and radiotherapy
applications, the radiostability of the '*'I-G5.NHAc-HPAO-
(PEG-CTX)-(mPEG) dendrimer (Figure S7, Supporting
Information) and the '*'I-G5.NHAc-HPAO-(PEG-MAL)-
(mPEG) dendrimer (Figure S8, Supporting Information) was
first investigated. In vitro radiostability assay data reveal that
both 'I-G5.NHAc-HPAO-(PEG-CTX)-(mPEG) and '*I-
GS.NHAc-HPAO-(PEG-MAL)-(mPEG) dendrimers have sat-
isfactory stability within 24 h in vitro after exposure to PBS or
FBS solution, and at least 90% of the '*'I labeled dendrimers
still keep the original structure without free *'I separation from
the dendrimer backbones (Table S2, Supporting Information).
This suggests that the '*'I labeling onto the dendrimer is pretty
stable, ensuring the further in vivo radionuclide imaging and
radiotherapy applications.

Cytocompatibility. The cytocompatibility of the
GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers before
BIT labeling was assessed by MTT cell viability assay of C6
(Figure 2) and 1929 cells (Figure S9, Supporting Information).
We can see that C6 cells display a relative high viability (>90%)
after treatment with the GS.NHAc-HPAO-(PEG-CTX)-

p—

(=) o0 =3

=] = (=
T T T

Cell viability (%)
-
<>

[
> =]
T

0 0.1 1 5 10 20
Concentration (uM)

Figure 2. MTT assay of C6 cell viability after treatment with the
GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers at different con-
centrations for 24 h.

(mPEG) dendrimers at the concentration up to 20 uM,
which is comparable to the control cells treated with PBS.
Likewise, similar results can be observed in the MTT cell
viability assay of normal 1929 cells, further indicating that the
formed GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers
have no cytotoxicity toward normal cells in the studied
concentration range. The good cytocompatibility of the
dendrimers can be further confirmed by observation of the
morphology of C6 cells (Figure S10, Supporting Information).
C6 cells treated with the GS.NHAc-HPAO-(PEG-CTX)-
(mPEG) dendrimers at different concentrations (0.1 uM, 1
uM, S uM, 10 uM, and 20 uM, respectively) for 24 h are
adherent and healthy, similar to the control cells treated with
PBS. Taken together, both quantitative MTT assay data and
qualitative cell morphology observation suggest that the
developed GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers
are cytocompatible in the given concentration range.

Targeting Specificity of the G5.NHAc-HPAO-(PEG-
CTX)-(mPEG) Dendrimer. CTX is known to bind to
functional proteins like MMP2 and chloride ion chan-
nels,””**> and MMP2 is known to be overexpressed in
glioma, medulloblastoma, prostate cancer, sarcoma, and
intestinal cancer.”**® Thus, the prepared GS.NHAc-HPAO-
(PEG-CTX)-(mPEG) dendrimers are expected to be able to
specifically bind to MMP2-overexpressing cancer cells. The
conjugation of FI onto the dendrimers enabled us to analyze
the cellular uptake of the GS.NHAc-FI-HPAO-(PEG-CTX)-
(mPEG) dendrimers by flow cytometry (Figure 3) and confocal
microscopy (Figure 4). Through quantitative analysis of the 'H
NMR spectra, the number of FI moiety modified onto each
dendrimer was calculated to be 6.3 and 6.8 for the GS.NHAc-
FI-HPAO-(PEG-CTX)-(mPEG) and GS5.NHAc-FI-HPAO-
(PEG-MAL)-(mPEG) dendrimers, respectively (Figure S11,
Supporting Information).

From the flow cytometric analysis, we can clearly see that C6
cells treated with the GS.NHAc-FI-HPAO-(PEG-CTX)-
(mPEG) dendrimers for 2 h display significantly higher
fluorescence intensity than those treated with the G5.NHAc-
FI-HPAO-(PEG-MAL)-(mPEG) dendrimers without CTX
(Figure 3b—f). The C6 cells treated with the GS.NHAc-FI-
HPAO-(PEG-MAL)-(mPEG) dendrimers without CTX exhibit
similar fluorescence intensity to those treated with PBS
(Figures 3b,d,f). These data confirm that the GS.NHAc-FI-
HPAO-(PEG-CTX)-(mPEG) dendrimers are able to specifi-
cally target C6 cells presumably through specific MMP2-CTX
interaction, in agreement with the literature.’”®” In order to
further prove the binding specificity of the GS.NHAc-FI-
HPAO-(PEG-CTX)-(mPEG) dendrimers to MMP2-overex-
pressing C6 cells, normal 1929 cells without MMP2-expression
were also tested under similar experimental conditions. Clearly,
the fluorescence intensity of L1929 cells treated with the
GS.NHACc-FI-HPAO-(PEG-CTX)-(mPEG) or GS.NHAc-FI-
HPAO-(PEG-MAL)-(mPEG) dendrimers at 4 pM displays
no significant differences and is much lower than that of C6
cells treated with the GS.NHAc-FI-HPAO-(PEG-CTX)-
(mPEG) dendrimers at the same concentration (4 uM) (p <
0.001, Figure 3f).

Confocal microscopy was also used to demonstrate the
targeting specificity of the formed GS.NHAc-FI-HPAO-(PEG-
CTX)-(mPEG) dendrimers (Figure 4). After 2 h treatment
with the GS.NHAc-FI.-HPAO-(PEG-CTX)-(mPEG) den-
drimers (0.4 uM, 4 uM), C6 cells display much stronger
fluorescence signals than those treated with the control
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Figure 3. Flow cytometric analysis of C6 cells treated with PBS (a), the GS.NHAc-FI-HPAO-(PEG-MAL)-(mPEG) dendrimers at 0.4 4M (b) and 4
uM (d), and the GS.NHAc-FI-HPAO-(PEG-CTX)-(mPEG) dendrimers at 0.4 uM (c) and 4 uM (e) for 2 h, respectively. Part f shows the

comparison of the binding of different dendrimers with L929 and C6 cells.
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Figure 6. (a) Growth of C6 xenografted tumors after various treatments. The relative tumor volume was normalized according to their initial tumor
volume (mean + SD, n = S). (b) Survival rate of C6 tumor-bearing mice after various treatments (mean + SD, n = ).

GS.NHAc-FI-HPAO-(PEG-MAL)-(mPEG) dendrimers (0.4
uM, 4 uM) under similar conditions. This is due to the
specific cellular internalization of the CTX-targeted multifunc-
tional dendrimers into the cytoplasm of the cells. These results
indicate that only CTX-modified dendrimers can be specifically
uptaken by C6 cells. On the basis of the confirmation of flow
cytometric assay and confocal microscopic imaging, we can
conclude that the formed GS.NHAc-FI-HPAO-(PEG-CTX)-
(mPEG) dendrimers are able to specifically target cancer cells
overexpressing MMP2 via receptor-mediated binding and
endocytosis.

Targeted Tumor SPECT Imaging in Vivo. The feasibility
to use the "*'I-G5.NHAc-HPAO-(PEG-CTX)-(mPEG) den-
drimers for targeted tumor SPECT imaging was next explored
(Figure S). No visible tumor SPECT signal was observed for
the mice treated with either the '*'I-GS.NHAc-HPAO-(PEG-
CTX)-(mPEG) dendrimers or the '*'I-G5.NHAc-HPAO-
(PEG-MAL)-(mPEG) dendrimers at 5 min, 30 min, 1 h, 2 h,
and 4 h postinjection (Figure Sa). At 6, 15, and 24 h
postinjection, the tumors of mice treated with the CTX-
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targeted dendrimer display much high SPECT signal intensity
than those treated with the nontargeted dendrimer (Figure Sb).
At 24 h postinjection, the tumor SPECT signal descends for
both targeted and nontargeted groups, indicating that the
dendrimer nanodevice can be metabolized and thus result in
different biodistribution behaviors with the time postinjection.
However, the SPECT signal intensity of tumors treated with
the CTX-targeted dendrimer is still much higher than that
treated with the nontargeted dendrimer at 24 h postinjection (p
< 0.001). This highlights the role played by CTX-mediated
targeting, rendering the dendrimers with enhanced accumu-
lation in the tumor area.

To further confirm the significant difference in SPECT signal
intensity of tumors treated with '*'I-GS.NHAc-HPAO-(PEG-
CTX)-(mPEG) or '*'I-G5.NHAc-HPAO-(PEG-MAL)-
(mPEG) dendrimers, ex vivo tumors were scanned at 15 h
postinjection (Figure Sc). Clearly, the tumors treated with the
BI.GS5.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimer display
much higher SPECT signal intensity than those treated with
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the 'I-G5.NHAc-HPAO-(PEG-MAL)-(mPEG) dendrimer at
the same time point.

The biodistribution of the multifunctional dendrimers at 15 h
postinjection was investigated by SPECT imaging (Figure S12,
Supporting Information). The majority of the *'I-GS.NHAc-
HPAO-(PEG-CTX)-(mPEG) or "*'I-G5.NHAc-HPAO-(PEG-
MAL)-(mPEG) dendrimers are accumulated in the liver, while
the heart, lung, tumor, kidney, spleen, intestines, stomach, and
soft tissue have a relatively low accumulation of the
nanoparticles. It should be noted that there is a relatively
higher tumor uptake of the 'I-GS.NHAc-HPAO-(PEG-
CTX)-(mPEG) dendrimers than the nontargeted "'I-
GS.NHAc-HPAO-(PEG-MAL)-(mPEG) dendrimers. This fur-
ther confirms the specific targeting role mediated by the
attached CTX moiety onto the dendrimers.

Targeted Radiotherapy of Tumors in Vivo. The
potential to use the ''I-GS.NHAc-HPAO-(PEG-CTX)-
(mPEG) dendrimers for targeted tumor radiotherapy in vivo
was further validated (Figure 6a). It can be seen that after
treatment with the 3'I-GS.NHAc-HPAO-(PEG-CTX)-
(mPEG) dendrimers, the tumor grows more slowly than the
tumor mice treated with saline, Na'*'I, or *'I-G5.NHAc-
HPAO-(PEG-MAL)-(mPEG) dendrimers without CTX. After
treatment for 3 weeks, the tumor inhibition follows the order of
BI.G5.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers (7.27
+ 2.19 times) > “'I-G5.NHAc-HPAO-(PEG-MAL)-(mPEG)
dendrimers (10.67 + 3.93 times) > Na'*'I (13.07 + 3.20 times)
> saline (16.7 + 4.67 times). The enhanced antitumor efficacy
of the *'I-G5.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers
should be due to the CTX-mediated targeting. Furthermore,
the tumor inhibition efficacy was also demonstrated by the
survival rates of the tumor-bearing mice (Figure 6b). Clearly,
25% of the tumor-bearing mice treated with the '*'I-GS.NHAc-
HPAO-(PEG-CTX)-(mPEG) dendrimers survive after 40 days,
while all the tumor-bearing mice treated with saline are dead
after 30 days. Similar percentage of living mice (25%) can be
seen for the tumor mice treated with Na'*'I after 32 days and
the "*'1-G5.NHAc-HPAO-(PEG-MAL)-(mPEG) dendrimers
after 35 days, respectively. The lifetime of the tumor-bearing
mice can be greatly prolonged after treated with the ''I-
GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers. This fur-
ther demonstrates the effective radiotherapeutic efficacy of the
BI.G5.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers.

The tumor inhibition efficacy is solely owing to the labeled
radioactive *'I because there was no significant difference in
tumor growth between the non-'*'I labeled dendrimer groups
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(G5.NHAc-HPAO-(PEG-MAL)-(mPEG) and GS5.NHAc-
HPAO-(PEG-CTX)-(mPEG) dendrimers) and the saline
group (Figure S13, Supporting Information). Furthermore,
there was no significant difference in the weight loss of mice
treated with the '*'I-G5.NHAc-HPAO-(PEG-MAL)-(mPEG),
B.GS.NHAc-HPAO-(PEG-CTX)-(mPEG), GS.NHAc-
HPAO-(PEG-MAL)-(mPEG), and GS.NHAc-HPAO-(PEG-
CTX)-(mPEG) dendrimers (Figure S14, Supporting Informa-
tion). This suggests that the multifunctional dendrimers before
and after '*'I labeling do not cause any apparent in vivo toxicity.

H&E and TUNEL staining were further used to assess the
therapeutic effect of the developed '*'I-labeled multifunctional
dendrimers in vivo (Figure 7). As shown in H&E staining
(Figure 7a), necrotic regions were only observed in the mice
treated with materials containing radioactive '*'I and the
necrotic area follows the order of *'I-G5.NHAc-HPAO-(PEG-
CTX)-(mPEG) dendrimers > “'I-GS.NHAc-HPAO-(PEG-
MAL)-(mPEG) dendrimers > free Na'*'I. In contrast, tumor
cells had no necrosis after treated with saline, GS.NHAc-
HPAO-(PEG-MAL)-(mPEG) dendrimers, and GS.NHAc-
HPAO-(PEG-CTX)-(mPEG) dendrimers.

Meanwhile, the tumor inhibition efficacy of the
GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers was also
tested by TUNEL assay (Figure 7b). Apparently, the positive
staining of apoptotic cells were solely observed in the tumor
sections treated with the '3'I-related materials, and the region
of apoptotic cells follows the sequence of '*'I-GS.NHAc-
HPAO-(PEG-CTX)-(mPEG) dendrimers > '*'I-G5.NHAc-
HPAO-(PEG-MAL)-(mPEG) dendrimers > free Na'*'I. The
tumors treated with saline, GS.NHAc-HPAO-(PEG-MAL)-
(mPEG), and GS.NHAc-HPAO-(PEG-CTX)-(mPEG) den-
drimers show extremely few positive apoptotic cells in the
tumor sections. This was further confirmed by quantitative
analysis of cell apoptosis rate (Figure S15, Supporting
Information). The cell apoptosis rates of tumors treated with
the *'I-GS.NHAc-HPAO-(PEG-CTX)-(mPEG) dendrimers,
BI.G5.NHAc-HPAO-(PEG-MAL)-(mPEG) dendrimers, and
Na'31 were 76.6%, 42.8%, and 24.1%, respectively, while those
of tumors treated with the materials not related to 3'I do not
display apparent cell apoptosis, approximately similar to the
saline control. The H&E and TUNEL staining results indicate
that the CTX modification renders the '*'I-G5.NHAc-HPAO-
(PEG-CTX)-(mPEG) dendrimers with targeting specificity to
the MMP2-overexpressing tumors for effective radiotherapy.

Finally, we investigated the potential toxicity of the
multifunctional dendrimers before and after *'I-abeling via

131y
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H&E staining of the major organs including the heart, liver,
spleen, lung, and kidney (Figure 8). Apparently, no obvious
organ damage or abnormalities can be seen. This suggests that
the multifunctional dendrimers before and after 131I-labeling
have good organ compatibility.

Bl CONCLUSION

In summary, we developed an '*'Ilabeled multifunctional
dendrimer nanodevice for targeted tumor SPECT imaging and
radiotherapy. Via the versatile dendrimer nanotechnology and
PEGylation conjugation chemistry, targeting ligand CTX and
HPAO can be linked onto the dendrimer platform. Through
the HPAO phenol group, '*'I can be effectively labeled onto
the dendrimer surface with a relatively high radiochemical
purity and stability. With the linked CTX, the multifunctional
dendrimers are able to be used as a nanoprobe for targeted
SPECT imaging and radiotherapy of MMDP2-overexpressing
xenografted glioma model in vivo. The formed '*'I-labeled
multifunctional dendrimers with good cytocompatibility and
organ compatibility may be used as a promising nanoplatform
for SPECT imaging and radiotherapy of different types of
MMP2-overexpressing cancer.
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