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ABSTRACT In this work we describe the formulation and characterization of chemically modified

polymeric nanocapsules incorporating the anticancer drug, quercetin, for the passive and active

targeting to tumors. Folic acid was conjugated to poly(lactide-co-glycolide) (PLGA) polymer to facilitate

active targeting to cancer cells. Two different methods for the conjugation of PLGA to folic acid were
employed utilizing polyethylene glycol (PEG) as a spacer. Characterization of the conjugates was
performed using FTIR and "H NMR studies. The PEG and folic acid content was independent of the
conjugation methodology employed. PEGylation has shown to reduce the size of the nanocapsule;
moreover, zeta-potential was shown to be polymer-type dependent. Comparative studies on the
cytotoxicity and cellular uptake of the different formulations by Hela cells, in the presence and absence

of excess folic acid, were carried out using MTT assay and Confocal Laser Scanning Microscopy, respectively. Both results confirmed the selective uptake and
cytotoxicity of the folic acid targeted nanocapsules to the folate enriched cancer cells in a folate-dependent manner. Finally, the passive tumor
accumulation and the active targeting of the nanocapsules to folate-expressing cells were confirmed upon intravenous administration in HeLa or IGROV-1

tumor-bearing mice. The developed nanocapsules provide a system for targeted delivery of a range of hydrophobic anticancer drugs in vivo.
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micronic nanoparticulate carriers com-

posed of an oily core surrounded by
a polymeric shell with lipophilic and/or
hydrophilic surfactants assembled at the
interface.’ The main advantages of poly-
meric NCs include the possibility of loading
high amount of water insoluble drug mol-
ecules into the oil core, their physicochemical
stability, and protection against enzymatic
degradation due to the presence of the
polymeric wall. It is proposed that NCs could
also reduce toxicity and improve the phar-
macokinetic profile of hydrophobic drugs.®
It is thought that NCs with appropriate size
and surface properties can accumulate in

P olymeric nanocapsules (NCs) are sub-
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solid tumors by the enhanced permeability
and retention (EPR) effect, and thus, can
exhibit enhanced anticancer activity and
reduced side effects. In addition, NCs offer
advantages of ease of modification of their
surface properties via chemical modifica-
tion of its constituting polymers. It is postu-
lated that appropriate modification of the
surface of these carriers may resultin a more
efficient targeting of the bioactives. How-
ever, little work has been done concerning
the surface modification of polymeric oil-
cored NCs especially those involving cova-
lent linkage of moieties for the passive or
active targeting to tumor tissues and for
imaging purposes. Covalent linkage of the
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surface polymer to polyethylene glycol (PEG) can
provide protection of the nanocapsules against recog-
nition by opsonins thus allowing prolonged blood
circulation profile which is a prerequisite to achieve
the EPR effect and then active targeting of tumor cells.
PEGylated PLGA copolymers have shown extended
blood circulation times and reduced liver accumulation
in mice.'**® Covalent conjugation of specific ligands
such as folic acid (FA) could provide active targeting
and enhanced uptake of the nanocapsules by tumor
cells overexpressing folate receptors while sparing
healthy tissues thus increasing tumor cells specificity,
improving drug efficacy and reducing its associated
side effects.

Quercetin (3, 3/, 4, 5, 7-pentahydroxyflavone) is a
naturally occurring flavonoid found in plants.® It has
been recently extensively investigated for its biological
activities, such as anti-inflammatory, antioxidant, he-
patoprotective activities, antitumor and antiprolifera-
tive effects on a wide range of human cancer cell
lines.5~° The mechanism of its antitumor and antipro-
liferative effect was demonstrated to occur via glyco-
lysis and macromolecules synthesis inhibition in
addition to inhibition of enzymes such as matrixme-
talloproteinases (MMPs), NaKATPase, protein kinase C,
tyrosine kinases, and pp60 kinase.'®~'* Moreover, it
was reported to inhibit heat shock protein 70 (HSP70)
synthesis and expression in tumor cells. Quercetin
could also potentiate the action of some cytotoxic
agents such as cisplatin.®'* As a result, quercetin was
considered as a promising candidate for clinical trials.
An obstacle toward the introduction of quercetin in
clinical trials is its extreme water insolubility. Many
attempts have been made by researchers to facilitate
its administration by using dimethyl sulfoxide (DMSO)
as a vehicle.'* However, DMSO safety is questionable
as it carries risks of vasoconstriction and neurological
toxicity, in addition to liver and kidneys toxicity.5® In
another approach, a water-soluble derivative of quer-
cetin has been synthesized, but a bioavailability of only
20% was obtained.'” Various techniques have also
been used to improve quercetin's aqueous solubility
via complexation with cyclodextrins'® for example. In
addition, liposomal formulations have previously been
reported.® Nevertheless, the use of cyclodextrins was
reported to have a risk of nephrotoxicity, while stability
problems during storage were experienced in case of
liposomes.!” Therefore, there is still an unmet need for
formulating a safe, stable, and efficient delivery system
that is capable of solubilizing quercetin to allow its
administration in vivo.2

In this work, various types of modified PLGA deriva-
tives were synthesized with the aim of preparation
of passively and actively targeted NCs. The lipid solu-
ble drug quercetin was encapsulated in the oil-
cored polymeric NCs and the physicochemical char-
acterization of these formulations was performed.
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The cytotoxicity profile, targeting, and cellular up-
take properties of PEGylated NCs (FA-targeted or
non-FA-targeted) were tested in folate expressing
HeLa cell line. The passive accumulation of both
types of NCs in HeLa and IGROV-1 xenografts was
shown in vivo after intravenous administration in tumor-
bearing mice. The FA-targeted NCs demonstrated active
targeting in addition to their passive accumulation in
folate-enriched tumors in vivo.

RESULTS

Confirmation of Conjugates Formation by FTIR and "H NMR.
In this study, we aimed to synthesize PEGylated
FA-targeted PLGA conjugates which can be used
to formulate PEGylated FA-targeted NCs capable of
encapsulating quercetin for subsequent cancer target-
ing and delivery. Two methods for the synthesis of
PEGylated FA-targeted PLGA conjugates were per-
formed, as schematically presented in Scheme 1. In
the first method, PLGA-COOH was reacted with excess
PEG bis-amine to form PLGA-NH-PEG-NH, conjugate
(conjugate 3). Excess PEG bis-amine was used to pre-
vent formation of PLGA-NH-PEG-NH-PLGA dimers
as the second COOH was needed to conjugate FA
(targeting moiety). The excess unreacted PEG bis-
amine was removed by dialysis against deionized
water while the excess dicyclohexylcarbodiimide (DCC),
N-hydroxysuccinimide (NHS) and dicyclohexylurea (DCU)
were removed by precipitation of the polymer in diethyl
ether where the byproducts remain soluble. Character-
ization of PLGA-NH-PEG—NH, (Conjugates 3) was per-
formed by FT-IR and 'H NMR. The presence of free NH,
group in the synthesized polymer was confirmed by
Ninhydrin/Kaiser test (data not shown). FT-IR chart
(Figure 1, inset) confirmed the conjugation of PEG to
the activated PLGA-COOH through the appearance of
vibration frequencies at 1621 cm ™' (amide C=0) and
1563 cm™' (N—H bond) that were absent in PLGA-
COOH and PEG bis-amine charts (Figure S1AB). 'H
NMR also confirmed the presence of PLGA and PEG
protons on the NMR spectra (Figure 1A).'® The appear-
ance of peaks at 1.6, 4.8, and 5.2 ppm in '"H NMR
(Figure 1) charts were related to the CHs, CH, and CH,
protons of PLGA, respectively. The peak at 3.6 ppm
accounted for the CH, protons of PEG blocks. PLGA-
PEG polymer was washed with a solution of 0.1 M HCl
in order to confirm that the FT-IR was reflecting the
covalent amide bond and was not an artifact of electro-
static interaction. The obtained solid was studied by
FT-IR and the spectrum was compared with the physical
mixture of PLGA + PEG and PLGA-PEG polymer before
washing with HCI. As shown in Figure S2, amide bands
are observed at 1550 and 1650 cm ™" before and after
washing with acidic solution. However, for the physical
mixture, these bands were weaker and shifted to lower
wavenumbers confirming the formation of an amide
linkage between PLGA-COOH and PEG bis amine.
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Scheme 1. Synthesis of the modified and unmodified conjugates using 2 synthetic approaches. Conjugate 3 (PLGA;gxpa-
PEG; skpa-NH;) contained no targeting moiety (FA), while the modified conjugates 5 and 7 (PLGA;gkpa-PEGs skpa-NH-FA)

contained equal amount of PEG3 s¢p, and FA.

Conjugate 3 was further reacted with FA (1:5), com-
pound 4, yielding PLGA-HN-PEG-NH-FA (conjugate 5).'82°
Removal of unreacted excess FA was performed
by Gel Permeation Chromatography (GPC) using
SephadexLH-20 column where unreacted FA got
trapped in the column while the polymer (PLGA-
NH-PEG-NH-FA) eluted the column by size exclusion
using DMF as a mobile phase. FTIR and 'H NMR are
shown in Figure 1.

In the second preparation method, PEG bis-
amine was first reacted with FA (1:1). H,N-PEG-NH-FA
(conjugate 6) was purified by elution through SP-
SephadexC25 column.?' The presence of monofunc-
tionalized H,;N-PEG-NH-FA was confirmed by Ninhy-
drin test (data not shown). Conjugation of FA to PEG
bis-amine was confirmed by FT-IR (Figure S1C) through
the appearance of vibration frequencies at 1621 cm ™'
(amide C=0) and 1563 cm™' (N—H bond) and the
decrease in the amine bond vibration at 3400 nm
indicating coupling of one of the amine terminals.
Conjugate 6 was then reacted with the activated form
of PLGA-COOH resulting in the formation of PLGA-HN-
PEG-NH-FA (conjugate 7). Conjugate 7 was character-
ized by FT-IRand "H NMR (Figure 1C). FT-IR showed the
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appearance of vibration frequencies at 1621 cm™'

(amide C=0) and 1563 cm™' (N—H bond). '"H NMR
indicated the presence of PLGA protons (1.6, 4.8, and
5.2 ppm) in addition to PEG protons (3.6 ppm) in con-
jugate 7. FT-IR and '"H NMR of the precursors PLGA-
COOH (compound 1), PEG bis-amine (compound 2) are
shown in Figure S1. Kaiser test (Ninhydrin) was used
to detect the presence of free amino group in con-
jugates 3 and 6.>2% We obtained free amines values of
47.5 and 270 umol/g polymer for conjugates 3 and 6,
respectively. The latter has a higher value as it consists
only of PEG which is smaller in MW than the PLGA-PEG
so higher free amine content per gram was obtained.
The conjugates were then freeze-dried. Combination
of FT-IR, "H NMR and UV—vis spectrophotometry alto-
gether confirmed the chemical conjugation and for-
mation of required conjugates.

Quantification of PEG and FA Contents in the Conjugates. To
ensure that all PEGylated conjugates contained equiv-
alent amount of PEG, the PEG content in conjugates 3,
5, and 7 was measured using BaCl,/l, colorimetric
assay as described in Supporting Information.>*?
The three conjugates were found to have similar PEG
content ranging from 14.8 to 16% of the total polymer
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Figure 1. Characterization of the synthesized conjugates by NMR and FT-IR. '"H NMR spectra (CDCl;) and FT-IR spectra
(ATR mode) of (A) conjugates 3 (PLGA;gkpa-PEGs skpa-NH3) and (B and C) conjugates 5 and 7 (PLGAgkpa-PEGs skpa-NH-FA),
respectively. Insets show enlargement of amide region (1700—1200 cm™").

TABLE 1. Characterization of PLGA Conjugates

polymer PEG content” (w/w %) folic acid content? («mol/g)
Conjugate 3 14.81 £ 436 -
Conjugate 5 1522 + 449 47.50 + 2.89
Conjugate 7 16.00 £ 1.87 41.50 + 12.02

“ Determined by BaCl,/l, colorimetric assay. ® Determined by spectrophotometric
assay.

weight. The amount of FA in conjugates 5 and 7 after
purification was measured spectrophotometrically at
365 nm (Table 1). The two conjugates were found to
have similar FA content of 41—47.5 umol FA/g poly-
mer. This further confirmed that both conjugation
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strategies were able to incorporate equal amount of
PEG and FA into the conjugates. A summary of PEGand
FA contents in the conjugates is presented in Table 1.

Formulation and Physicochemical Characterization of the
Nanocapsules. After synthesis and confirmation of the
structures of the conjugates, NCs were formulated
from their respective polymers. Formulations prepared
include (a) the non-PEGylated, non-FA targeted, NC 1;
(b) PEGylated, non-FA targeted, NC 3; (c) PEGylated, FA-
targeted, NC 5 (synthetic method A) and (d) PEGylated,
FA-targeted, NC 7 (synthetic method B). All formula-
tions were prepared using the interfacial deposition
method.?® Particle size, polydispersity index, zeta-
potential measurements and drug encapsulation
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TABLE 2. Physicochemical Characterization of PLGA Based nanocapsules

formulation particle size &= SD” (nm) PDI + SD zeta-potential £ SD (mV) encapsulation efﬁ(iency" (EE%)
ncl 153.0 £ 43 0.11 £ 0.01 —46.2 £ 1.5 98.10 4= 0.28
nc3 1431+ 17 0.13 & 0.01 —3294+18 99.00 + 0.42
ncs 1550 £ 1.2 0.19 & 0.01 —40.0 0.9 97.8 +0.14
nc? 1552 £ 1.6 0.19 £ 0.01 —434 £+ 3.0 97.85 + 0.21

“Measured by dynamic light scattering. ° Calculated as a percentage of the drug added determined by spectrophotometry.
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Figure 2. AFM measurements of the different NCs prepared. The 3D, amplitude, phase image and cross-section analysis
of NC 1, NC 3, and NC 5. The different NC formulations were filtrated through a Sephadex PD-10 column and dispersions of
100 xg/mL were prepared. Tapping mode AFM analysis (TM-AFM) on the poly lysine coated mica substrates were carried out
in air at 25 °C. The average sizes obtained were similar for all the preparations. The average height values obtained from cross
section were less than 6 nm for the different nanocapsule prepared.

efficiency of the different formulations are described
in Table 2. The hydrodynamic size of all formulations
ranged between 143 and 155 nm. A significant de-
crease (p < 0.05) in average size was observed in case
of the PEGylated non FA targeted compared to the
non-PEGylated formulations by dynamic light scatter-
ing. The polydispersity index was lower than 0.2 in all
formulations conferring the homogeneity of all the
preparations.

The negative zeta-potential imparted by the PLGA
polymer and lecithin (Table 2) was slightly masked by
the presence of PEG chains decreasing zeta-potential
significantly from —46.2 to —32.9 (p < 0.001).2”% The
presence of FA increased the values of zeta-potential
again to —40.0 and —43.4 mV in NCs 5 and 7, respec-
tively, presumably due to presence of free carboxylic
groups of FA (p < 0.001). Similar size and zeta-potential
of NCs 5 and 7 was obtained further confirming a

EL-GOGARY ET AL.

similar behavior of both polymers synthesized using
two chemical approaches. Since NC 5 and NC 7
exhibited similar physicochemical characteristics, the
former was used in the rest of in vitro investigations.

The encapsulation efficiency (EE%) of the drug in
NCs, shown in Table 2, ranged from 97 to 99% due to
the high solubility of the drug in the oil core and its very
low aqueous solubility. The encapsulation of quercetin
in NCs neither significantly affected the mean diameter
nor the zeta-potential values of the nanocapsules
(data not shown). Removal of unencapsulated drug
was carried out using Nanosep membrane filtration
method.?

AFM was used to elucidate the structural character-
istics of the nanocapsules formulated in this work. AFM
allows the measurement of the size of the nanocap-
sules in a partially dried state. A droplet of poly lysine
was deposited on freshly cleaved mica surface for
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Figure 3. Cryo-transmission electron microscopy. (A) A 2D
projection image which is part of the tilt series of an image
that was acquired at cryo conditions. A 3D visualization of
the outcome of the 3D reconstruction is presented in (B). A
slice through the 3D reconstructed volume is presented in
(C) which enables one to investigate the inner structure of
the capsules; most of them are filled, but also hollow NCs
(indicated by the white arrow) and other of multilamellar
vesicular nature were observed (indicated by the open arrow).

2 min and then dried with air, followed by the deposi-
tion of a droplet of the nanocapsule sample. The
different formulations were studied in air, using tap-
ping-mode AFM. The nanocapsules showed a homo-
geneous distribution in size, height and in three-
dimensional images shown in Figure 2 and Figure S3.
The average sizes obtained were 56.55 + 8.35 nm
(n =40, NC 1), 6047 + 86 nm (n = 40, NC 3) and
59.03 4 8.79 nm (n = 40, NC 5). The sizes obtained for
the different NC preparations were similar, however,
the height was remarkably reduced as obtained from
the cross-section analysis for all the formulations: NC 1
(3.5+0.37nm),NC3(5.28 + 1.22nm) and NC5 (4.44 +
1.45 nm). The presence of a halo at the edge of the NC
in the AFM images is supportive of the hypothesis that
the polymeric shell surrounds the oily core.

The NCs were also imaged by electron tomography
in order to investigate their 3D morphology. To study
the nanocapsules in their original hydrated state, these
experiments were carried out under cryo conditions
using a sample in which the NCs are embedded in a
layer of vitreous ice. During electron tomography, a tilt
series of 2D images was acquired and combined into a
3D reconstruction of the sample. The results for sample
NC 3 are presented in Figure 3, showing a 2D projec-
tion image from the tilt series in Figure 3A. A visualiza-
tion of the 3D reconstruction is presented in Figure 3B
and movies are provided in the Supporting Information
(Movies S1 and S2). NCs with spherical morphology and
different diameters can be clearly observed. Since the
spherical morphology is confirmed, the average sizes
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from 2D images were measured. The average di-
ameters were found to be 115 + 48 nm (n = 85, NC 1)
and 84 £ 55 nm (n = 85, NC 3). These measurements
were in agreement with the AFM data but were smaller
than hydrodynamic diameters obtained by dynamic
light scattering (Table 2). Electron tomography also
enables one to investigate the inner structure of the
NCs. A slice through the 3D reconstruction is presented
in Figure 3C. Interestingly, empty capsules were found
as indicated by the white arrow in Figure 3C and
some of the NC exhibited a multilamellar vesicular
nature of liposomes (indicated by the open arrow in
Figure 30).

Shelf Life Stability and Drug Release Studies. It was shown
that the three formulations: NC 1, NC 3 and NC 5
exhibited similar release profile in the presence or
absence of serum up to 1 h (Figure 4). In case of serum
absence, a total of 40—50% of the drug was released
over the first 24 h with no significant differences seen
among the three formulations. In the presence of
serum, approximately the same release values were
obtained up to 8 h incubation period for the formula-
tions NC 5 (54% =+ 1.33) and NC 3 (51% £ 0.76). NC 1,
however, showed faster release profile (72% =+ 0.32)
than the PEGylated NCs (p < 0.001). Such results indi-
cated a higher stability of PEGylated nanocapsules
(NC 3 and NC 5) compared to the non-PEGylated pre-
paration (NC 1) in serum presence. The difference
remained significant (p < 0.001) after 24 h incuba-
tion with serum where NC 1 exhibited the highest
release rate (87% =+ 3.05) followed by NC 5 (73% +
2.03) then NC 3 (79% = 0.67). On the other hand, DMSO
control showed rapid release of the drug into the
dialysate with more than 50% of the drug being
released within the first half an hour, as expected
(Figure 4).

In terms of shelf life stability, no significant changes
in hydrodynamic sizes and zeta-potential values were
observed in all NCs formulations even after 3 months of
storage at 4 °C, as shown in Table S1. The optimum
shelf life stability and high EE% of these NCs in addition
to the optimum particles size of both modified and
unmodified PLGA formulations were very encouraging
that further studies were carried out to determine the
candidacy of these NCs formulations for targeting and
delivery of the drug quercetin to folate-enriched can-
cer cells in vitro.

Cellular Cytotoxicity Studies in Cancer Cell Lines in Vitro.
MTT assay was used to screen the in vitro cytotoxicity of
the quercetin in various types of cancerous cell lines:
Hela cells (cervical-tumor-derived cell line), the CT26
(murine colon carcinoma), C6 (rat glioma) and B16F10
(murine melanoma). Cells were incubated with a range
of drug concentrations (0.001—100 uM) for 48 h. Inter-
estingly, various cell lines responded differently to
drug toxicity with HeLa and CT26 cells being most
sensitive to the drug toxicity (Figure S4). Percentage
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Figure 4. Release profile of quercetin from different NC
formulations. NCs were dialyzed in 1% w/v Tween 80 in
phosphate buffered saline (PBS), pH 7.4, in the presence and
absence of serum of (A) NC 1, (B) NC 3, and (C) NC 5. Drug
concentration in the dialysate was assessed by measuring
the absorbance at 350 nm. To assess serum stability, rat
serum was added to the NC at 33.3% final serum concentra-
tion. A control experiment was set up concurrently in which
the same amount of quercetin was dissolved in DMSO and
dialyzed for comparison.

cell viabilities obtained were 81.70% =+ 5.75 (C6),
56.09% =+ 8.20 (B16F10), 47.08% =+ 8.73 (CT26) and
43.99% =+ 3.95 (Hela) (at 10 uM after 48 h). At the
highest concentration tested (100 #M), no significant
differences in cytotoxicity were obtained between the
three cell lines, CT26, B16F10 and Hela with cell
viability in the range of 11—19% was obtained. CT26
and Hela cells were selected to test the cytotoxicity of
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the nontargeted and targeted NC formulations as a
negative and positive cell lines for FA receptor, respec-
tively. The level of folic acid expression in these cell
lines was validated by quantitative PCR (Figure S5).

The cytotoxicity of different quercetin formulations
was tested in both CT26 and Hela cell lines after 48 h of
incubation in serum containing media. Formulations
tested were the following: (a) the drug alone dissolved
in DMSO; (b) the non-PEGylated, non-FA targeted,
NC 1; (c) PEGylated, non-FA targeted, NC 3; and (d)
PEGylated, FA-targeted, NC 5. Figure S6 showed that
quercetin encapsulation in the NCs did not compro-
mise the drug toxicity in both cell lines and that no
significant difference was shown between the various
formulations at all concentrations tested.

Hela cell line has been reported in the literature as a
model of folate-expressing cells therefore was selected
for testing the cytotoxicity of the drug-loaded NCs
in vitro (Figure $5).3°732 For this purpose, Hela cells
were seeded in FA-free RPMI media for 24 h and then
were incubated with different types of NCs formula-
tions in (a) FA-containing media (200 uM FA) or (b)
FA-free RPMI media, both at 10 uM quercetin for 24 h.
Formulations tested were the following: (a) the drug
alone dissolved in DMSO; (b) the non-PEGylated, non-
FA targeted, NC 1; (c) PEGylated, non-FA targeted, NC
3; and (d) PEGylated, FA-targeted, NC 5. The concen-
tration and time point were selected in this study as the
drug showed to be moderately toxic (40—60%) under
these conditions thus any improvement in cytotoxicity
can be clearly demonstrated. The concentration of FA
supplemented to the media was determined by testing
a range of FA concentrations (1—2000 uM) where
FA concentrations higher than 1000 uM (Figure S4B)
showed intrinsic cytotoxicity to cells thus FA concen-
tration of 200 uM was used in competitive uptake
inhibition studies. Expectedly, in the absence of FA,
significant differences were obtained between the
targeted and nontargeted NC formulations tested
(Figure 5). The PEGylated, FA-targeted NC 5 exhibited
the least cell viability (56.63%) compared to the drug
alone (84.36%), the non-PEGylated non-FA targeted NC
1 (83.22%) and the PEGylated non-FA targeted NC 3
(81.27%) treated cells. In the presence of excess folic
acid, no difference in cytotoxicity profile was shown
among all the formulations. Interestingly, the murine
Colon Cancer CT26 cells, used as a negative cell line
in this study, did not show a statistically significant
difference in the cytotoxicity when treated with
both types of NCs in the presence or absence of FA
(Figure S7). This result further confirmed the selectivity
of formulated NCs in targeting folic acid receptor.

Folate Targeted NCs Demonstrated Enhanced Uptake in Hela
Cells Using Spectrofluorimetry. To understand the mecha-
nisms behind enhanced cytotoxicity of FA-targeted NCs
5 in comparison to other formulations, another experi-
ment was carried out where the NCs was fluorescently
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Figure 5. Cell viability of HeLa cells in the presence of
quercetin nanoformulations in the presence and absence
of FA. Hela cells were seeded in 96-well plates (6K per well)
overnight in FA free media then incubated with the free
quercetin or its nanoformulations at 10 «M drug concentra-
tion for another 24 h using FA-free media (black solid bars)
or FA-supplemented media (at 200 «M FA) (gray solid bars)
as an incubation media. Nanoformulations tested were NC 1
(non-PEGylated NC), NC 3 (PEGylated NC), NC 5 (FA-con-
jugated PEGylated NC). Cell viability was assessed using
MTT assay. Cell viability was expressed as a percentage of
control untreated cells (mean 4+ SD; n = 5). Hela cells
exhibited exceptionally lower cell viability when incubated
with NC 5 in the absence of FA in the incubation media which
was reversed when excess FA was present. ***p < 0.001.

labeled to quantify the uptake of the NCs inside cells.
Fluorescently labeled formulations [(a) the non-PEGy-
lated, non-FA targeted, NC 1; (b) PEGylated, non-FA
targeted, NC 3 and (c) PEGylated, FA-targeted, NC 5]
were prepared by incorporating the lipid soluble fluor-
escent dye, 1,1'-dioctadecyl-3,3,3'3'-tetramethylindo-
carbocyanine perchlorate (Dil) in the oil core of the
NCs. Dye concentration was optimized so that uptake
of NCs quantities as low as 0.1% of the treatment dose
can be detected in cell lysates. Hela cells were seeded
in folate free RPMI media overnight. On the day of
treatments, cells were incubated with drug-free NCs
(10 ug/mL) in FA-free or FA-containing media (200 uM
FA), for 1 or 4 h. Cells were lysed and total fluorescence
signals were measured using a plate reader. Confirm-
ing the results of MTT assay, Figure 6 showed en-
hanced cellular uptake of NC 5 compared to NC 3 at
both 1h and 4 h in FA-free medium (p < 0.001). The
uptake of NC 5 into the cells significantly decreased in
the presence of excess FA (p < 0.001). This suggested
that excess FA in the medium prevented NC 5 from
being taken up by the cells through competitive bind-
ing to folate receptors present on the surface of Hela
cells. It is worth mentioning that the same results were
obtained at a higher NCs concentration (100 #g/mL)
(Figure S8), indicating the selectivity of the targeted
NCs was preserved even at higher NCs concentration.

Folate Targeted NCs Demonstrated Intracellular Delivery in HeLa
Cells by Confocal Laser Scanning Microscopy (CLSM). To confirm
intracellular delivery of the NCs, HeLa cells were treated
under the same conditions used in fluorescence mea-
surements. Cells were fixed and stained for F-actin
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Figure 6. Quantitative measurement of cellular uptake of
NCs in Hela cells by spectrofluorimetry. Hela cells were
seeded in 96-well plates (6K per well) overnight in FA free
media then incubated with Dil-labeled drug-free nanofor-
mulations at 10 £g/mL NC concentration for for 1 h (A) or4 h
(B) using FA-free media (black solid bars) or FA-supplemented
media (at 200 M FA) (gray solid bars) as incubation media.
Nanoformulations tested were NC 1 (non-PEGylated NC), NC
3 (PEGylated NC), and NC 5 (FA-conjugated PEGylated NC).
At the end of incubation period, cell were rinsed, lysed,
and measured for fluorescence in a FLUOstar OPTIMA plate
reader at 590 nm emission wavelength. Only NC 5 (FA-
conjugated PEGylated NC) showed significantly higher up-
take in Hela cells in the absence of FA. Higher uptake was
observed after 4 h compared to 1 h. No difference in uptake
was obtained between all the formulations in the presence
of excess FA. Results are represented as mean % uptake and
mean £ SD (n = 5). ***p < 0.001.

ng/well

(green) and examined by CLSM. Uptake of the NCs was
confirmed by the presence of red signals (Figure 7 and
Figure S9). Results have confirmed the enhanced cellular
uptake of NC 5 in Hela cells in the absence of FA. No red
fluorescence signals (indicating no uptake) were de-
tected in Hela cells cultured in high-FA medium. Such
results together with total fluorescence measurements
indicated that selective uptake and active targeting of FA-
targeted NCs in cancer cells overexpressing folate recep-
tors have been achieved.

In Vivo and ex Vivo Tumor Uptake Studies. /n Vivo tumor
accumulation of NC 3 and NC 5 was assessed using
DiR-labeled NCs in two folate enriched tumor xeno-
graft models. Whole body imaging was carried out up
to 24 h after injection followed by imaging of excised
tissues. Tumor uptake of NC 3 and NC 5 was clearly
observed in both tumor xenografts when imaged from
the dorsal view (Figure 8A). In contrast to those mice
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Figure 7. Cellular uptake of NCs by confocal laser scanning microscopy (CLSM). CLSM images of FA-deprived Hela cells
incubated with Dil-labeled NC 3 (PEGylated NC) and NC 5 (FA-conjugated PEGylated NC) for 1 h (left panels) or 4 h (right
panels). Cells were deprived of FA for overnight period and during incubation with the NCs. At the end of incubation period,
cell were rinsed, fixed, permeabilized, and subsequently stained with Alexa Fluor 488 phalloidin (green color, F-actin). NC
uptake was indicated by red fluorescence (Dil) inside the cells. Only NC 5 (FA-conjugated PEGylated NC) showed positive
uptake in Hela cells in the absence of FA. Signals were more intense after 4 h compared to 1 h. CLSM images were captured
using a Nikon Eclipse Ti Inverted confocal microscope (63 lens). Scale bar is 50 um.

injected with NCs, no fluorescence signals were de-
tected from naive mice. The fluorescence image of
excised organs is shown in Figure 8B where the highest
fluorescence intensities were measured from the
tumors compared to other organs. Fluorescence in-
tensities from each organ were further quantified and
the results were shown in Figure 8C and Figure S10A.
Taking into account the weights of the samples,
slightly higher fluorescence signals per gram of tissue
were calculated from lung than tumors. Lower values
were obtained from the rest of the tissues which was
expected from the fluorescence image shown in
Figure 8B. Figure 8D depicts the tumor uptake of NC
3 and NC 5 in both types of xenografts. Although
brighter signals were captured from IGROV-1 tumors
(Figure 8B and Figure S10B), comparable fluorescence
signals per gram of tumor were measured from either
formulation in both tumor models. Organs to tumor
ratios were plotted in Figure S10C. Confocal imaging of
frozen Hela tumor sections also confirmed the tumor
uptake of both formulations (Figure 8E) but showed
a slightly different distribution patterns with NC 3
showed more homogeneous distribution while NC 5
showed more granular patterns hence brighter signals
inside tumor cells.

DISCUSSION

Quercetin is a hydrophobic drug which is extremely
water insoluble. Several attempts have been made to

EL-GOGARY ET AL.

improve quercetin's water solubility including prepara-
tion of its nanoformulations for the purpose of its
application as an anticancer or an antioxidant agent.
Nanocarriers described so far for this purpose include
liposomes,® solid lipid nanoparticles (SLN),**>* micro-
emulsion,® and nanoparticles3%3” Few reports de-
scribed the preparation of PLGA- and PLA-based nano-
particles for quercetin delivery.3*~3° To our knowledge,
only one type of sustained release polymeric lipid-
core NCs encapsulating quercetin (as antioxidant
agent) has been described with no active targeting
to specific tissue approach being proposed.”® The
previously reported formulation was based on
poly(-caprolactone) (PCL) polymer (hydrophilic shell)
and medium-chain triglyceride and sorbitan mono-
stearate as liquid and solid lipophilic components
dispersed in the core of the NC with reported hydrody-
namic size of 212 nm. The only stealth nanoformula-
tions reported and tested in vivo for quercetin delivery
as an anticancer drug agent for parentral use were
based on a liposomal preparation.>*' Another study
reported the formulation of PEGylated PLA nanoparti-
cles encapsulating quantum dots (QDs) (for imaging)
and quercetin (as an anticancer drug) for drug delivery
to HepG2 cells but this study was only done in vitro
without in vivo validation of the system.*> Another
study by Wang et al. formulated lipid based assemblies
of PEG2000-DPSE-coated quercetin nanoparticles
and proved its enhanced anticancer effect through
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Figure 8. In vivo and ex vivo imaging of DiR labeled NCs in FR + tumor-bearing mice . (A) Representative whole body imaging
of HeLa or IGROV-1 tumor-bearing mice at 24 h post iv injection of DiR labeled NC 3 or NC 5. (B) Representative fluorescence
images of NCs in excised organs. (C and D) Quantitation of fluorescence signals of NCs/g of excised organs and tumors.
Fluorescence signals refer to radiant efficiency ((p/S)/(/,tW/sz)). (E) CLSM images of frozen sections of HeLa tumors excised at
24 h after iv injection of Dil-labeled NCs. The red color maps the distribution of Dil-labeled NCs and the blue color represents
DAPI stained nuclei. Both types of NCs appeared to be present in the tumor mass with more intense signals observed for NC 5

injected tumors.

induced programmed cell death on C6 glioma cells
in vitro.”® None of these two studies, however, has
incorporated the active targeting delivery approach.
Few groups reported the formulation of PEGylated
PLGA and PLA polymeric NCs, however, not for
the purpose of quercetin delivery. Mosqueira et al.*
formulated PLA-PEG NCs containing different PEG
densities and proved that some PEG chain lengths
(20 kDa) prevented protein adsorption and reduced
interaction with macrophages, and showed optimal
blood circulation time in vivo using nontumor bearing
mice model." Neckel et al. reported the formula-
tion of PLA and PLA-PEG NCs for encapsulation of

EL-GOGARY ET AL.

campotethin (CPT) and confirmed that PLA-PEG NCs
were more effective in treating lung metastases

(B16F10 model) than the non-PEGylated NCs.?’
Active targeting aims at delivering drug to the
desired site of action while minimizing its exposure
to nontarget organs. Active targeting of nanocarriers
can potentially increase the efficacy and reduce the
toxicity of the therapeutic agents.”® FA has been widely
used to actively target nanocarriers for anticancer
drugs delivery to tumors due to its small size, low
cost, high tumor tissue specificity, nonimmunogenic
nature, ease of conjugation and stability unlike bio-
logical ligands."® In this study, FA-PEG-PLGA NCs were
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designed to target folate receptors (FR) overexpressed
on tumor cells, in this case, cervical and ovarian cancer.
To our knowledge, this is the first report on the
preparation of FA-targeted stealth PLGA NCs encapsu-
lating quercetin for cancer targeting and therapy for
in vivo use.

Two methods for the synthesis of folate modified
polymers used in NCs formulations were employed.
The two methods were found to incorporate similar
amounts of PEG and FA in the conjugates. The amount
of FA loading obtained in our study was 41—47 umol/g
of polymer following purification by FA precipitation
and chromatographic techniques to ensure the ab-
sence of any free FA in the final conjugates. In a
previous study by Boddu et al.?° formulating PLGA-
PEG-FA nanoparticles (~200 nm hydrodynamic diameter)
using single emulsion solvent evaporation (SESE) method
to deliver doxorubicin, various methods for FA conjuga-
tion to the polymer were utilized and the conjugation
yield ranged from 8.15 to 28 umol FA/g of polymer upon
optimization of the chemical conjugation strategies. If FA
conjugation to polymer is to be expressed as “tagging
ratio” or the percentage of polymer chains that contained
FA, the results in conjugates 5 and 7 have tagging
ratios of ~100% and ~89%, respectively. Boddu et al.?°
reported FA tagging ratio of 52% as they reported a
value of 8.15 umol FA/g of polymer (MW of their
polymer was 40 kDa). At their highest, a tagging ratio
of 100% was achieved; however, taking into considera-
tion that the MW of their polymer (40K) is higher than
what we report here (18K), it can be concluded that
more FAper gram of polymer was obtained in our study
compared to Boddu et al.?° which is an advantageous
property when considering targeting properties of the
NCs in vivo. Furthermore, the FA yield in our study was
independent of the synthetic approaches used
(Scheme 1) and higher than the best yield obtained
in Boddu et al.*®

In this study, quercetin NCs were successfully pre-
pared with an optimal size range for passive accumula-
tion of NCs in tumors by EPR effect. Polymer
modification did not affect NCs hydrodynamic size
and EE% but affected zeta-potential measurements.
A slight but significant reduction in average size was
observed upon PEGylation. A similar effect was ob-
served by Mosqueira et al.' and Pereira et al.? upon
comparing the average size of PLA and PLA-PEG NCs
where PEGylation of PLA NCs reduced their size from
218 £ 52 and 282 + 24 t0 200 + 51 and 216 £+ 36 nm
in both studies, respectively. This could be attributed
to the hydrophilic properties of PEG that imparted
amphiphilic property to the polymer thus reducing
the interfacial tension between the aqueous and
organic phase.**

Both non-PEGylated and PEGylated NCs exhibited
negative zeta-potential due to the presence of terminal
carboxylic groups in the polymer.”®?° However, a

EL-GOGARY ET AL.

reduction in the negativity of the zeta-potential of
the NCs was observed upon PEGylation which can
be attributed to the conversion of COOH groups to
amide linkages upon conjugation to PEG-bis amine
and the presence of PEG free amine terminals. The fact
that zeta-potential values varied among the different
NCs types indicated that the polymer orientation was
more likely to be out-facing rather than inward-facing
which is expected due to hydrophilicity of PEG
chains. Similarly, Mosqueira et al.* formulated PLA
NCs using Miglyol oil, epikuron 170 and poloxamer
as surfactants and obtained a zeta-potential value of
—47.7 £ 0.5 mV which decreased to —35.5 to —5.5 mV
when PEGylated. Ameller et al.** formulated PLGA NCs
of the pure antiestrogen RU 58668 using Soy phos-
phatidylcholine Lipoid S75 as a lipophilic surfactant
and miglyol as an oil core. Similarly, the zeta-potential
of the unloaded and loaded PLGA NCs was found to
be —53.4 + 0.5 and —45.2 &+ 1.9 mV, respectively. The
use of PEGylated PLGA polymer did not cause a
significant reduction in zeta-potential values in their
study presumably due to the higher amount of lipo-
philic surfactant and the high MW of PLGA polymer
used. Interestingly, herein, an increase in the negative
values in the zeta-potential was observed upon FA
conjugation to the PEG chains. This could be attributed
to the presence of another free COOH available in FA
structure. This result is in line with that obtained by
Boddu et al.2° However, the reduction in overall nega-
tivity upon PEGylation in their study was attributed to
the presence of the positively charged amine groups in
FA but no PEG-PLGA NPs (without FA) were employed
in their study. It is clear from our results that the
reduction in zeta-potential of the PEGylated NCs was
related to the shielding of COOH groups by PEG and
not due to presence of FA molecules as explained by
Boddu.*®

AFM and cryo-TEM have been used to elucidate the
structural characteristics of the NCs formulated in this
work. AFM allows the measurement of the size of the
NCs in a partially dried state. The sizes and heights
obtained for the different NCs preparations were simi-
lar but smaller than measurements obtained by dy-
namic lights scattering (measuring the hydrodynamic
diameter of the NCs). The difference in size measure-
ments obtained by the two different techniques could
be due to a possible NCs flattening on mica as has been
previously reported.*® The phase images indicate the
presence of a halo in the periphery of the NCs pre-
sumably due to the presence of the polymeric wall
surrounding the oily core. Such observation corrobo-
rates the presence of two different materials forming
the NCs. Cryo-TEM allows direct investigation of col-
loids in the vitrified, frozen-hydrated state, i.e., very
close to their native state, to obtain information
about the internal structure of the colloidal particles.
In this study, cryo-EM showed clearly the presence of
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polymeric shell surrounding the oil core. Other studies
by Kuntsche et al.*’ and Mosqueira et al.*® also re-
ported very few liposomal structures in addition to the
capsular nature of the nanoparticles/nanocapsules,
due to the presence of surfactants in the dispersion.
Such structures are similar to what we obtained in our
study (Figure 3).

The main hindrance for the clinical use of quercetin
is its extreme water insolubility, so the high drug
encapsulation efficiency ranging from 97 to 99%
achieved solved the problem of its parenteral admin-
istration. There was an almost 50-fold increase in drug
water solubilization obtained (~2500 uM) compared
to only 50 M (intrinsic solubility) reported for the free
drug.*® No significant difference in EE% among the
various formulations was reported suggesting that
EE% is a function of the volume of the oil core and
also the type of oil and not directly dependent on the
polymeric shell type. These results were in line with
those obtained by Lu et al' and Nie et al.>* where
encapsulation efficiency was independent of the type
of polymer used. Another major advantage of this
formulation is the excellent shelf life stability which is
a problem encountered with liposomes. As hypothe-
sized, the presence of the negatively charged soybean
lecithin in addition to the PEGylated polymeric shell
around the oil core may have stabilized the NCs for
relatively such a long period of time. The relatively high
negative zeta-potential values could have also pre-
vented the collision between the NCs.>® Despite the
high EE% reported previously for the PEGylated lipo-
somal formulation,® the nanoformulation reported in
this study offers, in addition to the high loading and
formulation stability, the ease in chemical modification
allowing for incorporation of stealth properties and
active targeting without compromising the size, the
drug loading, or the stability of the NCs.

It is important that the NCs are able to release the
drug when needed. In some of the previous reports,
ethanol was used in the dialysis media which was
avoided in this report to avoid destabilization of the
polymeric shell. Quercetin release from SLN under sink
conditions in 65:35 ethanol/water (release medium)
showed ~90% drug release during the first 24 h®>
which was also shown by Dhawan et al>* where
~60—90% of the drug was released within 24 h using
phosphate buffered saline (pH 7.4) and methanol
(80:20, v/v) as release media. Faster drug release was
seen from PLA nanoparticles exhibiting a burst release
effect (~45% and 87.6% after 0.5 and 96 h, respec-
tively).>® Gang et al.*" reported 66% and 85% release after
12 h from non-PEGylated and PEGylated liposomes,
respectively. Herein, we have shown that approximately
50% release after 24 h in all the formulations which is in
line with Dhawan et al.>* and Wang et al.*? studies carried
out in PBS. Significantly lower amounts (p < 0.001) of
quercetin were released from PEGylated NCs (NC 3 and
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NC 5) than the non-PEGylated ones (NC 1) after 8 and
24 h in the presence of serum in the dissolution
medium. The better stability of stealth NCs in the
presence of serum compared to the non-PEGylated
NCs could be attributed to the presence of PEG that
decreases the adsorption of serum proteins which
destabilizes the NCs. Similar findings have been re-
ported by Mosqueira et al.>' where their PLA-PEG
NCs retained the lipophilic antimalarial drug better
than non-PEGylated NCs in plasma-containing media.
Pereira et al.? have also reported a slower release of
9MTc-HMPAO complexes from PEGylated PLA NCs
compared to the non-PEGylated ones.

Quercetin exhibited similar cytotoxicity profiles in
both CT26 and Hela cells in vitro where the incubation
of cells with quercetin at 10 and 100 «M led to less than
40% and 15% viability (at 48 h of incubation), respec-
tively. A mechanistic study by Priyadarsini et al.>?
studying the antiproliferative effect of quercetin on
Hela cells showed ~50% cell viability at 80 uM by MTT
assay after 24 h incubation. Taking into account that
the latter study was carried out using MTT assay after
24 and not 48 h as was the case in our study, we
concluded that both studies are in good agreement.
Furthermore, it was observed that encapsulating quer-
cetin in the different NCs did not alter the cytotoxic
effect of the drug. This result was in agreement with a
previous study which found that quercetin loaded
PEGylated liposomes (Q-PEGL) exerted similar cyto-
toxicity profile on CT26 to that of the free drug at all-
time points tested with 60% inhibition at 33 uM after
48 h, almost equal to values we report in this study.® On
the contrary, Goniotaki et al.>® reported a reduction in
quercetin cytotoxicity in SF268 cells (central nervous
system), H460 (nonsmall cell lung) and MCF7 (breast)
cell lines when incorporated in egg phosphatidylcho-
line (EPC) liposomes. This could be attributed to the
large size of liposomes obtained by Goniotaki et al.
(414.1 4 12.6), compared to the ones prepared by Yuan
et al.® (130 & 20), which could have affected the degree
of nanocarrier uptake by the cells.

Hela cells were selected as a model cell line for
comparative uptake and toxicity studies. HelLa cells over-
express folate receptors (FRs) in response to special need
for FA to maintain their growth and proliferation rate.
These FRs usually reside on the outer surface of cell
membranes surface thus recognize and bind FA and FA
targeted NPs.3! FA-targeted PEGylated NCs showed high-
er cytotoxicity compared to the free drug and other NCs in
folate-free medium, while similar cytotoxicity profile was
obtained in presence of excess FA. Such results confirmed
the original hypothesis that FA-targeted NCs are inter-
nalized into folate-enriched cells via FRs and, thus, can be
used to target selective cancer cell populations.

To study the uptake profile of different NCs formula-
tions into HeLa cells, NCs were labeled with the fluorescent
probe (Dil) by its incorporation in the oil core of NCs taking
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advantage of the lipophilicity of Dil and its solubility in the
oil core of NCs. In case of in vivo studies, Dil was exchanged
with DiR which absorbs light in the near-infrared (NIR)
region, thus allowing for better tissue penetration and
signal-to-noise ratio. The lipophilic nature of Dil and
DiR prevents their release from the NCs as has been
shown by Petersen et al. where only a small amount
of the highly lipophilic Dil dye was transferred after
a period of weeks>® This confirms that tracking
the NCs uptake by this labeling method is indeed
reliable. Cellular uptake studies (CLSM and spectro-
fluorimetry) correlated well with the cytotoxicity assay
(at 24 h) where folate-PEGylated NCs exhibited the
highest uptake in Hela cells in comparison to other
nontargeted formulations after 1 and 4 h incubation in
folate-free medium. Higher uptake was observed after
4 h incubation compared to that of 1 h. Such results
indicated that the enhanced cytotoxicity of the tar-
geted NCs was directly proportional to the enhanced
uptake into Hela cells (in absence of FA in the media).
This was further confirmed by the fact that the addition
of excess FA to the culture media diminished both
cellular uptake and toxicity of the targeted NCs with
no significant differences obtained between the
drug containing treatments group. PEG chain is ex-
pected to act as a spacer between PLGA copolymer
and FA so that the binding of FA to its receptor is not
obstructed.

Several folate-targeting strategies have been previously
proposed including folate-targeted liposomes,>>® folate-
targeted polymeric nanospheres,'®**7 folate-targeted
PEGylated PLGA NPs,?*”8 folate-targeted PLGA-PEG-FA
micelles'® and folate-targeted nanohydrogel.>

To our knowledge, no chemically modified FA-targeted
PEGylated polymeric NCs with a core—shell structure has
been prepared and tested previously. The closest to our
system was described by Rata-Aguilar et al® in which
FA—chitosan conjugate was utilized to physically coat
the preformed oil—lecithin NCs with folic acid. The pre-
viously reported strategy exhibited colloidal instability
in cell culture medium due to the medium salinity,
while in our case, the system was stable and withstood
the biological environment as demonstrated by ability to
target folate enriched cells in vitro and in vivo.

The work was extended to target FR positive tumors
in vivo. This is a challenging task as it is necessary that
the NCs withstand the biological environments and
remain stable in the blood with sufficient blood circu-
lation time so that an enhanced permeation and
retention effect can be obtained prior to active target-
ing. Studies by Gabizon et al.>® and Xiang et al.>®

EXPERIMENTAL SECTION

Materials and Reagents. Quercetin (HPLC purity >95%), folic
acid, dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide
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reported that folate targeted liposomes (FTLs) were
cleared faster than nontargeted pegylated ones (NTLs)
from the bloodstream. This was attributed to uptake of
the targeted liposomes by FR in the liver. However, no
significant difference was found neither in tumor cell
uptake in both M109-FR or KB solid tumors nor in the
therapeutic efficiency of doxorubicin.

In our study, in vivo optical imaging demonstrated a
very clear tumor delineation of both NC 3 and NC 5
using the two FR-+ tumor xenografts: HeLa and IGROV-1.
Similar tumor accumulation (%ID/g tumor) was ob-
tained for both NCs suggesting that initial tumor
accumulation has occurred mainly due to the EPR
effect. However, an altered intratumoral distribution
was detected by CLSM with better association of NC 5
with cancer cells, indicating that FA may play a role in
selective uptake of the targeted NCs by the FR+ cells
in vivo. This finding correlates well with the in vitro
results thus suggesting the selectivity of the prepared
NCs in vitro and in vivo.

CONCLUSION

The chemical conjugation and formation of conju-
gates 3, 5, and 7 was confirmed by FT-IR and 'H NMR
analyses. All conjugates showed similar and high PEG
content (around 14—16%). Moreover, the FA content
of conjugates 5 and 7 were found to be similar with
tagging ratio close to 100%. AFM and TEM studies
confirmed the spherical shape of NCs and the presence
of polymer shell around the oil core. Both PEGylated
and non-PEGylated NCs showed good shelf life stabi-
lity and high quercetin EE% in addition to optimal
particle sizes. PEGylated NCs were found to be more
stable and displayed a slower quercetin release profile
in the presence of serum compared to the release
profile obtained in PBS. Nanoencapsulated quercetin
showed similar cytotoxicity to free quercetin on differ-
ent cell lines, while FA-conjugated NC 5 enhanced the
cell killing as well as the cellular uptake observed in
folate-enriched Hela cells in folate free medium. Re-
versed results were also obtained using medium con-
taining excess folic acid. Tumor uptake was further
demonstrated in vivo by live fluorescence imaging of
FR+ tumor-bearing mice iv injected with NC 3 or NC 5.
Moreover, NC 5 showed an altered intratumoral distri-
bution and better association with cancer cells in these
tumor sections by CLSM. In conclusion, the present
PEGylated FA-targeted NC showed enhanced uptake
in folate receptor enriched cancer cells in vitro and
in vivo via passive- and active-targeting. Future plans
will focus on carrying out cancer therapy studies in vivo.

(NHS), anhydrous dimethylformamide (DMF), dialysis tubing
(MWCO 2000 Da), SP-Sephadex C-25 resin, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), 1,1-dioctadecyl-
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3,3,3',3'-tetramethylindocarbocyanine perchlorate (Dil), and
Triton-X-100 were purchased from Sigma. 1,1’-Dioctadecyl-
3,3,3',3'-tetramethylindocarbocyanine iodide (DiR) was pur-
chased from Biotium, Inc. Sephadex LH-20 was obtained from
GE Healthcare. Polyoxyethylene-bis-amine (PEG bis-amine, MW
~3500) was purchased from JENKEM USA. pL-Lactide/glycolide
copolymer 75/25 (PLGA-COOH, MW ~18000) was a gift from
Purac Biomaterials. Snake Skin dialysis tubing (MWCO 10 000 Da)
was purchased from Thermo-Fisher. Soybean lecithin
(Epikuron 140 V) was a kind gift from Cargill Pharmaceuticals.
Castor oil, Tween 80, methylene chloride, acetone, absolute
ethanol, dimethylsulfoxide (DMSO) and diethyl ether (ultra pure
grades) were obtained from Sigma Aldrich. NANOSEP (100 kDa
cut off) were obtained from Pall Life Sciences. RPMI-1640 media
with and without folic acid, Dulbecco's modified Eagle media,
fetal bovine serum (FBS), penicillin/streptomycin, Trypsin/EDTA,
phosphate buffered saline (PBS), and Alexa Fluor 488 phalloidin
were obtained from Gibco, Invitrogen. Quantifoil R 2/2 grids
were obtained from Electron Microscopy Sciences (EMS, Hatfield,
PA). Mica sheets (11 mm x 11 mm x 0.15 mm) were used for
atomic force microscopy experiments (AFM). Mowiol 4—88,
mounting media was from Polysciences; 16% formaldehyde,
methanol-free, was from Thermo Scientific Pierce. All reagents
were used without further purification.

RNAs were extracted using Tripure (Roche Diagnostics) and
reverse transcription was performed using QuantiTect Reverse
Transcription Kit (Qiagen Ltd., Manchester, UK). Specific primers
were designed using the Probe Design 2.0 software (Roche
Diagnostics). Primers were used at 200 nM and were chosen as
follows: forward primers for human FOLR1, residues from 173 to
192, 5-GAGGACAAGTTGCATGAGCA-3'; reverse primers, resi-
dues from 224 to 242, 5'-CCTGGCTGGTGTTGGTAGA-3’; forward
primers for human GAPDH, residues from 83 to 101, 5'-AGCCA-
CATCGCTCAGACAC-3'; reverse primers, residues from 130 to
148, 5-GCCCAATACGACCAAATCC-3. In addition, forward
primers for murine FOLR1, residues from 335 to 354 5'-
CTTCAACCGGACTGACTTCC-3; reverse primers, residues from
445 to 464, 5'-CCCGAGTAGCTCTGGACTGA-3'; forward primers
for mouse GAPDH, residues from 133 to 155, 5'-GGGTTCCTA-
TAAATACGGACTGC-3'; reverse primers, residues from 225 to
244, 5'-GGGTTCCTATAAATACGGACTGC-3'. PCR was conducted
at a final concentration of 1x PCR buffer, TagMan Universal PCR
Master Mix, No Amperase (Appled Biosystems, Life Technologies).
For each cDNA sampile, four unique fluorescently labeled hydrolysis
probes (Roche Ltd.) were used to target mouse FOLR, mouse
GAPDH, human FOLR, and human GAPDH.

Synthesis of the Conjugates. Conjugate 3. PLGA-NH-PEG-NH,
conjugate 3 was prepared according to the method developed
by Yoo and Park, 2004 with some modification.'®2° Briefly,
PLGA-COOH 1 (700 mg, 0.0412 mmol) and a 4 molar excess of
NHS (18.952 mg, 0.1648 mmol) and DCC (33.95 mg, 0.1648
mmol) were dissolved in anhydrous methylene chloride as
presented in Scheme 1. The reaction mixture was stirred under
nitrogen atmosphere for 24 h at room temperature (RT) for
activation of carboxylic group of PLGA-COOH (1). The resultant
solution was filtered and added dropwise to a mixture of excess
of PEG bis-amine (2) (721 mg, 0.206 mmol) and triethylamine
(57.2 uL, 0.412 mmol) in anhydrous methylene chloride. PLGA-
COOH/H,N-PEG-NH, stoichiometric molar ratio was 1:5. The
reaction mixture was stirred under nitrogen atmosphere for
24 h at RT. The resultant solution was precipitated by the
addition of ice-cold diethyl ether to remove dicyclohexylurea
byproduct, unreacted NHS and DCC. The precipitated product,
PLGA-NH-PEG-NH, 3 was dried, dissolved in DMSO and dialyzed
against deionized water for 2 days to remove excess unreacted
PEG. Conjugate 3 was then lyophilized and stored at RT until
further use. PEG content was assessed colorimetrically upon
reaction with barium chloride (in 1 N hydrochloric acid)/iodine
solution as described in more details in Supporting Information.

"H NMR (400 MHz, CDCl3): 6 = 5.05—5.2 (m, CH, PLGA),
4.75—4.85 (m, CH PLGA), 3.5—3.6 (m, CH, PEG), 1.42—1.6 (m, CH3
PLGA).

Conjugate 5. PEGylated FA-conjugated PLGA copolymer
was synthesized by coupling the PLGA-NH-PEG-NH, 3 with
an activated FA at PLGA-NH-PEG-NH,/FA molar ratio of 1:5.
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For activation, FA (compound 4) (51.26 mg, 0.1165 mmol) was
dissolved in 8 mL of DMSO along with a 2 molar excess of NHS
(16.077 mg, 0.1398 mmol) and DCC (28.659 mg, 0.1398 mmol).
The reaction was stirred under nitrogen atmosphere for 24 h at
RT. After this period of time, conjugate 3 (500 mg, 0.0233 mmol)
was added to the activated FA which was stirred for 24 h at RT.
Atotal of 50 mL of water was added to the mixture to precipitate
unreacted FA by centrifugation at 4000 rpm for 5 min. The
supernatant containing PLGA-NH-PEG-NH-FA was then dia-
lyzed and freeze-dried. The product was then precipitated in
ice-cold diethyl ether to remove dicyclohexylurea byproduct,
unreacted DCC, and NHS, filtered and dried. Further removal of
free unbound FA was performed by Gel Permeation Chroma-
tography (GPC) using sephadex-LH20 column and DMF as a
mobile phase. FA content was assessed spectrophotometrically
as described in more details in Supporting Information. The
resultant conjugate 5 was stored at RT until further use.

'H NMR (400 MHz, CDCl3): 6 = 5.05—5.2 (m, CH, PLGA),
4.75—4.85 (m, CH PLGA), 3.5—3.6 (m, CH, PEG), 1.42—1.6 (m, CH3
PLGA).

Conjugate 6. FA 4 (45 mg, 0.102 mmol) was dissolved in
10 mL of anhydrous DMF along with a 1.1 molar excess of NHS
(12.5 mg, 0.112 mmol) and DCC (20.62 mg, 0.112 mmol) for
FA activation. The reaction was stirred under nitrogen atmo-
sphere for 24 h at RT. After this period of time, PEG bis-amine 2
(347.4 mg, 0.102 mmol) and triethylamine (41 uL, 0.306 mmol)
were added to the reaction and the mixture was stirred for 24 h
at RT. After this period of time, the solution was placed into
MWCO 2000 Da dialysis bag and dialyzed against deionized
water and then the product was lyophilized. The solid was
dissolved in chloroform and precipitated by addition of diethyl
ether to remove dicyclohexylurea byproduct, unreacted NHS
and DCC. The yellow solid was dissolved in sodium acetate
buffer (0.1 M, pH 4.6), and loaded onto a SP-Sephadex C25
cation-exchanger column and eluted using sodium acetate
buffer affording H,N-PEG-NH-FA conjugate 6 separating it from
free FA, unreacted PEG bis-amine and disubstituted PEG. The
product was dialyzed (MWCO 2000 Da) against deionized water
and lyophilized and stored as a yellow solid.

"H NMR (400 MHz, CDCl): 0 = 3.65—3.75 (m, CH, folate),
3.5-3.6 (m, CH, PEG), 3.38—3.43 (m, CH, folate), 2.17—2.19
(m, CH, folate), 2.07—2.09 (m, CH, folate).

Conjugate 7. For activation, PLGA-COOH 1 (279 mg, 0.016
mmol) was dissolved in 10 mL of anhydrous DMF together
with a 8 molar excess of NHS (14.29 mg, 0.128 mmol) and DCC
(23.56 mg, 0.128 mmol). The reaction mixture was stirred under
nitrogen atmosphere for 24 h at RT. After this period of time,
conjugate 6 (310 mg, 0.08 mmol) and triethylamine (33.4 uL,
0.24 mmol) were added (PLGA-COOH/H,N-PEG-NH-FA stoichio-
metric molar ratio was 1:5) and the reaction mixture was stirred
under nitrogen atmosphere for 48 h at RT. The solution was
dialyzed (MWCO 10 000 Da) against deionized water and lyoph-
ilized. The obtained product was dissolved in chloroform and
precipitated by addition of diethyl ether to remove dicyclohex-
ylurea byproduct, unreacted DCC and NHS, affording conjugate
7 as a pale yellow solid.

'H NMR (400 MHz, CDCl3): 6 = 5.05—5.2 (m, CH, PLGA),
4.75—4.85 (m, CH PLGA), 3.5—3.6 (m, CH, PEG), 1.42—1.6 (m, CH3
PLGA).

Formulation of the NCs. Quercetin polymeric NCs were pre-
pared using the nanoprecipitation technique as described by
Fessi et al.?® Briefly, polymer (50 mg), castor oil (300 uL),
quercetin (5 mg) and soybean lecithin (50 mg) were dissolved
in 10 mL of acetone/ethanol (60:40, v/v) mixture. This organic
phase was added dropwise into an aqueous phase (20 mL)
containing Tween 80 (0.2%) as a hydrophilic surfactant; the
mixture was maintained under magnetic stirring in the chemical
hood for 1 h to allow for solvent diffusion and formation of
nanocapsules. Organic solvents were then eliminated by eva-
poration under reduced pressure using a Buchi rotavap. The
final volume of the colloidal suspension was adjusted to 10 mL.

Determination of Encapsulation Efficiency (EE%). The encapsula-
tion efficiency (EE%) of quercetin loaded NCs was determined
by measuring the concentration of the free drug in the
nanocapsules suspension. The unencapsulated quercetin was
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separated by filtration/centrifugation using NANOSEP centri-
fuge tube fitted with ultrafilter (MWCO 100 kDa). A definite
volume of the nanocapsules suspension was transferred to
the upper chamber of the Nanosep and centrifuged at
6000 rpm for 60 min. The amount of free drug in the filtrate
was measured using UV—vis spectrophotometer (Model UV-
1601 PC; Shimadzu, Kyoto, Japan) by measuring the absorbance
at 370 nm as previously described. The EE (%) was calculated
by EE (%) = (([Drug] total — [Drug] free)/[Drug] total) x 100. The
method was validated by calculating the EE% using size exclu-
sion chromatography with PD10 columns and similar results
were obtained.

Size and Zeta-Potential Measurements. Measurement of the
average size and zeta-potential of the NCs was performed using
dynamic light scattering (DLS) with a Nanosizer ZS series
(Malvern Instruments, Southborough, MA). Disposable polystyr-
ene cells and disposable plain folded capillary Zeta cells were
used. NC suspensions were diluted in deionized water and
measurements were performed at 25 °C. Electrophoretic mobi-
lity was used to calculate the zeta-potential using the Helm-
holtz—Smoluchowski equation. The hydrodynamic size was
presented as the average value of 20 runs, with triplicate mea-
surements within each run.

Cryo-Transmission Electron Microscopy (Cryo-TEM). Three microli-
ters of each nanocapsule suspension was applied on freshly
plasma-cleaned Quantifoil grids. The grid was blotted once for
2 s and the remaining thin aqueous layer was plunge frozen by
immersion in liquid ethane. The grids were transferred to a
Gatan 626 cryo-holder (Gatan, Inc., Pleasanton, CA). The grid
was analyzed at cryogenic temperatures (< —450 K) using a
Tecnai Spirit operated at 120 kV. A tilt series was collected over
an angular range of +70° with a 5° increment in BF-TEM
imaging mode using a Gatan 626 cryotomography holder. A
total dose of 120 e/A? distributed over the series and a defocus
of —2 um were used. 3D reconstruction was carried out using
30 iterations of SIRT (simultaneous iterative reconstruction
technique) in FEI Inspect3D.

Atomic Force Microscopy (AFM). The surfaces for AFM analysis
were prepared as follows: The different NC formulations were
filtrated through a Sephadex PD-10 column and solutions of
100 ug/mL were prepared. Poly lysine polymer was deposited
on mica surfaces for 5 min and then flushed with air. Subse-
quently, NC solutions (NC 1, NC 3 and NC 5) were deposited on
mica surfaces for 5 min and flushed with air. Tapping mode AFM
analysis (TM-AFM) on the mica substrates was carried out in air
at 25 °C using a Bruker Dimension ICON with Scan Assist. The
surfaces were imaged with a general purpose tapping tip made
by MikroMasch in Estonia (NSC15/no Al, tip radius <10 nm;
tip height = 20—25 um; cone angle <40°; cantilever thickness =
3.5 — 4.5 um; cantilever width = 32—28 um; cantilever length =
120—130 um; frequency fy = 265—400 kHz; force constant
k = 20—75 N m~", VEECO). The statistical analysis of the AFM
images was carried out using WSxM v5.0 software.

Release Profile and Serum Stability in Vitro. Two milliliters of the
each formulation containing 2.5 mg (quercetin) in 10 mL was
taken and put into a 10 kDa dialysis bag. The dialysis membrane
was dialyzed against 40 mL of 0.1% (w/v) Tween 80 in phos-
phate buffered saline (PBS), pH 7.4. Release was studied at 37 °C
at 250 strokes/min. At predetermined time points, 1.5 mL
aliquots were taken and replaced by addition of an equal
volume of the dialysate to maintain sink conditions. Drug
concentration was assessed by measuring the absorbance at
370 nm using a Perkin-Elmer Lambda 35 UV—vis spectrophot-
ometer, and calculated using a calibration curve for quercetin
dissolved in the same media as the dialysate (R*> = 0.99695 over
the range between 5 and 30 «g/mL). A control experiment was
set up alongside in which the same amount of quercetin was
dissolved in DMSO and dialyzed for comparison. This control
was set up to eliminate nonspecific adsorption of the drug to
the dialysis membrane. The same conditions were used for the
three different formulations NC 1, NC 3 and NC 5. To study the
serum stability of the same formulations, release studies were
repeated in the same way as detailed above except that T mL of
Wistar rat serum was added to the formulation prior to dialysis
obtaining 33.3% final serum concentration.
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Shelf Life Stability. Suspensions were sealed in 20 mL glass
vials and stored at 4 °C. Three-month stability of NCs dispersions
was tested by visual inspection of the physical properties (color
and opacity) and also by size and zeta-potential measurements.
The measurements were done in triplicate and presented as an
average =+ SD.

Cell Culture. The Hela cells cervical-tumor-derived cell line
(HeLa; ATCC, CCL-2), the CT26 murine colon carcinoma (CT26;
ATCC, CRL-2638), C6 rat glioma (C6; ATCC, CCL-107) and B16F10
(B16F10; ATCC, CRL-6475) were cultured in RPMI media. Human
ovarian carcinoma IGROV-1 cell line was obtained from Prof. lain
McNeish (Intitute of Cancer Sciences, University of Glasgow, U.K)
and cultured in DMEM media. All media were supplemented with
10% FBS, 50 U/mL penicillin, 50 xg/mL streptomycin, 1% L-gluta-
mine and 1% nonessential amino acids, at 37 °C in 5% CO,. Cells
were routinely grown in 75 cm? canted-neck tissue culture flasks
and passaged twice a week using Trypsin/EDTA at 80% confluency.

Cytotoxicity Studies in Vitro. Cancerous cell lines were seeded in
96-well plates and incubated with NC suspensions (200 uL of
1-100 uM) in complete media for 48 h. Cytotoxicity was
examined by MTT assay. In brief, at the end of the incubation
period, media was removed and replaced with 120 uL of MTT
solution at a final concentration of 0.5 mg/mL. Cell were in-
cubated for 3 h at 37 °C and 5% CO.. At the of the end of the
incubation, formazan was dissolved in 200 4L of DMSO and the
plate was read at 570 nm in a FLUOstar OPTIMA plate reader
(BMG Labtech) and the results were expressed as the percen-
tage cell survival (mean = SD) and calculated using the follow-
ing equation: % Cell survival = (A570 nm of treated cells/
A570 nm of untreated control cells) x 100.

Polymerase Chain Reaction (PCR). RNAs were extracted from
Hela and CT26 cell lines according to manufacturer's instructions.
Then, 1 ug of RNA per cell line was reverse-transcribed and real-
time PCRs were performed in a total volume of 10 uL on a ABI
Prism 7500 Fast (Applied Biosciences) PCR System thermal cycler
using the following conditions: 40 amplification cycles, denatura-
tion at 95 °Cfor 15 s and primer annealing and extension at 60 °C
for 1 min. PCRs were performed with 50 ng of cDNA in triplicates
and no DNA was detectable in samples that did not undergo
reverse transcription or in blank runs without cDNA. GAPDH was
used as an endogenous control in each cell line.

Fluorescence Labeling of NCs. Fluorescently labeled NCs (drug-
free) were prepared for in vitro uptake/trafficking and in vivo
tumor uptake live imaging studies. Dil, emitting in the red
region, and DiR, a fluorophore with near-infrared emission, are
hydrophobic fluorescent markers which were incorporated into
the oil phase at 0.5 wt %/wt (dye/oil) for in vitro and in vivo
studies, respectively. Drug was not encapsulated in such studies
to avoid any toxicity related to the drug itself. Formulations
were kept protected from light.

Quantification of Fluorescently Labeled NC in Hela Cells. Hela cells
were incubated with Dil-labeled NC formulations at 10 or
100 ug/mL, for 1 or 4 h in folate free medium and in the presence
of excess FA (200 uM) . Cells were washed, lysed (1% Triton X-100 in
PBS lysis buffer) and centrifuged. Cell lysates were transferred to a
96-well plate. Quantification of the uptake of NCs in cells was carried
out against calibration curves prepared by serial dilutions of stock
dispersions in the lysis buffer. Fluorescence signals were measured
at 590 nm emission using a FLUOstar OPTIMA plate reader (BMG
Labtech). The percentage of cellular uptake was calculated as a
percentage of the Dil-labeled NC initially added to the cells.

Uptake Studies in Vitro by Confocal Laser Scanning Microscopy
(CLSM). Hela cells were seeded on coverslips at a density of
40K cells per a well of a 24-well plate onto glass coverslips. Cells
were seeded in folate free RPMI media overnight. Cells were
then incubated with 0.5 mL of Dil-labeled NCs 3 (PEGylated,
non-FA targeted NC) and NCs 5 (PEGylated, FA-targeted NC).
Cells were incubated with either type for 1 or 4 h in folate free
medium media. For competitive inhibition of uptake of the FA
targeted NC, excess FA was added to the media at a concentra-
tion of 200 uM. Optimization of FA concentration was first
performed to eliminate toxicity related to high concentrations
of FA. At the end of incubation period, cell were rinsed, fixed
(200 uL of 4% PFA for 10—15 min at RT), permeabilized (200 uL
of 0.1% w/v Triton X-100 for 5 min at RT), and subsequently
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incubated with Alexa Fluor 488 phalloidin to stain F-actin
(200 uL of 20x dilution of the original stock solution), as
directed by the manufacturer; in PBS for 20 min at RT. Coverslips
were mounted on glass slides using Mowiol 4—88 mounting
media. NCs uptake was represented by the red signals, while cell
cytoskeleton was marked in green. Confocal images were
captured using a Nikon Eclipse Ti Inverted confocal microscope
(Nikon) and images were analyzed by Nikon's NIS element
viewer and MacBiophotonics Imagel.

Animal Studies and Tumor Uptake in Vivo. All animal experiments
were performed in compliance with the UK Home Office (1989)
Code of Practice for the housing and care of Animals used in
Scientific Procedures. Female Athymic nude and SHrN mice
aged-4—6 weeks (Harlan) were inoculated subcutaneously with
HeLa cells (5 x 10° cellsin 0.1 mL PBS) or IGROV-1 cells (6 x 10'%)
at the lower flanks, respectively. When the tumors reached an
appropriate size (600 mm?), mice were maintained on a folate-
free diet (Test Diet) for one week prior to and for the duration of
the studies. Mice (n = 3) were intravenously injected with as
prepared DiR-labeled NC 3 or NC 5 (50 mg polymer/mL, 250 uL)
and scanned at 1,4, and 24 h post injection using an IVIS Lumina
Series Il In Vivo Imaging System (Perkin-Elmer). Untreated
animals were also included as controls. Animals were anesthe-
tized with 1.5% isoflurane/98.5% oxygen to maintain sedation
during the imaging procedure. Ex vivo imaging was carried out
immediately afterward by imaging excised major organs (heart,
lung, liver, spleen and kidney) including tumors. Images were
quantitatively analyzed by drawing regions of interests around
the tissues using Living Image software.

HeLa-bearing mice were injected with Dil-labeled NCs for CLSM
studies in which tumors were snap-frozen at 24 h post iv injection.
Frozen sections were cut into 8 um thick pieces using a cryostat
(Bright Instrument Ltd.) and picked up on slides to air-dry at RT.
Slides were then kept at —20 °C until further use. For CLSM, sections
were fixed in 4% PFA at RT for 10—15 min, washed a few times with
PBS and then mounted using DAPI containing mounting medium
(Vector Laboratories). The intratumoral distribution of NCs was
imaged using a Nikon Eclipse Ti Inverted confocal microscope
(Nikon) with 561 nm excitation and 570—620 nm emission.

Statistical Analysis. Results were expressed as mean + SD.
Statistical data analysis was conducted using the graph pad
instat software. A comparison of the data was performed using
Student's t test.
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