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Abstract
Efficient targeting in tumor therapies is still an open issue: systemic biodistribution and poor
specific accumulation of drugs weaken efficacy of treatments. Engineered nanoparticles are
expected to bring benefits allowing specific delivery of drug to the tumor or acting themselves as
localized therapeutic agents. In this study we have targeted epithelial ovarian cancer with inorganic
nanoparticles conjugated to a human antibody fragment against the folate receptor over-expressed
on cancer cells. The conjugation approach is generally applicable. Indeed several types of
nanoparticles (either magnetic or fluorescent) were engineered with the fragment, and their
biological activity was preserved as demonstrated by biochemical methods in vitro.
In vivo studies with mice bearing orthothopic and subcutaneous tumors were performed. Elemental
and histological analysis showed that the conjugated magnetic nanoparticles accumulated
specifically and were retained at tumor site longer than the non-conjugated nanoparticles.

Introduction
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In recent years, different strategies for developing targeted cancer therapy have been attempted.
Among various targeting agents, monoclonal antibodies have been used either as directly active
therapeutic agents or exploited as carriers for the delivery of conventional drugs." With regard to
targeted anti-tumor therapy in ovarian cancer, some antibodies are already clinically approved and
others are under clinical development.” Mesoscale carriers of few tens to few hundreds of
nanometers, for encapsulating antitumor drugs and targeted with antitumor antibodies have been
also reported.” Most of them are polymeric nanoparticles*®, micelles”®, or liposomes” .

More recently, inorganic nanocrystals made of different materials have gained interest as drug
delivery systems.'' Their intrinsic physical features (optical or magnetic) due to the reduced size,
combined to the high surface to volume ratio for better surface functionalization with molecules of
the same size range, like peptides or monoclonal antibodies, have prompted the investigations to
create innovative and advanced diagnostic and therapeutic tools.'"> Superparamagnetic iron oxide
nanoparticles are perhaps the most promising nanotools for clinical applications, due to their
magnetic properties as well as the good biocompatibility and the known biodegradability in vivo
through the iron metabolism route.'> '*'® They are already used in clinics as contrast agents in
magnetic resonance imaging (MRI)"*?' and they have been also approved as medical devices in
Europe as heat mediators for the treatment of glioblastoma via hyperthermia.

Several functionalization approaches have been developed with the goal to have nanocrystals more
stable in physiological media, well tolerated by the immune system, armed with anticancer agents,
and properly bio-targeted.”*>'

Indeed, an effective biomolecular targeting strategy would lead to enhanced accumulation to the
tumor of nanoparticles and eventually drug molecules associated to them, hence ultimately reducing
side effects and toxicity due to systemic distribution.

Several studies already addressed the in vivo tumor targeting of Magnetic NanoParticles (MNP),
both by validating their diagnostic relevance as MRI probes and assessing their biodistribution and
safety.*>>* In addition, targeting capabilities were implemented by using chemical coupling of
either tumor-homing peptides,”” * or, more commonly, specific antitumor antibodies, to the
nanocrystals surface.*>>> At the state of art, there is a lack of knowledge on specific antibodies
targeting of MNPs to ovarian cancer.

Epithelial ovarian cancer (EOC) is the leading cause of death from gynecological malignancies due
to late diagnosis and high frequency of relapse occurrence.” Current treatments rely on surgery
combined with chemotherapy. Despite the initial response to the treatment, most patients relapse
and develop chemoresistance.*" ** Consequently, in order to improve dosage modulation and
duration of the chemotherapy, and to obtain a more specific delivery of the anticancer agents at the
target site, more effective treatments are urgently needed. Presently, only few examples of in vivo
EOC targeting with MNP have been repoﬂed”’ # in which small peptides were used to
functionalize MNP for targeting and sorting ovarian cells from ascitic liquid. 39

In the present study, we have engineered the surface of iron oxide nanocrystals to allow stable
coupling with an antibody fragment that targets the a-isoform of the Folate Receptor (aFR), which
is typically over-expressed on the membrane of EOC cells. The Anti Folate Receptor Antibody
(AFRA) is a human antibody Fab fragment generated by conversion of the murine anti aFR
antibody (MOV19), through production of EOC patients-derived phage display antibody library and
guided selection, as previously described.** Fully human antibody fragments obtained by protein
engineering and the use of locoregional treatments for some malignancies, such as intraperitoneal
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delivery in EOC patients, may certainly represent promising approaches for overcoming some of
the limitations of current therapeutic tools, and among them mainly the poor tumor penetration.

The advantage of using a Fab fragment instead of an entire IgG mainly resides in the reduced size
of the final nanostructure. Indeed, it has been recently reported that nanoparticles, when covalently
coupled with antibody fragments, rather than with entire immunoglobulin, are internalized to an
higher extent. This evidence is most likely explained by the smaller size of the resulting
nanoparticle-antibody fragment complex and the resulting better stability of the conjugates in
physiological conditions.”

With the goal of evaluating the targeting capacity of inorganic nanoparticle-antibody conjugates, we
extended the AFRA conjugation chemistry to different types of nanocrystals including fluorescent
quantum rods or spherical magnetic iron oxide nanopartilces (MNP-AFRAs) at different sizes ( 10
and 20 nm respectively).

in vitro analysis, including cytofluorimetry, binding analysis under flow conditions towards the
isolated recombinant aFR (Biacore®), electron microscopy, iron uptake, FACS analysis, ,viability
assay was carried out with 10 and 20 nm size MNP (MNP10 and MNP20), in order to prove the
direct targeting efficiency and discriminate their biocompatible behavior. Optimal in vitro stability
and specificity features were a prerequisite to select only specific magnetic bioconjugates for in vivo
studies in ovarian cancer models. Among all the produced and characterized functionalized-
nanoparticles, both the 10 and 20 nm MNP have satisfied the binding and colloidal stability
performance requested for further in vivo characterization. To evaluate biodistribution, tumor
accumulation and clearance following systemic or local administration route and at the same time
minimize the number of animal used in this study, we have chosen however only one bio-conjugate
based on the 20 nm MNPs (MNP20-AFRA and the corresponding pegylated sample named
MNP20-PEG) as indeed this nanoparticle size matches also the ideal size range for iron oxide to
achieve the highest heat performance in hyperthermia.

The overall results achieved here show the complexity and the challenges posed by targeted bio-
inorganic systems preparations but also the great potential of MNPs-AFRA.as novel tumor targeting
tools with enhanced tumor accumulation performance. Additional work is clearly required to fully
understand the therapeutic potential of such bioconjugates and their use for enhanced drug delivery
or MNP-mediated hyperthermia applications in the treatment of ovarian cancer.

Results and Discussion

Preparation and structural characterization of the NP-AFRA conjugates

Conjugation of AFRA to inorganic nanoparticles was carried out according to the conjugation steps
schematically depicted in Figure 1. In the first step, the nanoparticles were transferred from organic
to water phase by amphiphilic polymer wrapping, following a previously reported protocol.45’  Di-
amino polyethylene glycol (PEG) molecules were then covalently linked to the outer carboxylic
groups of the polymer shell via EDC chemistry. The addition of PEG has the dual function to
increase the stability of the nanoparticles*” **, and to introduce free amino groups available for next
binding step.49 Prior to conjugation to the nanoparticles, AFRA was provided as a glutathione-
protected complex and it was first activated through reduction of the S-S bond. The cross-linker
sulfo-SMCC was initially bound, via its N-hydroxyl succinimido (NHS) group, to the free amino
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moiety of amino-PEG-derivatized nanoparticles; finally, the maleimido group was coupled with the
free thiol group of the reduced AFRA to form a covalent thio-ether bond.

Polymer encapsulation
2) PEG functionalization
3) Sulfo-SMCC crosslinking

4) AFRA-S-S-Glutathione reduction
5) AFRA-NP conjugation

Figure 1. Sketch showing the multi-step conjugation approach used to bind the AFRA fragment
to inorganic nanoparticles.

The chemical approach was implemented to allow the linkage of AFRA to different types of
inorganic nanoparticles exploited for different aims in the present study.

Both fluorescent semiconductor quantum rods (QRs) and spherical magnetic iron oxide
nanoparticles of two different diameters (10 and 20 nm, MNP10 and MNP20) were functionalized
with AFRA. In Figure 2, the structural characterization of the NP-AFRA conjugates is reported.
TEM images show the size of the inorganic core for the three distinct nanoparticles (Figures 2a, 2d
and 2g). Gel electrophoresis before and after AFRA derivatization was used to demonstrate
antibody conjugation to the NP (Figure 2b, 2e and 2h). Nanoparticles at the 1** (just polymer
coated), ond (amino-PEG coated) and 5t (AFRA-functionalized) step of functionalization, as
depicted in Figure 1, were loaded on the gel and at each of this step, a delay in the migration pattern
was recorded. The bands corresponding to the AFRA conjugates were the most retarded due to the
bigger size (Figure 2b, e and h). Coomassie staining allowed to highlight the overlapping of the
protein signal with the NP band, thus confirming the presence of a covalent linkage (Figure 2 third
migration lane in panels b, e and h). For QR and MNP20 the NP-AFRA bands were retained in the
loading well, according to the bigger size of the complex while the 10 nm MNPs were able to
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migrate even after AFRA attachment. In the case of the MNP10 and QRs, the NP-AFRA bands
appear smeared with respect to the same sample PEG functionalized or polymer coated. This is
likely due to the binding of a lower number of AFRA molecules per nanoparticle (a less saturated
NP surface) with a bigger variability over the average size of the NP-AFRA-conjugates.
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Figure 2. Characterization of the NP-AFRA conjugates by transmission electron microscopy (a,
d and g), gel electrophoresis (b, e and h) and Dynamic Light Scattering measurements (c, f and
i). The upper panels refer to MNP20, the central to MNP10 while the lower panel to the QR. The
inset in panel g shows the absorption and fluorescent spectra of the red emitting QRs.

The amount of linked AFRA per nanoparticle was assessed by means of BCA assay. Indeed, the
average number of AFRA molecules ranged from 1.6 in the case of QR to 2.8 for the MNP10 to
4.1 for the larger MNP20.

The hydrodynamic radii measured by DLS (Figure 2c, f and i) confirmed the shift of the average
size peak towards higher values for each step and the broadening of the NP size when the
fragment is attached. Indeed in the case of the NP-AFRA the curve is shifted at larger values and
is also broadened, likely due to a poorer control over the number of AFRA fragments attached
per nanoparticle (only for the 20 nm MNPs the DLS peak is less wide, thus suggesting a more
saturated and compact AFRA shell).
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To evaluate the capacity and the kinetic of binding of NP-AFRA to aFR, Biacore technique was
used. This technique is based on Surface Plasmon Resonance for the detection of biomolecular
interactions. When the binding interactions between the dextran layer functionalized with
multiple folate receptors (aFR) ligands of the sensor chip and the NP-AFRA added occurs,
changes in the index of refraction at the surface of the sensor chip were detected and recorded as
RU (Resonance Units). The output of Biacore experiments is a sensogram, a plot of response
against time, showing the progress of the interaction. The first part of the curve indicates the
speed of association and the second part of the curve shows the time of analyte dissociation (NP-
AFRA) from the ligand (aFR).

The sensograms (Figure 3) showed a good binding of all the NP-AFRA towards the aFR placed
on the surface of a sensor-chip whereas no binding was observed with NP-PEG. These data
suggest that the presence of AFRA confers to the NP the specificity for the aFR. The NPs were
also tested on a lane coated with an unrelated protein and no binding was observed (data not
shown). These results just underline the specificity of the interaction between the NP-AFRA on
the chip which is AFRA- aFR receptor mediated.
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Figure 3. Biacore analysis. Sensograms illustrating the kinetic of binding of NP-AFRA and NP-
PEG: QR (4), MNP10 (B) and MNP20 (C); the binding was assessed at different concentrations of
analytes on a sensor-chip with immobilized recombinant aFR (target antigen). (D) Sensogram of
the kinetic of binding of AFRA monomer, in this case the antibody was immobilized on the
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sensorchip and the recombinant oFR was used as analyte to evaluate the kinetic of the monovalent
binding. No binding of both NP-AFRA, NP-PEG and free AFRA monomer was detected on
unrelated protein.

On the dissociation part of the curve for all the NP-AFRA (Figure 3 panels A, B and C), the lower
slope of the NP-AFRA with respect to the non-conjugated AFRA monomer (Figure 3, panel D),
indicates a stronger binding of NP-AFRA to the aFR. This in turn, suggests that more than one
AFRA antibody is bound per NP; and indeed this multipoint interaction between the NP-AFRA to
the aFR on the chip makes the dissociation of the AFRA functionalized nanoparticles from the aFR
ligands more difficult when compared to the dissociation part of the curve of the AFRA alone
(panel D of figure 3). In other words, it is much easier to wash out from the chip the AFRA alone
than to remove the NP-AFRA.

These data just confirm the counting of AFRA per NP obtained from the BCA assay. In addition,
the multipoint interaction of NP-AFRA allows to solve the possible problem of reduced avidity of
monovalent antibody fragments with respect to the use of the whole antibody.

In vitro characterization of the MNP-AFRA conjugates

Although the chemistry has been implemented with different materials, we did select the MNP for
all the in vitro and in vivo study. The clear TEM contrast of MNPs allows for evaluating the binding
and the intracellular pathway and localization of MNP-AFRA by TEM imaging when using
IGROVcells over-expressing aFR (Figure 4). After 1 hour incubation, small incoming vesicles
containing few nanoparticles are mainly located at the cell periphery (Figure 4a, d and e) with some
of them found more in the inner part of the cytoplasm (Figure 4b and 4f). At this stage, also
merging of these small vesicles clearly distinguishable (Figure 4g) into large bodies could be
imaged. This might recall the folate-receptor recycling process. After 24 h, the membranes of the
vesicles fused into large endosomal bodies closed to the perinuclear region (Figure 4c and Figure
S1). On the contrary, for MNP-PEG after 1 hour incubation, only big endosomal bodies similar to
the ones shown in Figure 4c were observed and no small vesicles were present, thus excluding the
receptor-mediated endocytosis pathway (Figure S2 a-f). After 24 h incubation with both MNP-PEG
and MNP-AFRA endosomes result richer in NP (Figure S1 and S2).
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Figure 4: TEM images of IGROV cells incubated with MNP-AFRA (a-b-d-e-f-g) at 37 °C for 1h
and (c)24 h. d) and e) are magnifications of dotted areas of a); while f) and g) are magnifications of
dotted areas of b).

Estimation of the amount of the internalized nanoparticles was assessed via measurement of iron
content by elemental analysis using ICP-AES (Inductively Coupled Plasma Atomic Emission
Spectrometry), at different incubation times. The MNP internalization was facilitated by the
presence of the antibody fragment, as confirmed by the higher iron content found for cells treated
with the MNP-AFRA samples with respect to the MNP-PEG samples (Figure 5). Moreover, the
absolute amount of iron internalized by the cell for the MNP20 is higher than that for the MNP10
regardless the administered amount. It is worth to note that in these set of experiments we have
compared the MNP-AFRA to the MNP-PEG and not to the MNP-PC, because the latter are
unstable in the culture media and within 1 hour they precipitate out (see Figure S3 and S4 of the
ESI showing a light image of nanoparticles in the media and the hydrodynamic spectra). Indeed, on
the PC-MNP, the polymer layer at the nanoparticle surface stabilize the particles only by charge and
the screen effect of the charge in presence of salts and proteins favors their precipitation. On the
contrary, the MNP-PEG and the MNP-AFRA samples are stable in the cell media over days as the
PEG layer stabilize the nanoparticles not only by charge but also by steric hindrance. We therefore
believed that it is more correct to compare the uptake on cells between equally stable nanoparticles
in cell culture media rather than on PC-MNP on which the uptake on the cell is compromised by the
tendency of the nanoparticles to quickly sit on top of the cells. Also, the MNP-AFRA do contain as
an inner layer, the same PEG molecules of the MNP-PEG.
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Figure 5. Assessment of the intracellular amount of Fe (pg/cell) via elemental analysis. The
ovarian cancer cells IGROV1, aFR positive, were incubated 1 h in adhesion with either MNP20 or
MNP0 (NP concentration 20 nM) and the amount of iron was assessed at two different time points,
1h or 24h. Cells were incubated either with MNP-AFRA or MNP-PEG. The binding of MNP10-
AFRA was significantly higher than MNP10-PEG while the amount of MNP20-AFRA internalized
is more than MNPI10-AFRA and significant higher than MNP20-PEG, despite the binding of
MNP20-PEG increased if compared with MNP10-PEG. (** p<0,01 and *** p<0,001, Student’s T
test)

A deeper binding in vitro characterization on the MNP20 was performed by FACS analysis on
different cell lines (Figure 6). The adopted methodology is an indirect assay that uses a secondary
fluorescent antibody against the AFRA fragment, to detect the AFRA on the MNP20-AFR .
Binding specificity of MNP20-AFRA was demonstrated on IGROV 1, cells naturally expressing the
aFR, and on A431FR, a cell type transfected with a vector containing the aFR gene, for inducing
the aFR over-expression. On the contrary, cells transfected with the empty vector (A431MOCK)
were used as negative control cell line, and did not produce any binding to MNP20-AFRA.
Furthermore, MNP20-PEG did not show any binding for any of the cell lines thus confirming the
NP binding specificity AFRA-mediated.
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Figure 6. Flow cytometer analysis. Binding evaluation of MNP20-PEG and MNP20-AFRA on
two aFR positive cell lines, IGROV1, A431-FR and one negative cell line A431-MOCK. MNP20-
AFRA bound specifically to IGROVIand A431-FR cells (blue and pale blue, fourth column)
whereas there was no binding on A431-MOCK (red). No binding was detected for MNP20-PEG
in all three cell lines (third column). AFRA purified antibody was used as positive control
(second column) and for both, MNP20-AFRA and positive control (AFRA only) the binding was
detected by fluorescence via an anti-human antibodyAlexa488-conjugate.

It is worth to underline that elemental analysis and FACS, provide complementary information
about the interactions between MNP-AFRA and the cells. Indeed FACS is aimed to study the
antibody-receptor interaction at the membrane of cells in suspension (no endocytosis occurs as the
measure is performed at 4°C within 1 h). The ICP instead provides a quantitative analysis of
nanoparticle’s accumulation, from the short to the long-term storage on cells, cultured in adherence.

The viability was evaluated by MTT assay: three incubation times (2, 4 and 24 h) and two
administered NP concentrations (50 and 100 nM) were assessed for both MNP20 and MNP10
(Figure 7). The data obtained under the conditions set for this study show negligible cellular toxicity
of the MNP indicating that the MNP-AFRA-as well as the same MNPs coated only with PEG do
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not lead to any evident effect of cellular stress (Figure 7).
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Figure 7. MTT viability assay performed with IGROV cells incubated with either MNP20 or
MNPI0. Cells were administered with MNP at two NP concentrations (50 and 100 nM) and for
three incubation times (2, 4 and 24 h).

Once demonstrated that the methods of AFRA conjugation were broadly applicable to different
types of materials, MNP20 were selected as candidates for in vivo targeting studies in tumor
models. Indeed, the choice was made to minimize the number of animals and, at the same time, to
use MNP that were within the suitable size range for therapeutic hyperthermia applications.

It has been recently reported that among different iron-based inorganic NPs, iron oxide NPs display
the best heating performance in magnetic fluid hyperthermia when they have a size range around
18-20 nm, a critical size where NPs show a magnetic behavior between superparmagnetic and
ferromagnetic.”® *!

In vivo characterization of MNP20

Tumor specific targeting of functionalized MNP after locoregional administration.

The locoregional treatment is one of current gynecological routes of administration of drugs mostly
used for the chemotherapy of EOC. Based on this and with the aim to evaluate the targeting
potential of MNP coupled to AFRA antibody, an intraperitoneal (IP) tumor model, mimicking the
growth of the tumor in EOC patients, was initially used. The human ovarian cancer cell line
OVCAR3, constitutively expressing the aFR, was grown IP for one week to allow active cell
proliferation and ascites development. Tumor-bearing mice were given via the IP route with same
doses (900 pg of iron/animal) of either functionalized (AFRA) or control (PEG) MNP20. The mice
were sacrificed at different time points, to evaluate the MNP-associated iron levels in the tumor by
means of elemental analysis (Figure 8 panel A).

MNP20-AFRA from ascites significantly permeated and accumulated faster in suspension tumor
cells than MNP20-PEG (Figure 8, panel B). Similarly, 3 and 6 h after MNP injection, peritoneal
organs such as mesenteric tissue and genitourinary organs, typically and massively infiltrated by
ovarian cancer, displayed significantly higher levels of elemental iron in tumor-bearing mice treated
with MNP20-AFRA (Figure 8, Panel D). Consistently, a concomitant time-dependent reduction of
MNP in the ascite fluids on animals injected with MNP20-AFRA was detected (Figure 8, Panel C),
suggesting active cellular incorporation over time.
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Since the intra-peritoneal injection of MNP provided nearly 100% of MNP bioavailability and
given the good permeability properties of small iron nanoparticles, an increase of the signal in the
peritoneal cells and organs eventually occurred also with MNP20-PEG.

Thus, regardless the nature of MNP administered to tumor-bearing mice, the amount of MNP-
associated iron, quantified in the samples 24 h post MNP injection, was comparably similar
between the AFRA and PEG groups, confirming that the persistence of MNP in the peritoneal
cavity ultimately promoted passive penetration from the liquid phase into tumor tissue.
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Figure 8. In vivo localization of MNP20 in an intraperitoneal tumor model. Scheme of treatment
(A). Assessment of MNP-associated iron measured via elemental analysis over time in the cellular
ascite pellet (B), ascite liquid fraction (C), and tumor-infiltrated visceral organs (mesentery and
genitourinary) (D) of animals treated with MNP20-AFRA (green bars) or control MNP20-PEG
(orange bars). Data are expressed as % (mean = SD, n= 3-7) of the injected dose per gram of
tissue. ** p< 0.01 vs respective MNP20-PEG; * p< 0.05 vs respective MNP20-PEG, Student’s T
test.

It is important to observe, however, that the specific accumulation of the AFRA-conjugated
particles in the infiltrate tumor increased to over 10% of the injected dose only 6 h post injection
(Fig. 8 panel C) and the overall levels of MNP was always numerically superior when aFR
targeting was present. Nevertheless, the lack of an active antigenic anchor associated to MNP20-
PEG would expect to greatly reduce the intratumor persistence because of a more rapid tissue
clearance. To confirm this, qualitative visualization of cell-associated MNP was carried out by
electron microscopy analysis in peritoneal tumor cells. As shown in Fig. 9, clusters of MNP were
clearly detectable in cells exposed to both MNP20-AFRA and MNP20-PEG. In the case of MNP20-
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AFRA also small vesicles with few nanoparticles are present (Figure 9b) which is a typical feature
of NP internalization by receptor-mediated endocytosis.

52

-

Figure 9. TEM imaging of tumor pellets grown in mice after IP injection of either MNP20-AFRA
(a-b; e-f) or MNP20-PEG (c-d; g-h). Cells were harvested from the peritoneal cavity 24 h after
MNP injection. The color codes for the letters correspond to the TEM magnification of the
corresponding color dashed circles in the different TEM pictures.

Evaluation of distant targeting of MNP20 after systemic administration.

The capability of MNP20-AFRA to target distant tumor lesions and reach measurable accumulation
was evaluated by using a tumor model able to develop subcutaneous nodules in a short time, with or
without surface expression of human folate receptors. Indeed, tumor-bearing mice were injected IV
with comparable amounts of MNP20-AFRA and MNP20-PEG, which were then tracked to the
oFR+ and oFR- tumor nodules up to 24 h post injection (Figure 10 panel A). Quantification of
elemental iron in the tumor nodules showed that MNP20-AFRA accumulated to a larger extent into
oFR+ than aFR- tumors (2.8+0.7 vs 1.8+0.3 %ID, p<0.05 unpaired t-test) 24 h post injection, while
no statistical differences were detected with MNP20-PEG. Importantly, the localization of iron NP
in the target aFR+ tumor significantly exceeded the value detected in the circulating plasma,
suggesting a genuine and tumor specific targeting.

In addition, specific localization of AFRA functionalized NP after IV injection was further confirmed
by histological analysis carried out on frozen tumor tissue slides. Tumor nodules were collected and
stained with Prussian blue to detect subcellular pearls decoration. Blue iron complex staining was
only demonstrated in aFR+ tumor associated to the perivascular structures (Figure 10, panel B) and
significant iron accumulation was detected within the tumor stroma (Figure 10, panel C). By looking
at subcellular level, localization of the iron particles appeared to be mostly perinuclear (panel C,
inset). Little or no blue particles were detected in aFR -negative tumors (Figure 10, panel D).
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Figure 10. In vivo localization of MNP20 in a subcutaneous tumor model upon systemic
administration. Scheme of treatment (4). Tumor nodules were collected and stained with Prussian
blue to detect subcellular iron based NPs. Panels B, D: aFR positive tumors, and panel C,E: oFR
negative tumor. Enlarged inset: MNP20-AFRA around the nucleus (pink stain).

Evaluation of MNP20 tumor clearing after intratumor administration.
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The efficiency and the efficacy of a potential targeted MNP-driven therapy rely not only on the
capability of MNP to reach the tumor lesion, but also on the ability of the NP to prevent their rapid
clearance out of the tumor site. To this respect, the presence of tumor-specific antigens may greatly
contribute to retain MNP within the tumor tissue. To test this, we used the subcutaneous tumor model
to evaluate the persistence, over longer time points, of locally injected MNP20-AFRA or MNP20-
PEG into the tumor nodule, and to study how their intratumor levels were modulated by the presence
of the folate receptor. Results are shown in Figure 11.
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Figure 11. In vivo localization of MNP20 in a subcutaneous tumor model upon intratumor
administration. Scheme of treatment (A). Tumor nodules were collected and assessment of
MNP20-associated iron, measured via elemental analysis over time, was performed. Levels of
MNP20-AFRA and MNP20-PEG measured 24 h (B) and 72 h (C) after intra-tumor injection in
oFR-expressing (black bars) and aFR-negative (white bars) nodules. Data are expressed as %
(mean+SD, n= 3-4) of the injected dose per gram of tissue. * p< 0.05 vs aFR+ nodule injected
with MNP20-AFRA, unpaired T test. It is shown that at 24h the difference on FR positive
tumour is significant whereas at 72h a difference was still observed even if the P value (0.052)
is near but nor reached the threshold selected for significance (< 0.05 )

As expected, the presence of aFR allowed a higher retention levels of AFRA-functionalized MNP20,
both 24 h (Fig. 11, panel B) and 72 h (Fig 11, panel C) after direct intratumor injection. Control
MNP20-PEG were detected to a similar lower extent both in aFR + and aFR - nodules. Even though
the local intratumor treatment does not represent a feasible clinical option in ovarian cancer, the
obtained data indicated that once NPs reach the tumor, they are efficiently prevented from being
cleared out only when associated to tumor-specific targeting. These data confirm the previously
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anticipated hypothesis that the lack of an antigen anchor in the tumor may reduce MNP accumulation
to a suboptimal extent and possibly prevent effective tumor cytotoxicity.

Evaluation of MNP20 Biodistribution

MNP20 biodistribution was determined upon systemic (IV) or loco-regional administration (IP) of
either functionalized (MNP20-AFRA) or control (MNP20-PEG) nanoparticles in subcutaneous or
intraperitoneal tumor-bearing mice in selected organs 3 and 24 h after injection. The MNP
accumulated in the evaluated organs to a variable extent depending on the injection route, site of
tumor growth and observation time.

Quantification of MNP-associated iron 3 h after administration resulted in: a significant, yet
transient, iron accumulation in lungs and kidney after [V administration (MNP20-AFRA, 6.70+4.77
%ID/gr) as compared to blood (1.6+0 % ID/gr); a significant nonspecific accumulation in the spleen
after IP injection, (% ID/gr. MNP20-AFRA: 23.1+3.85 MNP20-PEG: 13.22+4.34) exceeding the
levels measured after IV administration by approx 15-fold. Biodistribution of MNP 24 h after IP
and IV administration is shown in Figure 12. Functionalization of MNP20 with AFRA did not
significantly change the bio-distribution of MNP to the major organs analyzed (fig 12A and B). No
statistical difference in the biodistribution of MNP20-AFRA and MNP20-PEG was observed in
mice organs after IV or IP administration. On the contrary, significant accumulation of MNP20-
AFRA was noticed in oFR tumors when compared with MNP20-PEG. The most relevant
observation was the 10-fold higher localization in kidneys after IP administration (Figure 12B),
compared to the IV route (Figure 12A). The remarkable difference may be partly explained by the
different renal function in the animals with actively-proliferating intraperitoneal tumor, which
generated massive liquid exudate and putatively altered glomerular filtration but further analysis are
needed to confirm this hypothesis. Furthermore, MNP independently of their functionalization,
were localized preferentially into the spleen and liver. Being both liver and spleen the major organs
devoted to hemocatheresis and iron storage, this finding is not surprising; however, it is important
to observe that persistence of high levels of MNP in the parenchyma of major organs may end up
with non-obvious but significant toxicity in a long run.” It was previously demonstrated that Fe;Oy4
nanoparticles, when given systemically, may give rise to significant toxicity, in a way depending on
both the size and the dose of the injected NP.>* The amount of iron injected in the present work,
should be therefore considered with a note of caution since it may cause organ toxicity in a long
term by inducing parenchymal damage consequent to inflammation and oxidative stress.”>>® On the
other hand, this dose (between 800 or 1100 ug of iron per animal) corresponds to the dose used in
an in vivo experiment to achieve a proof of efficacy with the most performing iron oxide
nanoparticles so far available™ and it is one of the lowest doses used in animal experiments when
iron oxide is required.57'60 Noteworthy, the initial high levels in the spleen after I[P administration
dropped consistently at 24 h, suggesting that high and early iron accumulation might also depend on
the physical interaction of MNP floating in ascitic fluid and surrounding the peritoneal organs,
including aggregation behavior or electrostatic surface interaction and further observation after
longer time of exposure should be tested before drawing further conclusions about toxicity.
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Figure 12. Biodistribution of MNP20-AFRA (green bars) or MNP20-PEG (orange bars) in selected
organs of tumor bearing mice 24 h after IV (panel A) or IP (panel B) administration as assessed by
elemental Fe quantification. Data are expressed as % (mean+SD, n= 3-7) of the injected dose (ID)
per gram of tissue.

To the best of our knowledge only two studies of in vivo/ex vivo ovarian cancer targeting with MNP
have been performed. *** In these two studies cobalt ferrite NP were functionalized with a peptide
that targets EphA2. In the first study, ovarian cancer cells were injected in the peritoneum of an
anesthetized mouse and the nanoparticles, injected few minutes later by the same route, were able to
target and to sort magnetically the floating tumor cells. In the second study the same nanoconjugate
was used ex vivo to recognize and isolate cancer cells from ascites of ovarian cancer patients.
Nevertheless, these works still leave unanswered questions about the systemic distribution and the
specific accumulation of particles delivered to in vivo tumor growing cells.

The in vivo data here presented support our assumption that aFR-tumor targeting with MNP20-
AFRA allows specific tumor accumulation that results as a combination of improved specificity and
slower tissue wash out as compared to non-functionalized PEG-MNP. Since it is difficult to avoid
non-specific accumulation of iron NP in major organs, the best approach is to develop a strategy to
minimize the exposure to toxic iron levels and, at the same time, to enhance the localization to
target tissues such as tumor. Unlike brain tumors, in which local administration of MNP improved
chemotherapy delivery, medical treatment of ovarian cancer, which is considered a systemic
disease, cannot rely on intra-tumor administration of MNP. Altogether, our data provide a proof of
principle that AFRA-linked MNP may also target distant metastases of ovarian cancer cells
expressing aFR on their surface and it may accumulate into the tumor stroma in a more efficient and
rapid way than non-targeted MNP. The systemic or loco-regional targeting approaches may therefore
represent potentially feasible ways to develop a specific and useful nanotherapy for ovarian cancer,
due to the over-expression of aFR as tumor-associated marker (> 80% of clinical cases).

CONCLUSIONS
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Inorganic nanoparticles can be effectively functionalized with monovalent Fab against the aFR and
the magnetic nanoparticles can be quantitatively directed to bind the ovarian cancer cell surface as
specific target. Further optimization of the binding chemistry is required in order to achieve reliable
scale-up process.

The comparison among different in vitro characterization techniques has allowed to discriminate the
binding features of bio-targeted nanoparticles versus PEG-coated ones. In particular, using FACS
and Biacore we demonstrated that the antibody fragment (AFRA) retained its functionality and
specificity towards cancer cells also after it was attached to the surface of nanoparticles. By ICP
measurement we essentially confirmed that the overall content of iron in tumor cells and tissues was
increased over time when MNP were functionalized with AFRA. Furthermore, MTT assay allowed
to establish that these nanoparticles were non-toxic. TEM analysis on cells allows to document the
cell internalization pathway of MNP-antibody fragments and the distribution into the cells seemed
qualitatively different than that of MNP-PEG.

In vivo injection of a suboptimal amount of functionalized MNP demonstrated a numerical
superiority in targeting oFR-expressing tumors compared to non-specific MNP. Although the
MNP20-AFRA can reach the tumor site when injected systemically, accumulation in the tumor is
still below the optimal level to induce a putative therapeutic effect. Indeed, better targeting is
achieved by directly exposing tumor cells to MNP20-AFRA by loco-regional administration. In
these contexts, tumor-specific MNP not only accumulate to a greater extent into the neoplastic
lesion, to a level that can be reasonably considered appropriate for a therapeutic intervention, but
also MNP20-AFRA are retained to the targeted area longer and prevented from a rapid clearing out
the tumor tissue than the non-specific control.

MNP20-AFRA also build up to a significant extent in the spleen, lungs and liver. Although such
accumulation is apparently transient and decreasing over time, further studies are necessary to
evaluate long-term toxicity, particularly in the context of a magnetically induced therapeutic
hyperthermia. A recent study suggests a metabolism degradation of iron oxide NPs over time in an
in vivo mouse model. ®'

Altogether, our data provide a first proof of principle that the selective targeting of magnetic NP
could represent a worthwhile effort and an added value to the goal of developing new therapeutic
tools directed to the treatment of ovarian cancer through the specific targeting of tumor over-
expressed aFR.

EXPERIMENTAL SECTION

Cell Lines and Antibodies. The following human tumor cell lines were used: ovarian carcinoma
IGROV1 (a gift from Dr. Jean Bénard, Institute Gustave Roussy), OVCAR3 (American Type
Culture Collection) and epidermoid carcinoma cells A431 (American Type Culture Collection) and
A431-FR and A431-Mock transfected with aFR or empty vector respectively, isolated as
previously described.® All cell lines were grown in RPMI 1640 medium (Lonza), supplemented
with 10% fetal calf serum (Lonza) and 2 mM glutamine (Lonza); stably transfected cells were
grown with the addition of G418 at 800 pg/mL (Gibco). AFRA* was used for NP conjugation and
as positive control in in vitro NP characterization. AFRA was produced in clinical grade conditions

Page 18 of 24



Page 19 of 24

Nanoscale

and verified for sterility and pyrogens below the level of detection (an automated Limulus
Amoebocyte Lysate (LAL) test method was used, data not showed).

Synthesis of nanoparticles. MNP20 and MNP10 were prepared by means of thermal
decomposition approach according to reported methods.®* ® CdSe/CdS core/shell QRs were
synthesized as described®.

Functionalization of the nanoparticles surface with the antibody fragment. Oleic acid capped
MNP and phosphonic acid capped QR were transferred into water by a polymer coating procedure
developed by us and described elsewhere.** Then the surface of the nanoparticles was
functionalized with PEG by linking amino-bearing PEG molecules to the outstretched carboxy
groups of the polymer via EDC chemistry. In details in the case of MNP10 and QR the molar ratios
of PEG and EDC added per NP were 1000/1 and 50000/1, respectively. In the case of MNP20 the
molar ratios of PEG and EDC added per NP were 1000/1 and 100000/1, respectively, and a mixture
of monoamino-PEG (MW 750 Da)/diamino-PEG (MW 2000 Da) (PEG ratio 2:1) was used. The
reaction occurred in PBS pH7.4 and after 3 h stirring at RT the NP solution was washed on
centrifuge filters at least 5 times.

The thiol-protected AFRA was dissolved in MES buffer (40 mM MES 10 mM EDTA pH 6.0) and
reduced by Tris (2-carboxyethyl) phosphine hydrochloride (TCEP): a molar ratio TCEP/AFRA
equal to 200/1 was used and the solution was kept at 4°C for 5 h on an oscillating plate. Thereafter
the reduced Fab fragment was recovered on prepacked sephadex column and the concentration of
the eluted protein was estimated by UV absorbance measurements at 280 nm.
Sulfosuccinimidyl-4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-SMCC) was used as
cross-linking molecule to bind the thiol group of AFRA to the free amino moiety of diamine PEG,
according to the following protocol: a solution of NP-PEG (either MNP20 or MNP10 or QR) in
MES buffer was mixed with sulfo-SMCC for 40 minutes at 4 °C at a SMCC/NP molar ratio equal
to 500/1. Soon after, the unbound crosslinker was removed by means of two washing steps through
centrifuge filters. The collected sample was then added to the AFRA solution in MES buffer at a
AFRA/NP molar ratio ranging from 40/1 in the case of MNP20, to 20/1 in the case of QR, and to
10/1 in the case of MNP10. The reaction mixture was kept under stirring over night at 4 °C. Finally,
the NP were purified from the unbound AFRA by means of prepacked sephadex column (once) and
by washing steps on centrifuge filters (three times).

Estimation of the NP concentration was carried out by means of elemental analysis, while the
amount of AFRA molecules linked per NP was assessed by means of BCA assay. In details, a
calibration curve was built up with free AFRA and then the absorbance of the AFRA conjugated to
the NP was detected. Since this is a colorimetric test, after incubation with the BCA working
solution, the nanoparticle samples were run on centrifuge filters and only the fractions collected
under the filter were optically detected in order to remove the absorption signal of the NP.
Furthermore, the absorbance value of the NP-AFRA was normalized versus the corresponding NP-
PEG sample to cancel non-specific signals due to the interaction of the BCA solution with the non-
protein components of the sample.

Prior to the in vitro and in vivo studies the samples, both NP-AFRA and NP-PEG, were filtered
through 0.45 pm filters.
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Structural and biochemical characterization. Low-Magnification TEM images were recorded on
a JEOL Jeml1011 microscope operating at an accelerating voltage of 100 KV. Electrophoretic
characterization was carried out by running the nanoparticles through a 2% agarose gel immersed in
TBE buffer (pH 8.0) for a 1 h at 100 V. After the run staining of the protein band was performed
with the Coomassie solution (0.1% Coomassie Brilliant Blue R-250, 50% methanol and 10% glacial
acetic acid). DLS and Zeta potential measurements were performed on a Zetasizer Nano ZS90
(Malvern, USA) equipped with a 4.0 mW He—Ne laser operating at 633 nm and with an avalanche
photodiode detector. DLS measurements were performed in PBS (pH 7.4, with 137 mM NacCl, 10
mM Phosphate, 2.7 mM KCl).

The binding (or kinetic analysis) of NP was assessed first by surface plasmon resonance Biacore
2000 apparatus (Biacore AB, Uppsala, Sweden). Soluble recombinant human oFR (produced in the
baculovirus expression system) was covalently bound to a CMS5 sensor chip using the amine
coupling kit (GE Healthcare) at an antigen concentration of 40 pg/ml in 10 mM sodium acetate, pH
4.8. The injection of 1.0 M ethanolamine, pH 8.5 was used to block the residual activated groups.
The concentration of iron was used as standard to determine the amount of NP loaded and to
measure the binding, different concentration were used. NP dissociation lasted for at least 30 min
and the residual NP bound to the sensor chip were detached using 100 mM glycine buffer, pH 2.7.
The observations obtained were analyzed using Biaevaluation software 3.1

The binding activity and specificity of NP on aFR positive or negative live cells was evaluated by
flow cytometry. Adherent cells were removed from flasks by using trypsin/EDTA and the enzyme
activity blocked after cells detachment with medium containing FCS (it is well known that the
expression of aFR is not modified after trypsin treatments). Cells were harvested and approximately
5 x 10"5 washed and incubated 1h on ice with MNP-PEG, MNP-AFRA or with AFRA Fab (10
pg/ml) diluted in PBS and 0,03% of Bovine Serum Albumin (BSA).

Ultrastructural analysis of cells and tissues. 1 x 10° cells suspended in 5 mL of medium were
seeded in a culture dish. After 24 h incubation at 37 °C the medium was replaced with fresh
medium containing either MNP-AFRA or MNP-PEG at a concentration equal to 10 nM. Cells were
then incubated at 37 °C for 1 or 24 h. Then, they were washed with PBS and fixed with 2.5%
glutaraldehyde in 0.1 M cacodylate buffer at 4°C for 30 min. The fixed specimens were washed
three times with the same buffer and 1% osmium tetroxide in cacodylate buffer was added for 1h.
Thereafter, the cells were washed again and dehydrated with 25%, 50%, 75% and 100% acetone.
Two steps of infiltration in a mixture of resin/acetone (1/1 and 2/1 ratios) followed and finally the
specimens were embedded in 100% resin at 60 °C for 48 h. Ultrathin sections (100 nm thick) were
cut on an Ultramicrotome, stained with lead citrate and observed under the electron microscope. In
the case of tissue specimen times of fixation, dehydration and resin infiltration were prolonged in
order to allow deeper penetration.

Quantification of NP uptake. In vitro studies: IGROV1 were seeded in each well of a 6 well-plate
in 2 mL of culture medium. After 24 hours the medium was replaced with 2 mL of fresh medium
containing 20 nM MNP (either MNP20 or MNP10) conjugated to AFRA or only coated with PEG.
Two different time points of iron uptake were chosen. In the first cells were incubated for 1 h and
iron content assessed, while in the second after 1 h f incubation the medium was replaced with fresh
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one and cells were kept for additional 24 h at 37°C before iron measurement. Then the cells were
washed three times with PBS and trypsinized. The cell suspension was then centrifuged, the
supernatant removed and 1 mL of a concentrated HCI/HNO; (3/1) solution was added to digest the
cells. The intracellular Fe concentration was measured by means of elemental analysis. In vivo
studies: organs and tumors extracted from treated and control mice were quickly washed, weighted
and then frozen prior to be lyophilized. Then the dry specimens were digested in concentrated
HNO; added with 30% hydrogen peroxide. Then the samples were heated in order to allow
complete dissolution of the organs. The fat component was removed by filtration prior to detect Fe
amount by means of inductively coupled plasma atomic emission spectrometry (ICP-AES) and with
the preparation of a Fe calibration curve. Finally, the iron amount was normalized versus the organ
weight.

Viability assay. IGROV1 cells (aFR -positive cell line) and A431 (aFR -negative cell line) were
grown at 37 °C and 5% CO, in RPMI-1640 medium supplemented with L-glutamine, penicillin,
streptomycin, and 10% heat-inactivated fetal bovine serum. The viability assay (MTT test) with the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide was performed on IGROV1
cells added with MNP. 5 x 10” cells suspended in 1 mL of medium were seeded in each well of a 12
well-plate, and after 24 h incubation at 37 °C, the medium was replaced with a fresh medium
containing the NP at various concentrations (50 and 100 nM) and at three time points (2, 4 and 24
h). Both MNP-PEG and MNP-AFRA for either MNP20 or MNP10 were assayed. Then the medium
was removed, the cells were washed twice with phosphate buffer (pH 7.4), and 1 mL of fresh
medium serum-free containing 1 mg/mL of MTT was added into each well. After 3 h of incubation
at 37 °C, the dark insoluble formazan obtained was dissolved in 2 mL of DMSO, leading to a violet
solution whose absorbance at 570 nm was determined. The absorbance was correlated to the
percentage of vital cells, by comparing the data of the doped cells with those of the control cells.

In vivo injection of NP-AFRA. Tumor models

Intraperitoneal tumor model. The ovarian cancer cell line OVCAR3 naturally expressing oFR was
transplanted (20x10° cells) in the peritoneum of CD1 nude mice and grown for 7 days. Equivalent
doses of either MNP20-AFRA or MNP20-PEG, as negative control, (16 pmoles iron, corresponding
to approx. 900 pug) were then injected IP and their accumulation in specific districts was assessed
after 3, 6, and 24 hours. Relevant organs, ascites, tumor-infiltrated visceral tissues and tumor cells
were collected and analyzed for iron levels by using ICP-AES.

Subcutaneous tumor model. The etherotopic model was set up by using the human cancer cell line
A431, genetically modified to either express the aFR on their surface (A431-FR) or the control
empty vector (A431-MOCK). Both cell lines were then injected in mice (3x106 cells/mouse)
simultaneously in the left (A431-FR) and right flanks. After 15 days, the tumor nodules grown to a
volume of approx. 6-700 mm’ and animals were given either intravenously (15-20 pmoles iron,
corresponding to approx. 800-1100 pg) or intratumor (1.5 pmoles iron, corresponding to approx.
280 pg) with MNP20-AFRA or PEG. Relevant organs and tumor tissue were collected at different
time point ranging from 3 to 72 h post MNP administration.
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Perls Prussian Blue stain. Mice were euthanized by cervical dislocation and tumors were post-fixed
overnight in PBS-4% parafolmaldehyde solution, cryo-protected by sucrose gradient, frozen in
nitrogen vapor and sectioned (6 um thick) by using a cryostat. Sections were then stained for iron
detection using Perls assay according to the manufacturer’s specifications (Bio-Optica, Milano,
Italy). Labeled sections were analyzed by microscopy (Nikon Eclipse TE2000-S)
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