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Long-circulating nanoparticles functionalized with ligands for
receptors overexpressed by tumor cells have promising appli-
cations for active and passive tumor targeting. The purpose of
this study was to evaluate 84Cu-radiolabeled folate-conjugated
shell cross-linked nanoparticles (SCKs) as candidate agents to
shuttle radionuclides and drugs into tumors overexpressing the
folate receptor (FR). Methods: SCKs were obtained by cross-
linking the shell of micelles obtained from amphiphilic diblock
copolymers. SCKs were then functionalized with folate, fluores-
cein thiosemicarbazide (FTSC), and 1,4,8,11-tetraazacyclotet-
radecane-N,N’,N",N"-tetraacetic acid (TETA). The specific inter-
action of SCK-folate with the FR was investigated on KB cells.
The biodistributions of 8*Cu-TETA-SCK and %‘Cu-TETA-SCK-
folate were evaluated in athymic mice bearing small-size KB cell
xenografts (10-100 mg), whereas the intratumor distributions
were investigated by autoradiography in 0.3- to 0.6-g KB cell
xenografts. Results: A global solution-state functionalization
strategy has been introduced for attaching optimum numbers of
targeting and imaging agents onto the SCKs for increasing the
efficiency of interaction with cell-surface receptors. Epifluores-
cence microscopy confirmed the specific interaction of FTSC-
SCK-folate with the FR in vitro. 64Cu labeling of TETA-SCKs led
to the radiolabeled compounds with 15%-20% yield and >95%
radiochemical purity. The biodistribution results demonstrated
high accumulation of 64Cu-labeled SCKs in organs of the reticu-
loendothelial system (RES) (56.0 = 7.1 %ID/g and 45.7 = 3.5
%ID/g [percentage injected dose per gram] in liver at 10 min
after injection for folated and nonfolated SCKs, respectively)
and a prolonged blood circulation. No increase of SCK tumor
uptake deriving from folate conjugation was observed (5.9 + 2.8
%ID/g and 6.0 = 1.9 %ID/g at 4 h after injection for folated and
nonfolated SCKs, respectively). However, tumor accumulation
was higher in small-size tumors, where competitive block of
SCK-folate uptake with excess folate was observed. Autora-
diography results confirmed the extravasation of radiolabeled
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SCKs in vascularized areas of the tumor, whereas no diffusion
was observed in necrotic regions. Conclusion: Despite high
RES uptake, the evaluated 64Cu-labeled SCKs exhibited long
circulation in blood and were able to passively accumulate in
tumors. Furthermore, SCK-folate uptake was competitively
blocked by excess folate in small-size solid tumors, suggesting
interaction with the FR. For these reasons, functionalized SCKs
are promising drug-delivery agents for imaging and therapy of
early-stage solid tumors.

Key Words: %4Cu; folate-nanoparticles; radiolabeling; folate re-
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The development of intravenously administered nanopar-
ticles for drug delivery and imaging of tumors and other
malignancies has been a major challenge (/). Long-circu-
lating nanoparticles are ideal vehicles for targeted drug
delivery as their surface can be functionalized with a variety
of ligands and proteins in a multivalent configuration, in-
creasing the capability of interaction with the target. Fur-
thermore, functional groups on the nanoparticle surface may
be conjugated with metal-chelating systems for radiolabel-
ing, thus providing effective tools for imaging and radio-
therapy. Finally, the nanoparticle composition may be op-
timized to effectively encapsulate and release drugs, thus
allowing both imaging and therapy with one vehicle (2).

Administered submicron particles are usually taken up by
the macrophages of the reticuloendothelial system (RES),
ending up in the liver, spleen, and lungs. However, a small
size (<100 nm) and a hydrophilic surface can decrease
nanoparticle opsonization and, consequently, slow down
macrophages recognition (/,3,4).

To date, long-circulating nanoparticles have been evalu-
ated mostly for delivery of antineoplastic agents such as
doxorubicin, paclitaxel, 5-fluorouracil, irinotecan, and so
forth, to solid tumors (4,5). Passively targeted delivery of
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drugs takes advantage of a defective vascular architecture
caused by rapid tumor vascularization (angiogenesis),
which is necessary for nutrient and oxygen supply and for
waste disposal in fast-growing tumors (6). Blood vessels in
solid tumors are highly permeable because of unusually
large gaps (~300-800 nm) between adjacent endothelial
cells caused by an abnormal arrangement of basement mem-
brane and perivascular cells (7). However, a chaotic and
disorganized branched vessel system and a high interstitial
pressure result in pockets of nonaccessible cancer cells and
make extravasation of blood-borne drugs difficult (6).
Nonetheless, since tumors exhibit an impaired lymphatic
system (8), macromolecules escaping RES sequestration
may leak out of the permeable blood vessels and accumulate
for a long time in perivascular tumor tissues (enhanced
permeability and retention [EPR] effect) (4,5).

Alternative targeting approaches exploit the existence on
target cells of molecular signatures for various pathologies.
Thus, conjugation of ligands with high affinity for receptors,
antigens, and so forth, overexpressed by tumor cells may
allow early assessment and therapy of pathologies on a
molecular level while decreasing cytotoxicity to normal
tissues. To date, a variety of nanoparticles (nanospheres,
nanocapsules, liposomes, dendrimers, and so forth) have
been functionalized mainly with ligands and antibodies
targeting endothelial receptors on tumor-proliferating mi-
crovasculature (2,9-13), the prostate-specific membrane an-
tigen on prostate cancer cells (/4,15), and the folate receptor
(FR) (16-22).

The FR, or membrane-associated folate-binding protein,
is 1 of the 2 existing cellular folate transport systems and
binds physiologic folates with affinity in the nanomolar
range (23). FR is an attractive molecular target for tumor
targeting because it is overexpressed by several tumor cells
(e.g., ovarian, colorectal, breast, nasopharyngeal carcino-
mas, and so forth), though it has only limited expression in
most normal tissues (23,24). The feasibility of FR-mediated
tumor delivery of drugs for therapy (22,25), of radionu-
clides for imaging (26), of vectors for gene delivery (21),
and so forth, has been recently reviewed.

In this study, we evaluated in vivo and in vitro a new
folate-conjugated polymeric nanoparticle for tumor target-
ing via both FR-mediated endocytosis and the EPR effect.
Shell cross-linked nanoparticles (SCKs) are core-shell
nanospheres inspired from biologic constructs and opti-
mized for guest packaging (27). Stable SCKs are obtained
by cross-linking the shell layer of micelles derived from the
self-assembly of amphiphilic diblock copolymers in aque-
ous solution. Control over the synthesis of the diblock
copolymers and the micellar formation conditions affords
SCKs with well-defined size, surface charge, hydrophilicity,
shape adaptability, and available functionality (27). To date,
the SCK surface has been straightforwardly decorated with
a variety of receptor ligands (/3,17,28).

To evaluate the in vivo behavior of folate-SCKs, we have
chosen **Cu radiolabeling. **Cu (half-life [t,,,] = 12.7 h) has

64Cu-LABELED FOLATE-NANOPARTICLES * Rossin et al.

been extensively studied for the production of radiopharma-
ceuticals for both PET and radiotherapy in the past 2 de-
cades because of its radioactive decay with B* (17%) and
B~ (40%) emission (29). At Washington University School
of Medicine, no-carrier-added **Cu is produced on a bio-
medical cyclotron with a high specific activity, suitable
for receptor-targeting studies (30). For **Cu-labeling pur-
poses, the SCK-folate surface has been functionalized with
1,4,8,11-tetraazacyclotetradecane-N,N',N”, N -tetraacetic
acid (TETA), a macrocyclic ligand that provides the copper
complex kinetic and thermodynamic stabilty in vivo (29).
Then, we evaluated the %*Cu-labeled SCK-folate nanopar-
ticles in vivo in a tumor model overexpressing the FR (31).
Biodistribution and autoradiography studies were per-
formed to compare uptake and distribution of FR-targeted
and nontargeted SCKs in KB tumor cell xenografts, thus
evaluating the contribution of the EPR effect and FR-
interaction to the tumor targeting. The present study is
expected to have relevance in the understanding of active
versus passive targeting of solid tumors via engineered
nanoparticles. Furthermore, %*Cu-labeled nanoparticles may
have the potential to deliver high concentration of radionu-
clide to solid tumors together with cytotoxic drugs, thereby
enhancing the therapeutic efficacy and allowing imaging at
the same time.

MATERIALS AND METHODS

Reagents

Unless otherwise listed, all solvents and reagents were pur-
chased from Sigma-Aldrich and used as received. Methanol, so-
dium hydroxide, and hydrochloric acid solutions were purchased
from Fisher Scientific. Tween 20 solution (10%) was purchased
from Bio-Rad. Spectra/Por membrane (12- to 14-kDa molecular
weight cutoff) used for dialysis was obtained from Spectrum
Medical Industries, Inc. Water was distilled and then deionized (18
MQO/cm?) by passing through a Milli-Q water filtration system
(Millipore Corp.). The buffer solution used for ®Cu-labeling re-
actions (0.1 mol/L ammonium acetate, pH 5.5) was further purified
on Chelex 100 resin (Bio-Rad) before use. Centricon YM-100
tubes (100-kDa molecular weight cutoff) were purchased from
Millipore Corp.

%Cu was prepared on the Washington University Medical
School CS-15 cyclotron by the *Ni(p,n)**Cu nuclear reaction at a
specific activity of 47.4—474 GBq/pmol at the end of bombard-
ment as previously described (30).

Synthesis of SCK and SCK-Folate

SCKs were prepared following a previously reported procedure
(32). Briefly, the micelles were prepared in 2 steps from the
diblock copolymer poly(acrylic acid-b-methyl acrylate) (PAAg;-b-
PMA ¢4), as illustrated in Figure 1, followed by intramicellar
crosslinking (20%) to produce shell cross-linked nanoparticles. A
folate-PEG; goo-amine (PEG; g9 is a poly(ethylene glycol) spacer
with a molecular weight of 1,600 Da) was also synthesized from
folic acid and conjugated onto the shell surface of the SCKs by
activating a portion of the available carboxylic acids with 1-(3’-
dimethylaminopropyl)-3-ethylcarbodiimide (EDC) methiodide
(13,17).

1211



FIGURE 1. Preparation of SCKs func-
tionalized with folate for targeting and la- /,
beled with FTSC or TETA for fluorescence | m :
or radionuclide detection, respectively. Re- |

agents and conditions: (i) polymer micelle
formation: tetrahydrofuran, followed by
controlled addition of water and dialysis
against water; (ii) shell crosslinking: block
copolymer micelles, 2,2'-(ethylenedioxy)-
bis(ethylamine), 1-(3’-dimethylaminopro-
pyl)-3-ethylcarbodiimide (EDC) methio-

dide, room temperature (RT), followed by oo
FTSC labeled folate
functionalized SCKs

dialysis against water; (iii) shell functional-
ization with folate-PEG; ggo-amine (PEG; 0o
is a poly(ethylene glycol) spacer with a mo-
lecular weight of 1,600 Da): nonfunctional-
ized SCKs, folate-PEG,go-amine, EDC
methiodide, RT, followed by dialysis
against sodium phosphate-buffered saline
at pH 7.3; (iv) shell functionalization with
fluorescein  thiosemicarbazide (FTSC):
SCK-folate, FTSC, EDC methiodide, RT,
followed by dialysis against sodium phos-
phate-buffered saline at pH 7.3; (v) shell
functionalization with TETA-amine: SCK-
folate, sulfo-NHS (s-NHS), EDC, 4°C, 2 h,
followed by Centricon separation, TETA-
amine, 4°C, overnight.

Synthesis of FTSC-Conjugated SCK and SCK-Folate

SCKs and folate-PEG g0 derivatized SCKs were further func-
tionalized with fluorescein thiosemicarbazide (FTSC) following a
reported procedure (/3,28) to afford folate-targeted and FTSC-
labeled nanoparticles.

Synthesis of TETA-NH,

TETA-NH, was synthesized in a straightforward way from
TETA. Briefly, a mono fer-Boc—protected diamine (N-butoxycar-
bonyl-[2,2'-(ethylenedioxy)bis(ethylamine)]) was allowed to react
with TETA in the presence of EDC for a period of 16 h. The
protected intermediate was then isolated, the fer-Boc protecting
group was cleaved with trifluoroacetic acid, and the TETA-NH,
product was then purified by repeated precipitation from methanol
and acetone.

TETA Functionalization of SCK and SCK-Folate

The conjugation was done by a modified procedure developed
for 1,4,7,10-tetraazacyclododecane-N,N',N",N"-tetraacetic acid
(DOTA)-protein conjugation via the N-hydroxysuccinimide route
(33). Briefly, the carboxylic groups on the SCK and SCK-folate
shells were activated by adding EDC (2 equivalents with respect to
the carboxylate groups) and N-hydroxysulfosuccinimide sodium
salt (s-NHS) (4 equivalents with respect to the carboxylate
groups). The activation reactions were performed in 10 mmol/L
phosphate-buffered saline (PBS) solution (pH adjusted to 5.5) at
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4°C for 2 h under gentle stirring. The s-NHS-SCKs were separated
from excess EDC and s-NHS by Centricon YM-100 and the
residues were extensively washed with PBS solution. The acti-
vated esters were reconstituted in 10 mmol/L PBS (pH 7.4) and
then functionalized with TETA-NH, (4 equivalents with respect to
the carboxylate groups). The solution pH was adjusted to 8, and
then the reaction mixtures were gently stirred at 4°C overnight.
After TETA conjugation, the nanoparticle solutions were again
concentrated by Centricon YM-100 and the residues were exten-
sively washed with PBS to ensure complete separation from the
unreacted TETA-NH,. Finally, the residues were reconstituted to
0.2-0.3 mg/mL solutions in 10 mmol/L PBS, pH 7.4, and stored at
4°C for further use.

Radiolabeling of TETA-SCK Conjugates with %4Cu

%4Cu chloride (typically in 0.1 mol/L HCI) was converted to
64Cu acetate by adding 100 pL of 0.1 mol/L ammonium acetate
buffer, pH 6.5. To 500 pL of the TETA-SCK solutions (in 10
mmol/L PBS, pH 7.4, containing 0.05% Tween 20), 50 pL of %Cu
acetate was added (~185 MBq). The resulting solutions were
incubated at 43°C for 2.5 h in a thermomixer (1,000 rpm). After
incubation, the *Cu/TETA-SCK solutions were added with 5 L
of 10 mmol/L. diethylenetriaminepentaacetic acid (DTPA) and
incubated for 10 min at room temperature. Radiochemical purity
(RCP) of the %Cu-labeled SCKs was determined by thin-layer
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chromatography (TLC) analysis after DTPA challenge, Centricon
concentration, and washing. The solutions were spotted on silica
gel TLC plates (Fisher Scientific), which were developed in meth-
anol/10% ammonium acetate (v/v, 1:1) and analyzed by a Bioscan
200 imaging scanner (Bioscan Inc.). The ®*Cu-labeled SCK re-
mained at the origin, whereas the residual %*Cu-DTPA complex
migrated with an Ry of 0.5 (labeling yield, 15%-20%, decay
corrected; RCP, >95%). The products were then diluted with
0.05% Tween 20 solution in 10 mmol/L PBS, pH 7.4, to prepare
appropriate doses for biodistribution and autoradiography studies.

Cell Culture

KB cells, a human nasopharyngeal epidermal carcinoma cell
line overexpressing the FR (34), were obtained from American
Type Culture Collection and cultured continuously as a monolayer
at 37°C in a humified atmosphere containing 5% CO, in folate-
deficient modified Eagle’s medium (FDMEM) (a folate-free mod-
ified Eagle’s medium supplemented with 10% [v/v] heat-inacti-
vated fetal bovine serum as only source of folate) containing 2
mmol/L L-glutamine.

Athymic Mouse Tumor Model

All animal studies were performed in compliance with guide-
lines set by the Washington University Animal Studies Committee.
Three- to 4-wk-old female athymic nu/nu mice (Charles Rivers
Laboratories) were used. After 1 or 2 wk on a folate-deficient
rodent chow diet (ICN Biochemicals), mice were inoculated sub-
cutaneously with 0.1 mL of KB cell suspension (1 X 10° cells per
mouse) into the nape of the neck. SCK biodistribution studies were
performed 1 wk after tumor cell implantation, when tumors
reached ~10- to 100-mg weight. For autoradiography studies,
tumors were allowed to grow for 2 wk until they reached a 0.3- to
0.6-g weight. In both cases, mice were on a folate-deficient diet for
3 wk before radiotracer administration. Experiments with compet-
itive block of the FR were performed by feeding the mice a normal
rodent chow for 24 h and by administering them free folic acid (1
mg/100 wL 0.2 mol/L NaHCOs, by intraperitoneal injection) 24 h
and 1 h before radiotracer administration.

In Vitro Cell Studies

KB cells in FDMEM were transferred to 33-mm culture dishes
at 3 X 10° cells per dish 24 h before the assay. The cells were then
rinsed with PBS (1 mL) and incubated for 4 h at 37°C or 4°C with
10 pg/mL of FTSC-SCK-folate diluted in culture medium. In free
folate competition studies, 1 mmol/L folic acid was added to the
incubation medium. After washing with PBS (3 X 1 mL) to
remove free nanoparticles, cell-associated fluorescence was im-
aged by epifluorescence microscopy (Olympus IX-70 inverted
microscope; Hitschfel Instruments Inc.). An argon laser for FTSC
excitation at 488 nm was used for imaging.

Biodistribution Studies

%4Cu-Labeled SCK and SCK-folate were diluted with 0.05%
Tween 20 solution in 10 mmol/L PBS, pH 7.4. The KB tumor cell
xenograft-bearing mice weighing 20-25 g (n = 4 per time point)
were anesthetized with isoflurane and injected intravenously with
370-440 kBq of labeled nanoparticles (3—5 mg/kg mouse weight)
in 100 pL via the tail vein. The mice were anesthetized before
sacrifice (by cervical dislocation) at each time point. Organs of
interest were removed and weighed, and sample radioactivity was
measured. Standards were prepared and measured along with the
samples to calculate the percentage injected dose per gram of
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tissue (%ID/g) and the percentage injected dose per organ (%ID/
organ).

Autoradiography Studies

A 100-p.L solution containing 1.85 MBq ®*Cu-labeled SCK or
SCK-folate (~5 mg/kg mouse weight) was administered intrave-
nously to KB tumor cell xenograft- bearing mice anesthetized with
isoflurane (n = 2). The mice were then allowed access to food and
water ad libitum. At 23 h after injection, the mice were anesthe-
tized again and administered '®F-FDG (18.5 MBq in 100 pL)
intravenously. At 24 h after injection, the mice were anesthetized
and sacrificed by cervical dislocation. KB tumors were resected
and sliced into 1-mm sections. Digital autoradiographs defining the
intratumoral distribution of '8F radiotracer were collected (Can-
berra Packard Instant Imager; Canberra Industries Inc.) in a 2-min
acquisition period shortly after the tumor was sectioned. After a
20-h delay, %*Cu images were collected with a 6-h acquisition
period.

RESULTS

Synthesis and Functionalization of SCKs

Micelles were assembled from amphiphilic block copol-
ymer PAAg;-b-PMA ¢, which was prepared by sequential
atom transfer radical polymerization of fert-butyl acrylate
and methyl acrylate, followed by acidolysis of the fert-butyl
esters (Fig. 1). Shell cross-linking of the micelle was
achieved by intramicellar conversion (20%) of available
acrylic acid residues in the shell layer to amides, which was
accomplished by the carbodiimide-mediated reaction with a
diamino crosslinker. A previously prepared folate-PEG; goo-
amine was then used for the conjugation of the folic acid
group onto the SCKs (/7). A PEG, 4 spacer was used to
provide for the folate groups to be bioavailable for interac-
tion with the FR. A fraction (1%) of the available COOH
groups of SCKs was activated with 1-(3’-dimethylamino-
propyl)-3-ethylcarbodiimide methiodide and then allowed
to undergo reaction with folate-PEG; go-amine. This re-
sulted in nominally 90 folates per SCK nanoparticle. De-
tailed characterization of the nanoparticles was performed
by multiple analytic techniques, such as dynamic light scat-
tering (DLS), transmission electron microscopy, electro-
phoretic light scattering (ZETA potential measurements),
ultraviolet-visible spectroscopy, fluorescence spectroscopy,
and so forth.

In Vitro Binding Studies

SCK-folate nanoparticles were labeled with FTSC and
cell uptake was evaluated by epifluorescence microscopy
after incubation of KB cells with 10 g of nanoparticles at
37°C and 4°C. After 4 h of incubation at 37°C, folate-
conjugated SCKs were found to bind KB cells and the
fluorescence images suggest the presence of FTSC-SCK-
folate—containing vesicles within the cytoplasm (Fig. 2A).
After 4 h of incubation at 4°C, uptake of folate-conjugated
SCKs on the KB cell surface was clearly visible, but no
fluorescent vesicles were observed inside the cell (Fig. 2C).
In both cases, FTSC-SCK-folate uptake could be blocked if
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FIGURE 2. Fluorescence micrographs of KB cells incubated
for 4 h at 37°C (A and B) and 4°C (C and D) with FTSC and
folate-conjugated SCKs (10 ng FTSC-SCK-folate per 33-mm
culture dish, plated with 3 X 10° cells per dish 24 h before
assay). Incubation at 4°C led to surface uptake of FTSC-SCK-
folate onto KB cells (C), whereas fluorescent endocytotic vesi-
cles are visible inside the cells after 4 h of incubation at 37°C (A).
At both incubation temperatures, excess folic acid (1 mmol/L)
competitively inhibited FTSC-SCK-folate cell uptake (B and D).

free folate (1 mmol/L) was added to the binding medium
during incubation (Figs. 2B and 2D).

Radiolabeling of SCKs with ¢4Cu

TETA-SCK and TETA-SCK-folate were effectively ra-
diolabeled with %*Cu acetate under mild reaction conditions
(2.5 h at 43°C, pH 7.4). DTPA was added to the labeling
mixture to remove the nonspecifically bound ¢*Cu from the
SCK surface. Centricon concentration followed by 2 rinsing
cycles (with 0.05% Tween 20 in 10 mmol/L PBS) afforded
both ®Cu-labeled nanoconjugates with a high RCP (>95%),

as confirmed by radio-TLC analysis. The final labeling yield
was 15%-20%, decay corrected.

Biodistribution Studies

Tables 1 and 2 present a summary of the biodistribution
data for the %*Cu-TETA-SCK-folate and *Cu-TETA-SCK
conjugates in athymic nu/nu mice bearing small KB tumor
cell xenografts (~10-100 mg). Twenty mice were admin-
istered each radiolabeled nanoparticle. After intravenous
injection, blood clearance was rapid and, after 10 min, blood
uptake was constant (~2-3 %ID/g) over the considered
time points. For both nanoparticles, the highest %ID went to
organs of the RES. Both SCKs were taken up rapidly by the
liver (56.0 = 7.1 %ID/g and 45.7 %= 3.5 %ID/g at 10 min
after injection for SCK-folate and SCK, respectively) and
were then slowly cleared through the intestine (21.5 *= 2.9
%ID/g and 26.9 = 3.9 %ID/g liver uptake at 24 h after
injection for SCK-folate and SCK, respectively). Similarly,
spleen uptake was high shortly after nanoparticle adminis-
tration (18.3 = 6.3 %ID/g and 11.5 = 2.5 %ID/g at 10 min
after injection for SCK-folate and SCK, respectively) and
then slowly decreased over time (4.7 £ 1.0 %ID/g and
4.5 = 0.6 %ID/g at 24 h after injection for SCK-folate and
SCK, respectively). %*Cu-Labeled SCKs were found to ac-
cumulate in lungs at 10 min after injection (39.7 = 5.1
%ID/g and 32.5 £ 14.0 %ID/g for SCK-folate and SCK,
respectively). However, unlike the liver and spleen, lung
uptake of the SCK-folate was found to rapidly decrease
within 1 h after injection (10.9 % 3.8 %ID/g; P = 0.0001)
and then remained constant throughout the rest of the ex-
periment. Lung uptake of the SCK alone showed a similar
profile, with a slightly slower clearance compared with the
folate conjugate (15.0 = 4.1 %ID/g and 12.7 = 1.8 %ID/g
at 1 and 24 h after injection, respectively). Among the
non-RES organs, kidneys showed the same level of SCK-
folate uptake over time (~8-10 %ID/g), whereas heart
uptake slightly increased from 2.3 % 0.2 %ID/g at 10 min
after injection to 4.3 *= 0.5 %ID/g at 24 h after injection.
SCK uptake in these organs was slightly higher, yet with
similar time distribution profiles.

TABLE 1
Biodistribution Data of #4Cu-TETA-SCK-Folate in KB Tumor Cell Xenograft-Bearing Athymic Nude Female Mice (n = 4)
%ID/g %ID/organ

Biodistribution 10 min 1h 4 h 24 h 10 min 1h 4 h 24 h
Blood 21 *+0.2 21 *+02 25*+0.3 2.6 £ 0.6 3.1x£02 34 *+02 42 +0.3 43 *+0.9
Lung 39.7 £ 5.1 109+38 144*+59 108=*=1.4 51+0.9 1.5+0.2 21+0.9 1.5+0.2
Liver 56.0 £ 7.1 38479 338*x26 215*x29 523=*56 41.7 £ 3.0 341 *£25 2562 *29
Spleen 18.3 = 6.3 10.8 £ 3.2 8.8 + 0.5 47 +1.0 1.5+£04 1.0 £0.3 0.8 £0.2 05*+0.2
Kidney 72*16 8.1+1.8 79*0.8 85*+13 1.2+03 1.3+0.2 14 +0.2 1.5+x04
Muscle 0.8 = 0.1 0.8 *+0.2 09*+0.2 1.0 £ 0.1 72=*05 75*13 86 *+1.7 95*+13
Heart 23+0.2 2.7 0.5 3.7 0.3 43 *+0.5 0.2 £0.0 0.3 £0.1 0.4 £0.0 0.5+ 0.0
Tumor 34+1.2 23+07 59+28 29+ 3.1 0.04 +0.02 0.12*+0.02 0.04 £0.02 0.09 = 0.07

Data are presented as percentage injected dose per gram (%ID/g) and percentage injected dose per organ (%ID/organ) = SD.
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TABLE 2
Biodistribution Data of 64Cu-TETA-SCK in KB Tumor Cell Xenograft-Bearing Athymic Nude Female Mice (n = 4)

%ID/g %I|D/organ
Biodistribution 10 min 1h 4h 24 h 10 min 1h 4h 24 h
Blood 3.3 0.3 2.4 + 0.7 2.6 = 0.8 3.1 0.3 51+04 3.7 = 0.8 3.8=+13 4.8 = 0.2
Lung 325+14.0 150=*x41 138=*=6.6 12.7 £1.8 46+1.8 1.9 +0.3 1.8 +0.9 1.8 = 0.1
Liver 45.7 = 35 353+88 31.8+119 269*+39 456+25 343+73 27.3+10.2 26.1 1.0
Spleen 115 +25 82 +34 4.7 +2.0 4.5+ 0.6 1.0+ 0.2 0.8 = 0.3 04 *+0.2 0.4 =01
Kidney 9.0 + 0.6 8.6 + 2.0 9.5+ 0.8 10.8 = 1.1 1.5+ 0.0 1.4 =04 1.4 +0.3 1.7 = 0.1
Muscle 1.1 +0.1 0.9 +0.2 0.9 +£0.2 14+02 101 *=0.2 8.4 +20 76 +1.9 13.1 £ 2.6
Heart 3.7 = 0.1 40+13 4.7 +1.5 6.2+ 04 0.4 +£0.0 0.5*+0.2 0.4 +0.2 0.6 = 0.0
Tumor 2.2 +0.3 3.2+07 6.0 +1.9 56+09 0.04 =004 0.17+0.07 0.13+0.04 0.18=0.11

Data are presented as percentage injected dose per gram (%ID/g) and percentage injected dose per organ (%lD/organ) = SD.

The tumor targeting obtained with %*Cu-TETA-SCK-fo-
late was highly variable within the groups of mice (Table 1),
with variations not depending on sacrifice time after injec-
tion (3.4 = 1.2 %ID/g, 2.3 = 0.7 %ID/g, 5.9 * 2.8 %ID/g,
and 2.9 = 3.1 %ID/g at 10 min, 1 h, 4 h, and 24 h after
injection, respectively). However, by considering the tumor
weights (1-50 mg) in the animal group sacrificed at 4 h after
injection (Fig. 3A), great variability was observed in tumors
with different size and an inverse correlation between spe-
cific tumor uptake and tumor weight was apparent. Further-
more, by comparing these results with tumor uptake in mice
coadministered with excess folic acid, competitive block of
SCK-folate tumor uptake in FR-overexpressing tumors was
observed. The specific tumor uptake of radiolabeled SCK
was dependent on tumor size as well, although it was less
variable within each animal group compared with the folate
conjugate (2.1 £ 0.3 %ID/g, 3.2 = 0.7 %ID/g, 6.0 = 1.9
%ID/g, and 5.6 * 0.9 %ID/g at 10 min, 1 h, 4 h, and 24 h
after injection, respectively). However, no competitive
block of nanoparticle tumor uptake was observed after
coadministration of ®*Cu-TETA-SCK and excess folic acid
(Fig. 3B).

Autoradiography Studies

The mice used for digital autoradiography were im-
planted subcutaneously with KB cells (1 X 10¢ cells/100
L) 2 wk before the experiment, so that 0.3- to 0.6-g weight

tumors were obtained. Mice were administered intravenous
%4Cu-TETA-SCK-folate or %Cu-TETA-SCK (1.85 MBq,
~5 mg/kg mouse weight) 24 h before sacrifice, to allow
nanoparticle accumulation at the tumor site. Tissue distri-
bution of nanoparticles was compared with "®F-FDG distri-
bution by administering the mice with the '8F-labeled ra-
diotracer (18.5 MBq) 1 h before animal sacrifice and tumor
resection. Homogeneity of '®F-FDG and nanoparticle local-
ization was evaluated on 1-mm tumor sections by acquiring
images shortly after tumor resection and 20 h later, to allow
for 18F decay. The collected images, depicted in Figure 4,
showed nonhomogeneous distribution of both *Cu-labeled
nanoparticles and 'F-FDG within the tumor, with areas
exhibiting no accumulation of either radiotracer. Further-
more, distribution of radiolabeled SCK was not in complete
accordance with '8F-FDG distribution.

DISCUSSION

The studies reported herein focus on the evaluation of cell
uptake, biodistribution, and tumor retention of polymeric
nanoparticles as possible vehicles for drug delivery and
tumor imaging via both the interaction with the FR and the
EPR effect. Small-size SCKs were obtained by crosslinking
the outer shell of micelles deriving from the self-assembly
of amphiphilic diblock copolymers (Fig. 1), as described
previously (32). The average SCK size (20 = 3 nm, DLS)
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FIGURE 3. Dependence of tumor uptake
on tumor size 4 h after injection of 64Cu-
labeled folated (A) and nonfolated (B) SCKs
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FIGURE 4. Dual-tracer autoradiographs demonstrate regional
concentration of 64Cu-labeled folated (A) or nonfolated (B) SCKs
in mice bearing 0.3- to 0.6-g KB xenografts. Tumors were
resected and sectioned into 1-mm slices 1 h after '8F-FDG
administration and 24 h after administration of ¢4Cu-radiola-
beled SCKs. Images of '8F-FDG distribution were collected
shortly after tumor resection, whereas distribution of éCu-la-
beled SCKs in the same slices was imaged with a 20-h delay.
Both tumors exhibit scattered necrotic regions (no radiotracer
uptake).

and the hydrophilic surface (polyacrylic acid) were con-
sidered suitable for passive tumor targeting, based on
published studies on long-circulating nanoparticles
(1,3,4). Furthermore, we functionalized the SCK surface
with folic acid to evaluate receptor-mediated tumor tar-
geting with SCKs (17).

The FR is an attractive molecular target for radionuclide
and drug delivery, since it is overexpressed by a panel of
human cancers (23,24) and, in particular, by >90% of
ovarian carcinomas, where receptor levels increase with
tumor aggressiveness and grade (26).

A poly(ethylene glycol) (PEG) spacer with 34 repeat
units (molecular weight, 1,600 Da) was introduced with the
folic acid. Total numbers of ligands attached to the shell
surface of these nanoparticles is another important param-
eter to achieve greater efficiency of interaction of nanopar-
ticles with the cell-surface receptors. A theoretic calculation
based on a procedure reported in the literature (35) showed
that a total number of 20-70 folate-PEG, ¢ is required to
completely cover the surface of these 20 = 3 nm nanopar-
ticles. As a consequence, we functionalized 1% of the
available COOH groups on the SCK surface, thus obtaining
a nominal number of 90 folate-PEG, 4oy per SCK, which is
within the calculated range of the ligands to cover the whole
surface.

Conjugation of FTSC on the nanoparticle surface allowed
direct visualization of SCK-folate uptake in tumor cells in
vitro by means of epifluorescence microscopy. The fluores-
cence images in Figure 2 show KB cells after 4 h of
incubation in a solution containing FTSC-SCK-folate at
37°C (Fig. 2A) and at 4°C (Fig. 2C). In both cases, SCK-
folate uptake on the cell surface is clearly visible. However,
after incubation at 37°C, brightly fluorescent spots were
visible inside the cells, suggesting the presence of SCK-
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folate in endocytotic vesicles. In contrast, after incubation at
4°C (temperature at which internalization is inhibited), no
intracellular vesicles were visible and fluorescence was
mainly limited to the cell surface. Furthermore, SCK-folate
uptake at both 37°C and 4°C could be blocked if free folate
(I mmol/L) was added to the FTSC-SCK-folate solution
during incubation (Figs. 2B and 2D). These findings con-
firm FR-mediated interaction between SCK-folate and
FR-overexpressing tumor cells and suggest FR-mediated
endocytosis in vitro, as previously observed for folate-
conjugated liposomes (22) and other nanoparticles (20).

%4Cu radiolabeling of SCK and SCK-folate was straight-
forward after TETA-NH, conjugation. However, significant
adsorption of ®Cu on the SCK surface was observed and a
DTPA challenge was necessary to remove nonspecifically
bound *Cu activity from the nanoconjugates. As a conse-
quence, moderate radiolabeling yields were achieved (15%-—
20%, decay corrected), but the high RCP (>95%, after
DTPA challenge and Centricon purification) and the chem-
ical stability (>60% intact **Cu-TETA-SCK after 24 h of
incubation at 37°C in PBS, as confirmed by radio-TLC
analysis) were considered suitable for in vivo studies.

SCK-folate biodistribution and tumor-targeting capability
were investigated in athymic nu/nu female mice bearing KB
tumor cell xenografts. We chose 1-wk-old, small-size KB
xenografts (~10—100 mg) grown subcutaneously in the
nape of the neck in mice to evaluate the possible use of
nanoparticles to target early-stage solid tumors in vivo.
Mice were kept on a folate-depleted diet before (3 wk) and
during the experiments to achieve plasma folate levels in the
physiologic range normally seen for humans (/8). One day
and again 1 h before each experiment, a group of mice was
administered intraperitoneally excess folic acid to raise the
plasma folate level and to evaluate the effects of competi-
tive block of the FR on the SCK tumor uptake. As shown in
Tables 1 and 2, administration of both folated and nonfo-
lated %*Cu-labeled SCKs led to a rapid and extensive RES
uptake. Folated SCKs showed higher accumulation in liver
compared with nonfolated SCKs, reasonably because of
higher opsonization and macrophage recognition after folate
conjugation or to direct recognition by the liver FR (Kup-
pfer cell receptor—-mediated endocytosis). Both SCK-folate
and SCK exhibited also immediate lung uptake, probably
due to sequestration of some aggregated nanoparticles by
the lung capillary bed after intravenous injection. However,
clearance of radiolabeled nanoparticles from lungs was fast
and lung uptake values at 1 h after injection were in the
range previously observed with other SCKs (data not
shown).

Notwithstanding high RES uptake, the biodistribution
data showed that SCKs had prolonged blood retention prop-
erties. Both folated and nonfolated SCKs were present in the
blood at 24 h after injection (2.6 = 0.6 %ID/g and 3.1 = 0.3
%ID/g, respectively), with a slightly lower blood level of
%4Cu-TETA-SCK-folate compared with the nonfolated con-
jugate due to higher liver uptake. As a result of the pro-
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longed blood circulation, mice treated with radiolabeled
SCKs showed in vivo tumor accumulation of radioactivity.
However, the biodistribution data showed no evidence of
the benefit of folate conjugation on in vivo accumulation of
nanoparticles in FR-overexpressing tumors (Tables 1 and
2). Furthermore, the specific tumor uptake of both nanopar-
ticles exhibited high variability within the groups of mice,
resulting in high SDs.

Lack of selectivity of folate-conjugated nanoparticles and
liposomes over nonfolated conjugates for FR-overexpress-
ing solid tumors has been previously reported by other
researchers (18,19,22,36,37). This is a result of passive
extravasation from the permeable tumor blood vessels (EPR
effect), which is the rate-determining step driving accumu-
lation of long-circulating macromolecules in solid tumors.
However, selective interaction of folated liposomes with
FR-overexpressing cells in vivo has been demonstrated in
ascitic tumor models (37,38).

Our biodistribution results confirm the nonspecific accu-
mulation of nontargeted SCKs in solid tumors, but they also
suggest FR-specific interaction of folated SCKs in small
tumors. In fact, coadministration of excess folic acid led to
competitive block of **Cu-TETA-SCK-folate uptake in KB
xenografts at 4 h after injection (Fig. 3A), whereas it had no
noticeable effect on *Cu-TETA-SCK uptake (Fig. 3B).
Furthermore, SCK tumor uptake was seen to strongly de-
pend on tumor weight: the smaller the tumor, the higher the
specific SCK uptake. This is reasonably due to the presence
of necrotic areas in big, fast-growing solid tumors, which
hamper extravasation of blood-borne long-circulating mol-
ecules. This finding also explains the high variability in
tumor uptake. In fact, tumor size varied considerably within
each group and among different groups of mice used in the
biodistribution study. However, effective uptake in small
tumors is a key feature of potential systems for drug deliv-
ery, since it allows for the diagnosis and treatment of
early-stage neoplasms.

SCK distribution in solid tumors was evaluated by means
of dual-tracer autoradiography. In this series of experi-
ments, we used mice bearing 2-wk-old subcutaneous KB
tumor cell xenografts weighing 0.3-0.6 g. Mice were ad-
ministered %Cu-labeled SCKs and '*F-FDG separately, 24
and 1 h, respectively, before sacrifice. Digital autoradiog-
raphy was then performed on 1-mm tumor slices shortly
after sacrifice and 20 h later, to allow for complete '$F
decay. Within tumor tissues, both %Cu-labeled SCK-folate
(Fig. 4A) and native SCK (Fig. 4B) exhibited a markedly
heterogeneous distribution (which was confirmed in a sec-
ond series of experiments, not reported here). In all tumor
slices, sizeable zones appear that display no accumulation of
either '®F-FDG or nanoparticles and that reasonably corre-
spond to necrotic areas. However, despite the general con-
cordance of regional '8F and ®*Cu accumulation within the
tumor, some areas exhibit accumulation of only one radio-
tracer, either 8F-FDG or ®Cu-labeled SCK. This is due to
the different mechanisms driving the accumulation of the

64Cy-LABELED FOLATE-NANOPARTICLES * Rossin et al.

FIGURE 5. Cross-sectional slice from a tumor generated by
subcutaneous inoculation of a nu/nu athymic mouse with 1 X
108 human KB cells. Tumor mass is enclosed in a capsule (C)
and it is characterized by scattered necrotic regions (N) sur-
rounded by viable tissues (V). (hematoxylin—eosin, X40)

administered radiotracers. In fact, '®F-FDG is a small mol-
ecule that diffuses into tumor tissues and accumulates in
areas of high metabolic activity (39), whereas macromole-
cules extravasate from hyperpermeable blood vessels and
concentrate in vascularized tumor tissues regardless of tu-
mor biochemistry.

Histopathologically, these KB cell tumor xenografts re-
vealed apoptotic foci with macrophage infiltration and scat-
tered necrotic areas (Fig. 5), consistent with autoradio-
graphic findings.

CONCLUSION

We have reported the synthesis and preliminary in vitro
and in vivo evaluation of new folate-conjugated polymeric
nanoparticles, suitable for both active and passive tumor
targeting.

Previously reported procedures for the synthesis of SCKs
were followed with minor modifications, and a global so-
lution-state functionalization strategy has been successfully
developed for attaching optimum numbers of targeting and
imaging agents onto the SCK nanoparticles. Epifluores-
cence microscopy confirmed the specific interaction of
FTSC-conjugated SCK-folate with FR-overexpressing tu-
mor cells in vitro. After TETA conjugation, we developed a
simple method to radiolabel SCK and SCK-folate with %*Cu,
which allowed us to perform in vivo biodistribution and
autoradiography studies. Altogether, these studies con-
firmed that nanoparticle accumulation in solid tumors is
achievable and that it is driven mainly by the EPR effect. In
fact, both folated and nonfolated SCKs exhibited similar
tumor uptake and distribution. However, FR-mediated up-
take of SCKs in very small tumors was observed, suggesting
the possible use of radiolabeled SCKs as drug delivery
systems for imaging and treatment of early-stage tumors.
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Although the focus of the current study has been on *Cu
labeling and FR targeting, the same strategy also applies to
other imaging or therapeutic agents and molecular targets.
SCKs are versatile and multivalent platforms, as their sur-
face can be easily functionalized with a panel of different
ligands, chelating systems, prodrugs, genes, and so forth, for
a more broad-spectrum targeting approach.
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