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Biological behavior of hanoparticles with Zr-89
for cancer targeting based on their distinct
surface composition

Pyeong Seok Choi, 2 Jun Young Lee, Seung Dae Yang and Jeong Hoon Park*

Nano-sized materials with properties that enable their internalization into target cells using passive
targeting systems have been utilized with radioisotopes to track their pharmacokinetics in the body.
Here, we report the incorporation of novel chelator-free Zr-89 using a hierarchical iron oxide
nanocomposite (8%Zr-IONC). Characterization revealed that it had a rice-shape with a mean width of
160 nm. The surface of the 8Zr-IONCs was coated by polyethyleneimine (PEI) and polyvinylpyrrolidone
(PVP) to improve the cancer target efficacy. The biological behavior of the nanoparticles coated with the
polymers differed
measurements by the labeled Zr-89 effectively confirmed the cancer target capability and the fate of

significantly by the surface composition. Positron emission tomography
distribution in the body. We found that only PVP coated 8°Zr-IONC reached the tumor region while
non-coated and PE| coated 8°Zr-IONC tended to be undesirably entirely cleared in the liver and spleen.
The 89Zr-incorporated iron oxide nanocomposite is significantly stable for radiolabeling despite various
surface modifications, allowing the potential carrier to specifically target cancer cells. The strategy of

utilizing the biocompatible PEI and PVP surface coating system for negative charged nanoparticles such

rsc.li/materials-b

Introduction

Development of cancer cell targets with nanoparticles for early
detection through molecular imaging techniques has pro-
gressed over the past 10 years. Using nanometer sized particles,
cancer cells located somewhere in the body can be detected due
to the properties of the nanoparticles that allow them to reach
the leaky vasculature cancer site from blood vessels after
intravenous injection, which is known as the enhanced permis-
sion and retention (EPR) effect.'

The nanoparticle physiological and chemical properties
such as size, shape, composition, and surface chemistry are
important parameters to effectively target cancer cells.*® In
particular, control of properties of the nanoparticle surface is
essential because they are related to common adverse effects
such as non-specific distribution, rapid clearance by opsoniza-
tion and macrophage uptake, and low biocompatibility.”*
However, the in vivo behavior of inorganic nanoparticles in
terms of a cancer target effect by the surface chemistry has been
less studied than their size and shape in the nanomedicine
field using diagnostic radioisotopes. Determination of the
nanoparticle surface properties such as the chemical
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as iron oxide will afford enhanced biological application.

composition, structure, and charge is the highest priority
before control of the nanoparticle size and shape to improve
the in vivo behavior. Afterwards, it is crucial to understand the
interactions between the nanoparticle surface and biological
elements; these are referred to as nano-bio interactions.®*°
The dispersion and colloidal stability of the nanoparticles
have to be first considered for their utilization as a cancer
target.""™"* As-synthesized nanoparticles are dispersed in bio-
logical aqueous solutions such as phosphate buffered saline
with pH 7.4 and a cell culture medium to perform further
biological evaluations. Basically, the redispersed nanoparticles
in the biological solution should not aggregate, which can lead
to unexpected phenomena or inaccurate results during in vivo
experiments.’*® Most non-coated inorganic nanoparticles
without any stabilizing coating materials show a tendency of
flocculation by adsorption of opsonins or high ionic strength by
salt present in blood components.'”'® Therefore, retention of
the colloidal stability of the nanoparticles in biological fluids
will give the opportunity to increase the cancer target efficiency
after intravenous injection. The hydrodynamic diameter of the
nanoparticles in a biological solution, which can be measured
by the dynamic light scattering (DLS) technique, is an index for
measuring their colloidal stability in various biological envir-
onments through in vitro experiments, and it critically affects
prediction of the biological behavior of the nanoparticles
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during blood circulation.">?® Accordingly, coating materials,
which can provide a stable hydrodynamic diameter of the
nanoparticles to prevent aggregation, should be introduced
on their surface by utilizing a polymer. It is necessary to
consider what coating materials are suitable to increase their
dispersion and colloidal stability in biological environments
and can be easily introduced with the nanoparticles via a
simple method. Ultimately, the appropriate surface coating will
determine the in vivo behavior of the nanoparticles.>' >

Among the various surface coating materials to stabilize the
nanoparticle dispersion, we selected polyethyleneimine (PEI)
and polyvinylpyrrolidone (PVP). These coating materials are
known to be biocompatible and have high water-soluble capa-
city to prevent their aggregation behavior in biological environ-
ments by repulsion with their electrostatic and steric
effects.”»*> PEI is a hydrophilic cationic polymer due to the
existence of numerous ammonium cations in the frame
(pK, 7.11 for 25k PEI), and the strong positively charged surface
nanoparticles in pH 7 tend to highly internalize in the cyto-
plasm inside cells where the membrane is negatively
charged.”®?® PEI-based surface coating on iron oxide nano-
particles is used for the delivery of materials with a negative
charge (DNA, RNA, and proteins) having biological effects,?"
which can be attached through electrostatic interaction. PVP,
which is mainly structured by a lactam group (monomer is
N-vinylpyrrolidone), is widely used as a nanoparticle synthesis
template and a water dispersible coating material for nanopar-
ticle stabilizers as it is known to be biocompatible.*** How-
ever, it is necessary to examine the in vivo behavior of the
nanoparticles coated with PEI and PVP after intravenous injec-
tion in the body.

PET images can show the in vivo biological behavior of
nanoparticles through labeling positron emitted radio-
nuclides.*® This technique particularly has been used to validate
the pharmacokinetics in radionanomedicine.*”*® Zr-89 is one of
the radionuclides for long-term tracking in the body due to its
long half-life.**™*' Research on the in vivo behavior of nano-
particles using the measurement of PET after surface coating of
PEI and PVP is insufficient in the nanomedicine field.*> We
demonstrate the biological effect in the body after their surface
coating on nanoparticles through PET images and a biodistri-
bution study, which is a more sensitive tool due to high
permeability of the radioactivity.

Delivery of radioisotopes, which are positron emitters for
diagnostics using a molecular imaging system, provides a
remarkable opportunity with nanoparticles for cancer detection
and can be effectively exploited in the field of nanomedicine for
in vivo imaging.**** Among the various nanoparticles utilized
in biological fields, we chose iron oxide nanoparticles as a core.
Iron oxide nanoparticles are sensitive to aggregation in biolo-
gical fluids by high surface reactivity and ionic strength with
serum proteins and salts.*>*® In this study, we synthesized
Zr-89 incorporated IONCs through a simple hydrothermal
method followed by coating with PEI and PVP for protection
of the nanomaterial surface from aggregation and opsonisation
and improved stability. Consequently, we demonstrated that
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nanoparticles coated by PEI and PVP showed distinct in vitro
and in vivo biological behavior.

Results and discussion
Synthesis and characterization of the coated nanoparticles

In biological fluid, there are various electrolytes and proteins
that can be involved in the nanoparticle aggregation behavior.'?
RES or phagocytosis by macrophage cells are representative
body immune systems that promote fast clearance of large
sized nanoparticles in the blood." Therefore, they are hindered
from reaching the target cancer site and significantly accumu-
late in the liver or spleen. To improve the dispersion of the
nanoparticles in a biological aqueous solution and the ERP
effect for targeting the cancer site, we performed surface
modification of the radiolabeled nanoparticles using polymeric
coating materials, PEI and PVP, which have been widely
employed in colloidal nanoparticle stabilizers (Scheme 1). In
particular, the in vivo behavior of PEI and PVP coated nano-
particles after systemic administration has not been actively
studied to this day. One of the radio-metal isotopes produced
by a cyclotron, Zr-89, which emits positron energy with a three
day half-life for decay, was used as a tracer to confirm the
biological behavior of the various coated nanoparticles through
in vitro cell internalization, in vivo biodistribution, and
measurement of PET images of the PEI and PVP coated
nanoparticles.

Iron oxide nanoclusters incorporated with Zr-89
(8°Zr-IONCs) were used as the core to attach coating materials
on their surface. They were prepared via one-pot synthesis
through a hydrothermal reaction with Zr-89.” The hydrody-
namic diameter of the as-synthesized *°Zr-IONCs was about
140 nm in water (Fig. 1e). When the particles were exposed to
biological solutions containing large amounts of salts and
serum proteins, the diameter was increased above 600 nm by
blocking their electro-double layer (Fig. 2b). This situation has
to be prevented to improve their biological behavior and cancer
target efficacy. First, PEI, which has a positive charge, was
physiochemically adsorbed on negatively charged ®*°Zr-IONCs
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Scheme 1 Synthetic route for the 8°Zr-IONCs and coating with PEI and
PVP.
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Fig. 1 Characterization of the 8Zr-IONCs, 89Zr-IONCs@PEI, and ®Zr-
IONCs@PVP. TEM images and IR-spectrum of the non-radioactive cold
Zr-IONCs demonstrated (a and b) PEl-coated and (c and d) PVP coated
89Zr-IONCs prepared by electrostatic interaction. (e) Hydrodynamic dia-
meter and zeta-potential of the coated ®°Zr-IONCs changed by the
coating materials. (f) Zr-89 labeling yield after synthesis of the 8°Zr-IONCs.
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Fig. 2 Evaluation of the stability of 8Zr-IONCs, #Zr-IONCs@PEl, and
89Zr-IONCs@PVP. (a) Colloidal stability of the coated 89Zr-IONCs in water,
phosphate buffered saline (PBS), cell culture media, and serum aqueous
solution for 7 days. The DLS/Zeta-potential was then measured and their
comparative colloidal stability was confirmed. (b) Zr-89 labeling stability in
serum solution at 37 °C for 1, 2, 4, 24, and 48 h confirmed by radio-TLC.

in pH 7 through electrostatic interaction, and **Zr-IONCs@PEI
was formed in water. After PEI coating on *°Zr-IONCs, the
hydrodynamic diameter increased from 140 nm to 172 nm
and the surface charge also changed from —42 mV to +18 mV
(from negative to positive, Fig. 1e) and PEI coated **Zr-IONCs
can be seen in the TEM image (Fig. 1a). The IR spectrum for
IONCs@PEI showed NH, peaks appearing from 2500 to
3000 cm ™' by PEI adsorbed on the nanoparticles (Fig. 1b).
The PEI coating prevented aggregation of the **Zr-IONCs in the
salty aqueous condition. In other words, PEI effectively stabi-
lized the ®°Zr-IONCs in the biological solution. PVP was
adsorbed on the ®°Zr-IONCs@PEI through electrostatic

This journal is © The Royal Society of Chemistry 2021
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interaction and hydrogen bonding. PVP and PEI are well known
common coating materials for nanoparticles instead of poly-
ethylene glycol (PEG) for biological application.”> PVP was
physically coated on %°Zr-IONCs@PEI through the carbonyl
group in the pyrrolidone ring of the polymer. The hydrody-
namic diameter increases from 172 nm for the case of PEI
coated nanoparticles to 191 nm for the PVP coated nano-
particles and the zeta-potential decreased to +0.13 mV, which
is close to neutral charge (Fig. 1e). From the TEM images, we
confirmed the morphology of **Zr-IONCs@PVP nanoparticles
and that PVP was completely covered with PEI coated nano-
particles (Fig. 1c). Its IR spectrum also showed peaks (1260,
1340, and 1650 cm™') for the C-C, C-N, and C=0 functional
groups of PVP, indicating successful PVP coating (Fig. 1d). The
labeling yield of Zr-89 in IONCs was measured by Radio-TLC,
and it was seen that it was incorporated above 90%. This high
efficiency is due to Zr-89 being an oxophilic metal cation and a
hard Lewis acid, which can facilitate binding to oxygen in an
iron oxide by hard acid hard base soft acid soft base theory
(Fig. 1e). PEI and PVP were chosen as coating materials to
stabilize the synthesized 8°Zr-IONCs in biological environments
due to easy access for coating the nanoparticles by non-covalent
binding through strong electrostatic attraction and hydrogen bond-
ing, and for high prevention of aggregation of the nanoparticles.
After completion of the surface coating, we further evaluated the
coating materials’ capabilities with the ®°Zr-IONCs.

Measurement of stability

Increasing the colloidal stability of the synthesized nano-
particles is important for biological application and it is often
considered for the design of nanoparticles to be utilized in
targeting cancer. Various inorganic and organic salts, amino
acids, and proteins contained in the biological environment
impede retention of the dispersion between the nano-
particles.’®'* They are induced to grow into large sized parti-
cles, which are enforcedly agglutinated between particles by the
attached biological substance on their surface (Scheme 2).
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Scheme 2 lllustration of biological behaviour of the 8Zr-IONCs, 89Zr-
IONCs@PEI, and 8°Zr-IONCs@PVP in blood vessels of the cancer cell
region.
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However, PEI and PVP coating on the nanoparticles can
increase the colloidal stability. We measured the hydrodynamic
diameter using DLS after incubation of each coated IONC with
water, PBS, cell media, and serum for 7 days at 37 °C to confirm
the colloidal stability in various biological environments
(Fig. 2a). In water and cell media, all nanoparticles were stable
and retained their initial hydrodynamic diameter below
200 nm, whereas non-coated IONCs increased in size to as
much as 689 nm and 1183 nm in the PBS and serum solution,
respectively. Their high aggregation tendency is attributed to
strong interaction and adsorption with salts and biological
substance with the nanoparticles. In contrast, both coated
nanoparticles maintained their hydrodynamic size in PBS and
serum by steric hindrance and electrostatic repulsion. Conse-
quently, PEI and PVP coating can exert a favorable influence on
the colloidal stability during the nanoparticle distribution
though blood circulation.

We also checked the labeling stability of the coated
897r-IONCs in a serum solution for two days (Fig. 2b). PEI
and PVP coated ®*°Zr-IONCs included with non-coating indi-
cated that the labeling stability of Zr-89 was high at above 95%.
The Zr-89 was strongly incorporated in the IONCs core, and we
found that it is not affected by the surface coating using the
polymer. It was demonstrated that they are significantly stable
in a biological environment.

In vitro assessment for opsonization, confirmed protein corona
for each coated IONC

Various blood proteins can disturb the ability of the nano-
particles as a cancer target by forming a protein corona upon
entering the blood through intravenous injection.”'® It is
known that opsonins are adsorbed on the surface of nano-
particles and they are marked for phagocytosis by macrophage
cells during blood circulation.*® Opsonization is also affected
by physiological properties of the nanoparticles such as size,
shape, and surface charge.” In this study, we focused on how
the surface of the nanoparticles affects the adsorption of the
serum proteins through in vitro evaluation using a SDS-PAGE
assay (Fig. 3). The results showed that some plasma proteins
were attached on the non-coated IONCs whose surface charge is
negative, whereas various plasma proteins were abundantly
attached on the cationic PEI coated IONCs compared to the
non-coated and PVP-coated IONCs. This indicated that high
surface charge can attract various proteins during blood circu-
lation of the nanoparticles because most blood proteins have a
charge by the amino acids contained in carboxyl, hydroxyl, and
amino groups that compose the structure of the proteins.
However, the adsorption of the blood proteins was prominently
reduced in the case of PVP-coated IONCs, which have a close to
neutral surface charge. The chemical structure of PVP, which is
highly hydrophilic with the incorporation of a carbonyl group
and tertiary amino group, interrupts access to the nanoparticles
and interaction of the blood proteins. The PVP coating showed
the possibility to evade opsonization during blood circulation
and it can provide better passive cancer targeting by the EPR
effect.
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Fig. 3 In vitro assessment of the adsorption of proteins on the non-
coated, PEl-coated, and PVP-coated 89Zr-IONCs. (a) Schematic outline of
the adsorption phenomenon of serum proteins by the different surface
charged nanoparticles. (b) Results of SDS-PAGE for the coated 89Zr-IONCs
incubated with serum aqueous solution at 37 °C for 24 h.

In vitro cell internalization study: comparison between cancer
cells and macrophage cells

Different surface chemical properties of the nanoparticles
affect the internalization of the targeted cells. This can be
confirmed through an in vitro cell internalization assay of the
surface coating materials such as PEI and PVP in terms of
targeting cancer cells. Therefore, we compared the in vitro cell
internalization between the non-coated ®Zr-IONCs, PEI-coated
8971r-IONCs, and PVP coated 3°Zr-IONCs for CT-26 murine colon
cancer cells and RAW 264.7 murine macrophage cells, where
phagocytosis of the nanoparticles is known to occur (Fig. 4).
Each sample was treated in wells in a plate where CT-26 and
RAW 264.7 were already cultured, and incubated for 1, 2, 4, and
24 h at 37 °C. In the case of the non-coated **Zr-IONCs, they
showed a similar pattern of internalization in both cell lines,
rapidly infiltrating the cell membrane within 4 h and continu-
ously increasing up to 86% internalization for 24 h (Fig. 4a).
This means the non-coated ®*Zr-IONCs, which were measured
to have a negative surface charge, highly interact with the cell
membrane of the cancer and macrophage cells. PEI coated
897r-IONCs, which have a strong positive surface charge,
showed internalization into both cell lines. However, positively
charged %Zr-IONCs@PEI were more internalized in the
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Fig. 4 In vitro cell internalization of the (a) non-coated, (b) PEl-coated,
and (c) PVP-coated 8°Zr-IONCs. The cell lines to compare internalization
by the different surface coatings are CT-26 (murine colon cancer cell) and
RAW 264.7 (murine macrophage cell).
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macrophage cells than in the CT-26 cancer cell lines, which is
significantly different to the results of internalization of the
non-coated **Zr-IONCs (Fig. 4b). According to the pattern of
internalization, it appeared that macrophage cells were more
responsive to the positive surface charge. Different to the
negative and positive surface charged **Zr-IONCs, PVP coated
897r-IONCs have a neutral surface charge and the internaliza-
tion patterns for the two cell lines completely changed, being
more internalized in the CT-26 cancer cells than in the macro-
phage RAW 264.7 cells (Fig. 4c). PVP coating can reduce
macrophage cell uptake and help avoid opsonization in
the body.

We explored the cell internalization aspect by the different
surface charged 3°Zr-IONCs. The strong positive and negative
surface charged nanoparticles are prone to internalization by
macrophage cells, whereas neutral surface charged nano-
particles can reduce this tendency due to the disturbance of
adsorption of the proteins related to phagocytosis.

In vivo biological behavior: PET images and biodistribution

The different nanoparticle surface properties such as charge,
composition, and chemical structure for the functional groups
could affect the in vivo biological behavior of the
nanoparticles.® We controlled the surface properties of
897r-IONCs using adsorption of PEI and PVP to improve the
capability of the tumor target and their biodistribution.
Measurement of PET images can provide biological informa-
tion indicating the tumor region after administration of the
nanoparticles with a radionuclide.*® By the incorporated Zr-89,
we tracked the in vivo behavior of the nanoparticles for more
than one day to confirm the tumor target effect for the coated
897r-IONCs and how they are distributed in the mouse body
after IV injection. We prepared a CT-26 tumor bearing mouse
model in the right subcutaneous thigh. We expected that the
fate of the **Zr-IONCs would be different according to their
surface coated materials. Non-coated %°Zr-IONCs have a nega-
tive surface charge, with oxygen distributed on the outermost
surface of the nanoparticles. After IV injection of the non-
coated *°Zr-IONCs, they immediately reached the liver and
spleen by opsonization with positive charged blood proteins,
and at 96 h the **Zr-IONCs still remained in the liver without
body clearance (Fig. 5a). PEI-coated ®°Zr-IONCs that are col-
loidally stable in serum also tended to be taken up in the liver
and spleen because PEI-coated *’Zr-IONCs have a positive sur-
face charge due to the numerous ammonium cations in the PEI
chemical structure (Fig. 5b). Therefore, negative charged pro-
teins contained in blood serum adsorbed on the positively
charged nanoparticle’s surface and unintended liver clearance
occurred during the blood circulation. Compared with the bare
8971 IONCs, more PEI-coated ®°Zr-IONCs remained in the
spleen. Some of the remaining nanoparticles accumulated in
the liver were transferred to the spleen because they were
passed from the liver sinusoid. Nevertheless, they also tended
to show long retention time in the liver and spleen. After PVP
coating on **Zr-IONCs@PEI, the in vivo behavior was changed,
and they first accumulated in the cancer region with liver and

This journal is © The Royal Society of Chemistry 2021
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major organs, (d) liver, (e) spleen, and (f) tumor. This is compared with non-
coated, PEl-coated, and PVP coated °Zr-IONCs.

spleen uptake. Afterwards, liver uptake was reduced after 24 h
of its administration (Fig. 5c). This was caused by the surface
charge being altered to neutral by the PVP chemical structure
that included carbonyl groups and tertiary amines. Hence,
opsonization with blood proteins for the injected
897r-IONCs@PVP was reduced by the PVP coating. We also
confirmed in vivo stability through the PET images. Free
897r*" tended to highly accumulate in the bone, however, the
non-coated **Zr-IONCs, PEI-coated *°Zr-IONCs, and PVP-coated
897r-IONCs did not appear with intensity in the bone after
administration to the body. This means that Zr-89 strongly
incorporated with the IONCs and retained the chemical struc-
ture, and does not degrade for a long time after the body
injection. In other words, in vivo stability of the all surface
coated **Zr-IONCs is significant. Region of interest (ROI) values
of the major RES organs and tumor were quantitatively mea-
sured for the coated **Zr-IONCs. The uptake by the liver of PVP-
coated **Zr-IONCs was reduced relative to the non-coated and
PEI-coated ®°Zr-IONCs and this is consistent with the PET
images (Fig. 5d). In the case of the ROI value for the spleen,
the uptake order was the PVP coated, PEI-coated, and non-
coated **Zr-IONCs. The PVP coated **Zr-IONCs were also trans-
ferred from the liver to the spleen after their administration.
The ROI value of **Zr-IONCs@PVP was not decreased; however,
PEI-coated and non-coated **Zr-IONCs were more trapped in
the liver due to the increased size by aggregation with the blood
serum adsorption or the body immune system. For the ROI
value of tumors (Fig. 5f), PVP-coated **Zr-IONCs showed higher
uptake than other particles and initially reached the tumor
region (over 2% of ROI) during the blood circulation. It is
expected that the PVP coating can increase the blood circula-
tion time and tumor uptake while avoiding MPS or RES and
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after the administration. PEI-coated *°Zr-IONCs and non-
coated **Zr-IONCs did not reach the tumor region because they
were highly affected by the body immune system in the blood.

We further conducted a comparison between each coated
897r-IONC through in vivo biodistribution and measurement of
ex vivo PET images by extraction of the major organs (lung,
liver, spleen) and tumor after treatment (Fig. 6). Non-coated
897r-IONCs were mostly distributed in the lung, liver, and
spleen, but did not appear in the tumor region. Their lung
uptake gradually reduced whereas their liver uptake increased
with the administration time (Fig. 6a). PEI-coated **Zr-IONCs
tended to reach the lung, liver, and spleen (Fig. 6b). Similarly,
their lung uptake was progressively reduced while their liver
and spleen uptake increased until 96 h. PVP-coated *Zr-IONCs
mostly reached the liver and spleen at the initial time point
after the administration (Fig. 6¢). However, the liver uptake was
increasingly reduced (from 57% to 26%ID/g) and additional
uptake rose in the tumor region, unlike non-coated and PEI-
coated ®°Zr-IONCs. Specifically, 2.7 ID%/g of tumor uptake was
measured at 1 h and 3.5 ID%/g peaked at 24 h after IV injection
of #7r-IONCs@PVP and remained at this level at 96 h. The
results of the biodistribution indicated that PVP coating had a
neutral charge on the surface and induced reduction of liver
uptake with tumor targeting at the same time due to retention
of the intrinsic properties while circulating in blood vessels
with minimum serum protein adsorption. The higher tumor
uptake of *Zr-IONCs@PVP was obviously presented through
the tumor to muscle ratio through a comparison with non-
coating and PEI-coating, showing a difference of about 14
(Fig. 6d). More PVP coated ®*Zr-IONCs remained in the blood
at 48 h after the administration into the body than the non-
coated and PEI-coated cases. This indicated that PVP coating
can delay clearance during the blood circulation by opsonisa-
tion or the body immune system through prevention of

#92r10NCs.

o,
552.10NCS@PEI Zr-IONCS@PVP
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Fig. 6 Comparison of in vivo behavior by the surface properties. The
biodistribution of (a) the non-coated, (b) PEl-coated, and (c) PVP-coated
897r-IONCs was evaluated after IV injection of each particle for 1, 2, 24,
and 96 h and extracted heart, lung, liver, spleen, stomach, intestine,
pancreas, kidney, muscle, and tumor followed by measurement of
gamma-counter. (d) Ratio for tumor to muscle was indicated at 1, 2, 24,
and 96 h. (e) Comparison between ID percentage of the coated
89Zr-1ONCs in blood at 1, 2, 24, and 48 h. (f) Ex vivo image of the coated
897r-10NCs for lung, liver, spleen, and tumor extracted and measured by
PET after 96 h.
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aggregation and protein adsorption of serum (Fig. 6e). We
extracted major organs (liver, lung, and spleen) and the tumor
after 96 h of IV injection, and measured them using PET to
confirm the correlation with whole PET biodistribution images
(Fig. 6f). Non-coated ®°Zr-IONCs mainly accumulated in the
lung and liver. PEI-coated **Zr-IONCs at high levels remained in
the lung, liver, and spleen. However, neither reached the tumor
due to clearance by the immune system. The PVP-coated
89Zr-IONCs, however, primarily remained in the spleen. They
appear to move from the lung and liver as the intensity of the
ex vivo images for these organs is weak. Simultaneously, we
confirmed that they remained in the tumor region at 96 h, the
only one among them to do so. Consequently, we demonstrated
the effect of the surface of the nanoparticles in the biological
environment with the long half-life radioisotope Zr-89, and in
particular it was shown that PVP coating is effective as a
candidate for cancer targeting utilizing nanoparticles.

Experimental
Materials

The main chemicals for the synthesis of **Zr-IONCs such as
iron chloride, r-glutamic acid, polyethyleneimine branched
(Mw 25 KDa), and polyvinylpyrrolidone (Myw 40 KDa) were
purchased from Sigma-Aldrich. The Zr-89 chloride form was
produced in RFT-30 cyclotron, which is located in Korea Atomic
Energy Research Institute (Jeongup-si, South Korea) through
8Y(p, n)*Zr nuclear reaction, followed by purification of the
Zr-89 using 1 M oxalic acid converted by 1 M HCI continuously.
All reagents were used without further purification. For experi-
ments for biological evaluation, Dulbecco’s modified Eagle’s
medium (DMEM), fetal bovine serum (FBS), phosphate buf-
fered saline (PBS), and mouse serum (MS) were obtained from
Thermal Fisher Scientific. CT-26 and RAW 264.7 cancer cell
lines were obtained from Korea Cell Line Bank.

Synthesis of *Zr-IONCs

The core nanoparticles, *Zr-IONCs, were synthesized through
direct-labelling hydrothermal reaction according to our pre-
vious report.”” Briefly, we prepared a mixture solution contain-
ing FeCl; and r-glutamic acid. Then, 20 pL of 0.2 M FeCl; in
water was mixed with 200 pL of 0.02 M r-glutamic acid in water.
Afterwards, the pH of the solution was adjusted to 7 with the
addition of TEA. Subsequently, 5 mCi of Zr-89 Cl-form with
pH 7 by adding 0.1 M Na,CO; was added in the above mixture.
The radioactive mixture was stirred for 30 min followed by
transfer to a Teflon-lined stainless-steel hydrothermal reactor
and sealing. It was heated at 140 °C for 24 h. After the reaction,
it was cooled to room temperature. The solution contained a
red brown precipitate and was purified by washing steps using
centrifugation at 13 000 rpm three times. The precipitate was
redispersed in diluted water and used in further experiments
involving surface coating and biological evaluation.
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Coating with PEI and PVP on **Zr-IONCs

Surface modification was necessary for improvement of the
colloidal stability and prevention of aggregation in biological
fluids. As-synthesized **Zr-IONCs that have a negative surface
charge were first coated by branched polyethyleneimine (PEI)
through electrostatic interaction in an aqueous solution.
Briefly, 10 uL of the as-prepared PEI solution (1 g mL™") was
mixed with the solution of **Zr-IONCs that were synthesized
directly. The mixture was shaken for 10 min at 1000 rpm using
a thermometer reactor. After the shaking, the solution contain-
ing #Zr-IONCs@PEI was purified through 10000 rpm centri-
fugation for 5 min three times. This was redispersed in 1 mL of
diluted water and 200 pL of as-prepared PVP aqueous solution
(50 mg mL™") was added to the *°Zr-IONCs@PEI through
electrostatic interaction via a layer-by-layer mechanism. The
mixture of *°Zr-IONCs@PEI and PVP aqueous solution was
stirred at 1000 rpm for 10 min and centrifuged for removal of
excess PVP in the solution. Finally, **Zr-IONCs@ PVP was
redispersed in a saline solution for further biological
experiments.

Characterization

The as-synthesized particle size and morphology were con-
firmed by transmission electron microscopy (TEM). Analysis
of the infrared spectroscopy (IR) was conducted using a Bruker
instrument. Radio labeling yield and purity were measured by
radio-thin layer chromatography (Radio-TLC). The analysis of
hydrodynamic diameter and surface charge for the surface
coated colloidal nanoparticles was performed with a Zeta
nanosizer instrument (ZS-90, Malvern). SDS-PAGE was con-
ducted by using Invitrogen minigel 4-12% bis-tris plus for
quantification of protein adsorption on the nanoparticles.

Colloidal stability

Colloidal stability of bare ®*Zr-IONCs, PEI coated **Zr-IONCs,
and PVP coated **Zr-IONCs was measured in 50% serum in PBS
and incubated at 37 °C for 24 h. The concentration of each
sample was determined as 100 ppm with 100-200 pCi of
radioactivity. After 24 h of incubation, radio-TLC and hydro-
dynamic diameter of the solution were measured. We con-
firmed that labeled Zr-89 remained in IONCs and prevented
aggregation occurring in the biological solutions.

Comparison of adsorption tendency between surface coated
NPs and serum proteins

The adsorption of proteins on the surface of nanoparticles
affects the biological behavior for a cancer cell target. There-
fore, we tried to compare the adsorption tendency between
surface coated radioactive nanoparticles and serum proteins.
The as-prepared nanoparticle samples were mixed with 50%
serum solution and incubated at 37 °C for 24 h. First, the
incubated nanoparticles with serum solution were centrifuged
after 24 h. Second, SDS-PAGE was performed to evaluate the
quantity and quality of the adsorbed proteins on the nano-
particles. Each prepared sample was dissolved in LDS buffer, a
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reducing agent, and diluted water, and heated at 85 °C for
2 min for denaturation of the proteins. We set up the SDS-PAGE
instrument for the regular protocol. Briefly, 1X running buffer
was filled and bis-tris protein gel (4-12%) was equipped in the
tank. The denatured samples loaded on the gel were moved to
the other side by electrophoresis (220 V, 32 min). The gel was
then stained by SimplyBlue SateStain (20 mL) and washed with
100 mL of water three times. The existing band was analyzed by
iBrightCL1000 (Thermal Fisher Scientific).

In vitro cell internalization

We selected CT-26 (cancer cell line) and RAW 264.7 (macro-
phage cell lines) for comparison for biological evaluation of the
surface coated nanoparticles. Both cell lines were cultured by
general cell culture procedures and 1 x 10* cells per well were
seeded in a 24 well plate during 24 h with incubation. Non-
coated, PEI coated, and PVP coated *°Zr-IONCs were prepared
by dispersion in DMEM cell culture media. Each sample, which
had a concentration of 5 puCi per 100 pL of the media, was
added to the cultured CT-26 and RAW 264.7, respectably.
Afterwards, they were simultaneously incubated for 1, 2, 4,
and 24 h at 37 °C. At each time point, the incubation of the
treated cells was completed and the media were removed after
gathering a small quantity for confirmation that they were not
internalized in cells. The cells were washed with cold PBS two
times followed by trypsinization and calculation of each cell
number. The floating cells were separated by centrifugation in
1500 rpm for 3 min and the supernatants were removed. 1 M
sodium citrate in pH 2 was added to the cell pellet and left at
room temperature for 15 min. Centrifugation was once again
performed and the supernatant was removed. The remaining
pellets were dissolved in 0.5% sodium dodecylsulfate and
counted for radioactivity using a gamma-counter. The result
of the activity of the radiolabeled nanoparticles internalized in
the cells was calculated through the following equation. (% cell
internalization = activity of the dissolved cell pellets after final
step =+ total activity of the treated cells with media x 100).

In vivo PET images

Experimental small mouse models for in vivo evaluation of the
radioactive nanoparticles were supplied by Orientbio in South
Korea. We thoroughly complied with ethics for the animal
experiments according to guidelines approved by Korea Atomic
Energy Research Institutional Animal Care and Use Committee
obtained from the National Institutes of Health (Approval
number KAERI-IACUC-2021-010). The CT-26 solid tumor model
was prepared by spontaneous injection in the right thigh with
50 pL of the distributed cells in PBS. They were grown for two
weeks and the size of the tumor reached about 50 mm. As-
prepared radioactive nanoparticles (50 pCi/50 pL in saline) were
intravenously injected through the tail vein and PET images
were obtained at time points of initial, 2, 24, and 96 h after
anaesthesia (GENISYS 4, SOFIE Bioscience). The measured
DICOM images were regenerated by AMIDE software.
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In vivo biodistribution

Biodistribution studies were carried out following the above-
mentioned animal experiment guidelines for the in vivo PET
images. Each prepared radioactive nanoparticle sample
(50 pCi/50 pL in saline) was injected through the intravenous
tail vein for CT-26 tumor bearing mice, respectively. At a time
point of 24 h, the mice injected with radioactive nanoparticles
were euthanized and the major organs and tumor were col-
lected. Radioactivity of the extracted organs and tumor was
measured by a gamma-counter (PerkinElmer). We calculated
the percent of injection dose per weight of organs and tumor
using a gamma counter measured radioactivity, total injection
dose, and each organ weight.

Conclusions

Simple surface modification using electrostatic interaction
between a polymer and nanoparticles for increased colloidal
stability in biological environments and prevention of adsorp-
tion of serum proteins enhances the application of nano-
particles in biology such as drug delivery and cancer cell
targeting. We utilized iron oxide nanoclusters as a core and
incorporated Zr-89 inside them during their synthesis followed
by surface coating with polyethyleneimine (PEI) and polyvinyl-
pyrrolidone (PVP). We studied the effects of the surface proper-
ties endowed by the coating materials on their biological
behavior with Zr-89. High labeling yield (above 90%) and
labeling stability (above 99%) for the ®°Zr-IONCs core were
observed and this can facilitate biological evaluation by the
different surface properties such as their chemical composition
and surface charge. Highly negative surface charged **Zr-IONCs
that are not coated by any materials tend to interact with the
proteins, which are positively surface charged, contained in
the serum. In addition, the highly positive surface charge in the
case of PEI coated on **Zr-IONCs led to significant binding with
negatively charged proteins in the body. However, through PET
image measurements and a biodistribution study we found that
neutrally charged PVP coated *'Zr-IONCs interfere with the
approach and adsorption of the serum proteins. PVP coating
is helpful for targeting cancer cells in the body through
intravenous injection after PVP surface coating. In this study,
we focused on a simple surface coating with iron oxide
nanoclusters incorporating Zr-89 and the demonstration of
different biodistributions and the effectiveness for targeting
cancer cells. This strategy of employing a biocompatible PEI
and PVP surface coating system with negatively charged nano-
particles such as metal oxide nanoparticles can be exploited for
enhanced biological applications such as cancer cell targeting.
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