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Abstract

The translocator protein 18 kDa (TSPO) is mainly located in outer membrane of
mitochondria and results highly expressed in a variety of tumor including breast,
colon, prostate, ovarian and brain (such as glioblastoma). Glioblastoma multiforme
(GBM) is the most common and lethal type of primary brain tumor. Although GBM
patients had currently available therapies, the median survival is <14 months.
Complete surgical resection of GBM is critical to improve GBM treatment. In this
study, we performed the one-step synthesis of water-dispersible ultra-small iron oxide
nanoparticles (USPIONSs) and combine them with an imidazopyridine based TSPO
ligand and a fluorescent dye. The optical and structural characteristics of TSPO
targeted-USPIONSs were properly evaluated at each step of preparation demonstrating
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the high colloidal stability in physiological media and the ability to preserve the
relevant optical properties in the NIR region. The cellular uptake in TSPO expressing
cells was assessed by confocal microscopy. The TSPO selectivity was confirmed in
vivo by competition studies with the TSPO ligand PK 11195. In vivo fluorescence
imaging of U87-MG xenograft models were performed to highlight the great potential
of the new NIR imaging nanosystem for diagnosis and successful delineation of
GBM.
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1. Introduction

Among the intracellular targets the translocator protein 18 kDa (TSPO) is one of the
most investigated and promising, as it appears to be over-expressed in some types of
cancers, including breast, colon, prostate, ovarian and brain (such as glioblastoma)
compared to healthy tissues. In particular, TSPO is located in the outer membrane of
mitochondria as a component of a multi-proteic complex named mitochondrial



permeability transition pore (MPTP), involved in various cellular functions including
cholesterol transport, steroid hormone synthesis, mitochondrial respiration,
permeability transition pore opening, programmed cell death (apoptosis) and
proliferation (lacobazzi et al., 2017b; Lopalco et al., 2018; Mangiatordi et al.,

2017; Piccinonna et al., 2013; Savino et al., 2016). TSPO has therefore become an
attractive subcellular target for both the early detection of disease states involving its
overexpression and the selective mitochondrial drug delivery (Perrone et al., 2016).
The amount of structurally different TSPO ligands examined has increased over time
revealing a broad spectrum of actions, such as anti-steroidogenic or pro-apoptotic
effects potentially useful for cancers therapy (lacobazzi et al., 2017b). In recent times
new PET imaging probes and various metal-based complexes targeting the TSPO
have been projected to monitor the TSPO expression in neuro pathological diseases
such as neuroinflammation and tumors (Choi et al., 2016; Denora et al.,

2017; lacobazzi et al., 2017a; Laquintana et al., 2016; Midzak et al., 2015; Piccinonna
et al., 2012). Specifically, glioblastoma multiforme (GBM) is the most common and
deadly type of primary brain cancer. Although GBM patients have currently available
therapies, including radiation and chemotherapy with temozolomide, the median
survival is <14 months after diagnosis mainly due to the occurrence of resistance
phenomena (Stupp et al., 2009). Complete surgical resection of GBM is critical to
improve GBM treatment. Therefore, the discovery of new targets for early diagnosis
and GBM therapy is becoming increasingly necessary (Elkamhawy et al., 2015). For
an advanced diagnosis of tumors, the essentials characteristics of the imaging probes
are high affinity for the target sites, selective cellular internalization, and an in

vivo high stability. In addition, such probes are required to be nontoxic and easy to
prepare. Since TSPO is selectively over expressed in the brains of the GBM patients
(Elkamhawy et al., 2015), TSPO ligands can be exploited as targeting moiety for the
early diagnosis and successful delineation of GBM by means of in vivo fluorescence
and nuclear imaging, as well as for the glioblastoma therapy. In addition to the
identification of new targets for GBM a winning strategy could be the use of
appropriately engineered nanoparticles systems able to selectively target the
glioblastoma cells. This would overcome the limits of the classical molecules
currently used for the diagnosis and therapy of brain cancers, including the difficulty
of crossing the blood-brain barrier (BBB). Moreover, approaches to increase the
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delivery of pharmacological active molecules to the brain tissue without opening of
the brain vascular system are urgently needed and for this purpose nanoparticles
represent an effective opportunity to reach this target, in particular in cerebral tumors.
Ultra-small superparamagnetic iron oxide nanoparticles (USPIO NPs) are particularly
promising since their magnetic properties increase the number of potential
applications in the biomedical area, including drug delivery, thermotherapy, imaging
and detection of tumor. Their potential to cross biological barriers, including the BBB
and the blood—brain tumor barrier (BBTB) have been recently confirmed (Cassano et
al., 2017; Halamoda Kenzaoui et al., 2013; Lopalco et al., 2015) using an in

vitro model representative of the endothelial-glioblastoma tumor barrier. They
demonstrated that USPIO NPs can be translocated from endothelial cells to
glioblastoma cells. The selection of the surface molecules for iron oxide nanoparticles
is crucial for biological uses, since the good stability in physiological buffer, the
biocompatibility, and the prevention of the nonspecific interaction with a cell, are
strictly dependent from this issue. In particular, low molecular weight
polyethyleneglycol (PEG) has been paid a lot of attention as a potential organic
surface molecule from a biomedical point of view. PEG anchored on the surface of
NPs leads to decrease nonspecific binding with cells and enhances viability and
stability by retaining a helical conformation of the crystalline state in water (Depalo et
al., 2017). For these reasons we decided to prepare ultra-small PEGylated water-
dispersible iron oxide nanoparticles (USPIONSs) following the one step synthesis
method previously reported (Yang et al., 2014). In particular we projected and
realized iron oxide nanoparticles surface grafted with an imidazopyridine based TSPO
ligand properly synthesized in our laboratory, as a targeting moiety (Denora et al.,
2013, Denora et al., 2008), and with a near infrared (NIR) emitting fluorescent dye in
order to perform in vivo fluorescence and nuclear imaging for the diagnosis and
thesuccessful delineation of GBM. The use of targeted nanoplatform-based probes
aims to extend plasma half-lives, thus increasing in vivo stability and targeting
efficiency. Several TSPO targeted nanoparticles have been yet proposed as potential
and efficacious fluorescent agents for visualization of trafficking inside cell and for in
vivo imaging (Denora et al., 2013; Fanizza et al., 2016a; Lopalco and Denora, 2018).
Optical imaging consents several advantages, including accurate sensitivity, non-
invasive procedure, and a reasonable cost of the instrument for the detection.
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Remarkably, the use of fluorescent probes emitting in the near-infrared region (NIR,
700-1100 nm), can enhance the signal-to-noise ratio in in vivo technique of optical
imaging. In the NIR region, autofluorescence and scattering by biological tissues are
minimal, therefore NIR probes are expected to result in high resolution and deep
penetration images (Depalo et al., 2017a).

The novel synthesized TSPO targeted-NIR-fluorescent ultra-small iron oxide
nanoparticles have been thoroughly investigated, assessing the NIR emitting
properties upon surface functionalization with TSPO ligand, and elucidating the
morphology, size, colloidal stability of the nano-object in each step of preparation.
Various techniques have been applied for the characterization of this system, such as
transmission electron microscopy (TEM), dynamic light scattering (DLS) and
fluorescence spectroscopy. In vitro toxicity study of TSPO-targeted nanoparticles was
performed in U937 (human histiocytic lymphoma cell), which is one of the TSPO-
overexpressed cell lines. The uptake experiments in vitro were conducted by means of
confocal microscopy in human glioblastoma U87-MG and human prostate PC3 cancer
cell lines in live mode and after immunocytofluorescent staining in PC3 and in human
fibroblast CCD-986sk fixed cells. Moreover, the correlation between inflammatory
responses and TSPO expression at a cellular level was evaluated. The efficacy of the
USPI10s-TSPO targeted in vivo as a tool for fluorescence imaging of GBM was
assessed in 6-week-old male Balb/c athymic mice. Competition studies were also
performed in vivo using the selective TSPO ligand PK 11195.

2. Materials and methods

Ethylenediamine, branched polyethyleneimine (b-PEI, Mw ~800),
dicyclohexylcarbodiimide (DCC), N-dydroxysuccinimide (NHS) and phosphate
buffered saline (PBS) tablets were from Sigma Aldrich. Ferric nitrate nonahydrate
(Fe(NOs);-9H,0), ethanol, polyethyleneglycol (PEG, Mw ~600), dimethylsulfoxide
(DMSO) and diethyl ether were purchased from Samchun Chemical (South Korea).
Cyanine 5.5 dye (Flamma® 675 NHS ester) was bought from BioActs (South Korea).
Other reagents were purchased from Sigma-Aldrich and Tokyo Chemical Industry
Co., Ltd. (TCI). All the reagents were used without further purification and aqueous
solutions were prepared using high purity deionized water (18.2 MQ). *H and =C
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NMR spectra were recorded on a Varian at 400-MR (400 MHz) spectrometer (Agilent
Technologies, USA). Chemical shifts were reported in parts per million

(ppm, ¢ units). Electrospray mass spectrometry (ESI-MS) was performed on a LC/MS
spectrometer (Agilent 6130 Series, Agilent Technologies, USA). HPLC was carried
out on a Dong-il Shimadzu Corp (Japan). Separation Products System equipped with a
semi-preparative column (Waters, Xterra RP-C18, 10 um, 10 X 250 mm) and equipped
with a UV detector (wavelength set at 254 nm). HPLC-grade solvents (J. T. Baker,
USA) were used for HPLC purification after filtering with membrane filter
(Whatman, 0.22 um, USA). The HPLC eluent started with 65% acetonitrile and 35%
water over 25 min at a flow rate of 4 mL/min. A fluorometer (Fluorolog 3, HORIBA
Jobin-Yvon) was used for the quantitative analysis of the fluorescent dyes bound to
the particles.

2.1. Cell lines

U87-MG (human malignant glioblastoma cell), PC-3 (human prostate cancer cell),
U937 (human histiocytic lymphoma cell) and CCD-986sk (human fibroblast) were
distributed from Korean Cell Line Bank (Seoul, Korea) and grown in Dulbecco's
Modified Eagle's Medium (DMEM, SH30243.01; GE Healthcare, USA), Roswell
Park Memorial Institute 1640 Medium (RPMI-1640, SH30027.01; GE Healthcare,
USA) and Iscove's Modified Dulbecco's Medium (IMDM, SH30228.01; GE
Healthcare, USA) respectively with 10% heat-activated fetal bovine serum (FBS,
SH30919.03; GE Healthcare, USA) and 1% penicillin-streptomycin (15070-063; Life
Technologies, USA). Cells were cultured at 37 °C in a humidified 5% CO. incubator.

2.2. Synthesis of CB235-NHS

To a solution of 2-(4-(6,8-dichloro-3-(2-(dipropylamino)-2-oxoethyl)imidazo[1,2-
a]pyridin-2-yl)phenoxy)acetic acid (CB235) (50 mg, 0.10 mmol) in dichloromethane
(5 mL) was added NHS, (14 mg, 0.12 mmol) and DCC (25 mg, 0.12 mmol). The
reaction mixture was stirred at room temperature for 4 h. The solvent was removed
under reduced pressure and then the reaction mixture was dissolved in
acetonitrile:water = 65:35 (v/v). The product was separated by a semi-preparative
HPLC system. The fraction of CB235-NHS was collected at 7.0 min as a white



solid; *H NMR (400 MHz, CDCL) & 8.29 (s, 1H), 7.63 (d, J = 8.8 Hz, 2H), 7.28 (s,
1H), 7.07 (d, J=9.2 Hz, 2H), 5.02 (s, 2H), 4.05(s, 2H), 3.30 (t, J = 7.8 Hz, 2H), 3.11
(t, J=7.8 Hz, 2H), 2.87 (s, 4H), 1.56-1.46 (m, 4H), 0.88-0.84 (m, 3H), 0.74-0.70 (m,
3H); 5C NMR (100 MHz, CDCL,) § 170.5, 167.1, 158.7, 140.6, 130.6, 125.9, 122.6,
121.7, 120.2, 117.3, 114.9, 65.5, 50.0, 48.2, 31.0, 30.0, 22.2, 20.9, 11.3, 11.1; MS
(ESI) m/z 575.1 (M + Hr, 100%) 577.1 (60%) 576.1 (30%), 578.1 (20%), 579.1
(11%); HRMS (ESI) m/z C.H»O:N.Cl, calcd: 575.1459; found: 575.1488.

2.3. One step synthesis of water-dispersible ultra-small iron oxide nanoparticles
(USPIONS)

The USPIONSs in this research were reproduced following the previously reported
method (Yang et al., 2014). Typically, 1 mmol of ferric nitrate nonahydrate and

20 mmol of PEG600 were transferred to 50 mL three-neck round bottom flask and
degassed under 95 °C for 1 h. The color of the solution gradually changed to a deep

reddish-brown color as it was heated. Then, the mixed solution was heated at 265 °C
for 30 min to synthesize magnetite nanocrystals. A portion of the solution was mixed
with a mixture of ethanol and ether, and then purified by centrifugation. The
procedure was repeated three times, and the purified nanoparticles were dispersed in
the desired solvent and stored.

2.4. Surface functionalization of USPIONs with branched polyethyleneimine (b-
PEI)

As mentioned in the previous paper (Yang et al., 2014), since the iron oxide
nanoparticles synthesized by this method have a carboxyl group on the surface, in this
study, the surface functionalization was processed through amide bonding formation.
The purified nanoparticles (~8 mg) were redispersed in 2 mL of DMSO, and each

I mL of DCC and NHS solution (0.1 M in DMSO) was added. After shaking for

30 min, 1 mL of b-PEI solution (1 wt% in DMSO) was added to induce the reaction
with NHS on the surface of the nanoparticles and the mixture was shaken for 4 h.
Again, the nanoparticles were purified by centrifugation with a mixture of ethanol and
ether and redispersed in ethanol for the next procedure.



https://www.sciencedirect.com/science/article/pii/S0928098719303185?via%3Dihub#bb0140
https://www.sciencedirect.com/science/article/pii/S0928098719303185?via%3Dihub#bb0140

2.5. Fluorescence labeling and TSPO-target ligand conjugation

Cyanine 5.5, a near-infrared fluorescent dye, was introduced on the surface of
nanoparticles to reduce overlap of spectral absorbance by the iron oxide nanoparticles
and to obtain a strong fluorescence image from the body. Both fluorescent dye and a
CB-235 ligand, which had been pre-NHS-esterified at the end, were prepared and
applied to the nanoparticles to facilitate attachment to the amine functional groups of
the nanoparticles. 0.5 mmol of each was dissolved in 1 mL of ethanol and then added
to an amine-functionalized iron oxide nanoparticle previously dispersed in 2 mL of
ethanol, followed by shaking for 4 h. Unbound molecules were repeatedly centrifuged
in the same manner as described above, and the nanoparticles were finally dispersed
in a PBS solution for in vivo experiments. In order to remove trace amounts of
residual ether, the solution was purified through dialysis and prepared at a

concentration of 1 mg Fe/mL.

2.6. In vitro studies

2.6.1. TSPO expression levels

Relative expression levels of TSPO in four cell lines were determined by flow
cytometry (lacobazzi et al., 2017). The corresponding histoghrams are reported in Fig.
4a.

2.6.2. In vitro toxicity test

To evaluated the cytotoxic effect of the USPIONSs, various Fe concentration (0, 15, 30
and 60 ug/mL) of the USPIONs were tested to four different cell lines (U87-MG and
PC3 are the TSPO-positve cell lines; U937 and CCD-986sk are the TSPO-native cell
lines). Cells were cultured in a 96-well plate with 5.0 x 102 cells per well. After
incubating for 2, 4, 8 and 24 h, 20 pL of CellTiter 96 Aqueous assay reagent
(Promega) were added into all wells according to the manufacturer's protocol. The
plates were incubated for 1 h and the formazan products were measured by
absorbance at 490 nm using a microplate reader.

2.7. Invitro cellular uptake study
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Cells (U87-MG and PC3) were seeded in 10 mm-cover glass bottom dish as known as
confocal dish at a density of 5 x 10¢ 24 h before in vitro uptake study. Nanoparticles
were added with serum containing media to the cells at concentration 20 pg/mL at

37 °C for 4 h. In addition, inhibitory experiments using PK 11195 were performed in
vitro to prove the specificity of TSPO-targeted nanoparticles. Thus, U87-MG cells
were treated with the combination nanoparticles (20 pug/mL) and PK 11195 (2 mg/mL)
at 37 °C for 4 h. For cell nucleus and mitochondria staining, cells were soaked with 1x
phosphate buffered saline (PBS) gently so as not to be detached. Shortly afterward,
cells were incubated with Hoechst (H3570, 1:500; Life Technologies, USA) in serum
free medium at 37 °C for 20 min and then with 2 uM MitoTracker™ Green FM
(M7514; Life Technologies, USA) under same condition as Hoechst staining for

10 min. Cells were visualized by A1 Rsi Confocal Laser Scanning Microscope
(Nikon, Japan) with X60 magnification.

The overlap coefficients were calculated (Fanizza et al., 2016b), according to Manders
through the following equation:r=3YiS1i- S2iy'iS1i2-

YiS2i2;0<r<iwhere S, and S, represent signal intensity of pixels in the channel 1 (red)
and in the channel 2 (green). Co-localization analysis was performed by using
software ImageJ. Moreover, cellular uptake of targeted and not targeted NPs in U87-
MG and PC3 cells was evaluated by measuring iron content through ICP-MS analysis
(Depalo et al., 2017b). Cells were seeded in 60 mm tissue culture dishes at a density
of 500,000 cells/dish and incubated at 37 °C in a humidified atmosphere with 5% CO..
After 24 h, the culture medium was replaced with 3 mL of medium containing TSPO-

targeted and not targeted nanoparticles at concentration 20 pg/mL and incubated for 4
and 24 h. After incubation, the cell monolayer was washed twice with ice-cold PBS
and then digested with 2 mL of a HNO; (67%)/H.0, (30%), 1:1 (v/v), solution for 4 h
at 60 °C in a stove. The iron content was determined by ICP-MS with a Varian 820-
MS ICP mass spectrometer.

2.8. In vitro immunocytofluorescent staining study

All the cells (PC3 and CCD-986sk) were seeded in 10 mm-cover glass bottom dish at
a density of 5 x 104, 24 h before immunocytofluorescent staining just the same as
cellular uptake study. Nanoparticles were treated with serum containing media to the
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cells by 20 pg/mL at 37 °C for 4 h. The cells were fixed with 4% paraformaldehyde
(PFA) for 20 min and then rinsed with PBS. After that, 0.2% Triton X-100 was treated
into the cells for 15 min. For blocking of endogenous activity, the cells were placed
with 4% bovine serum albumin (BSA) overnight at 4 °C. These blocked cells were
then incubated with PBR antibody (ab109497, 1:200; Abcam, Cambridge, UK) as a
primary antibody in serum free medium overnight at 4 °C. After gently washing, a
rabbit secondary antibody, Alexa fluor 488 (A11034, 1:1000; Life Technologies, CA,
USA), was added into the cells and the cells were incubated for 1 h at 20-25 °C.
Nuclear DNA was stained with Hoechst for 10 min. In addition, 1 mg/mL LPS was
added into the cells overnight before the treatment of TSPO-targeted nanoparticles
Afterward, immunocytofluorescent staining was performed exactly same as above to
assess the relationship between inflammatory responses and TSPO expression at a
cellular level. Stained cells were visualized by Al Rsi Confocal Laser Scanning
Microscope (Nikon, Japan) with X60 magnification.

2.9. Animal models

6-week-old male Balb/c athymic mice were used in this in vivo experiment and those
mice were purchased from Orient Biotech (Seoul, Korea). The animals were
anesthetized with 2% isoflurane gas and 1 x 107 U87-MG cells with cold PBS were
inoculated into forelimb armpit of mice (n= 15) subcutaneously with a sterile 26-
gauge needle. After 2 weeks, U87-MG xenograft models were obtained for imaging
experiment. All the animals had been administered on a regular diet and all in

vivo experiments were performed in accordance with the guidelines by Institutional
Animal Care and Use Committee (IACUC) and Seoul National University Animal
Care.

2.10. In vivo fluorescence imaging

Animals were anesthetized by 2% isoflurane gas and 200 pg nanoparticles were
administered intravenously with insulin syringe. In vivo fluorescence images were
acquired at 30 min, 1 h, 4 h, 8 h and 24 h using In Vivo Imaging System (IVIS Lumina
XRMS, CLS136340; Perkin EImer, USA) with the indicated wavelength (excitation:
660 nm, emission: 710 nm). For blocking test, additional fluorescence imaging was



performed with the same protocol at 10 min after injection of 200 pg PK 11195 to
examine selective displacement of the nanoparticle to TSPO. Mice were kept alive
and maintained body temperature at 37 °C during the imaging experiment. All images
were analyzed by ImageJ open source image processing software in terms of
calculation of target-to-background (TBR).

3. Results and discussion
3.1. Synthesis and characterization of the TSPO ligand

Before synthesized TSPO targeted nanoparticle, we prepared the TSPO ligand. This
ligand contained a 2-phenylimidazo[1,2-a]pyridine acetamide structure was reported
in our previous studies (Denora et al., 2013, Denora et al., 2008). Especially, 2-(4-
(6,8-dichloro-3-(2-(dipropylamino)-2-oxoethyl)imidazo[1,2-a]pyridin-2-
yl)phenoxy)acetic acid (CB235) has a high affinity and selectivity for TSPO as
demonstrated by (Denora et al., 2013; Fanizza et al., 2016a; Midzak et al., 2015). In
particular, these authors in order to assess the affinity and selectivity of

CB235 versus TSPO performed a receptor binding assay for CBR (central-type
benzodiazepine receptor) and TSPO from rat cerebral cortex. PK 11195 (a selective
ligand for TSPO) and flunitrazepam (a selective ligand for CBR) were used for
comparison. CB235 displayed high affinity for TSPO and low for CBR, infact the
reported inhibitory concentration values (ICs) were 2.74 nM and >105nM for TSPO
and CBR, respectively. In order to simply conjugate with iron oxide nanoparticle and
CB235, the CB235-NHS was synthesized according to the scheme reported in Fig. 1.
The TSPO ligand CB235 was treated in dichloromethane at room temperature with
DCC and NHS. The desired compound was obtained in good yield (60%) and
revealed a HPLC retention time of 7 min. The CB235-NHS was characterized by *H
NMR and =C NMR spectroscopy and by HRMS (ESI).
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Fig. 1. Synthesis of TSPO ligand: (a) NHS, DCC, DCM, r.t., 4 h.
3.2. Synthesis and characterization of USPI1O

The USPIO nanoparticles were synthesized using PEG as a solvent according to
previously reported method, purified by centrifugation, and then functionalized as
shown in Fig. 2a. Some carboxyl groups on the surface of the synthesized USPIO
were allowed to bind the amine linker through a DCC/NHS coupling process, and
then branched PEI (b-PEI, MW ~600) was introduced to expand the reaction site.
Considering the solubility of Cyanine 5.5 (Cy5.5) and CB235, USPIO activated on the
surface of the amine was dispersed in ethanol and used in the next reaction. Cy5.5 dye
and CB235 ligand with NHS end were bound with simple stirring at room
temperature. In this study, Cy 5.5, the near infrared fluorescent dye, was combined to
minimize spectral overlap with iron oxide nanoparticles. By comparing the
fluorescence intensities according to the concentration of each of the fluorescent dyes
and nanoparticles using a fluorometer, quantitative analysis of the fluorescent dyes
bound to the particles was performed. The results showed that about 722.9 nmol of
fluorescent dye was bound per mg of nanoparticles. In case of the bifunctionally
modified with TSPO ligand and the fluorescent dye at the same time, each moiety was
fed in ratio of 1:1, thus it was predicted that they were bound by about 361.4 nmol for
each 1 mg of the nanoparticles. The modified USPIO was observed to have an average
diameter of about 5.57 nm through transmission electron microscopy, as shown in Fig.
2b and c. A comparison of the hydrodynamic size of pristine USPIO and modified
USPIO through DLS analysis showed an increase of about 2.6 nm. As a result, it was
confirmed that nanoparticles aggregation did not occur during the functionalization
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process and the added molecules were successfully introduced to the surface of
USPIO as we expected.
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Fig. 2. (a) Schematic representation of Cy 5.5 and CB235 labeling process for USPIO. (b)

TEM image of modified USPIO and (c) their size distribution histogram. (d)

Hydrodynamic size change between the pristine USP10 and modified USPIO, measured

by using DLS.
To verify the effect of the intermediate amine linker used for the introduction of
fluorescent dyes, we compared pristine USPIO with two USPIO obtained using EDA
and b-PEI as linkers, respectively. As shown in Fig. 3a, the darkest green color was
observed in b-PEI, and fluorescence intensity was compared with that of EDA (Fig.
3b). This suggests that b-PEI, which is introduced to bind more TSPO target ligands
and fluorescent dyes, acts as an effective linker as expected. In addition, we evaluated
the hydrodynamic size of nanoparticles dispersed in 0.01-0.1 M PBS for 1 month to
assess the dispersion stability of modified USPIO prior to in vitro and in vivo studies
(Fig. 3c). The hydrodynamic size was slightly larger in the 0.1 M PBS which was 10
times thicker than the isotonic solution, but the USPIO was found to be dispersed well
for a month without noticeable aggregation.
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Fig. 3. (a) Comparison of USPIO solutions by color and (b) fluorescence intensity
according to linker amines. (c) The change of the hydrodynamic size by 1-month DLS
analysis.

3.3. In vitro studies

First of all, the relative expression levels of TSPO in four different cell lines were
determined by flow cytometry (Fig. 4a). In particular, U87-MG (Mean Fluorescence
Intensity (MFI)=112.0) and PC-3 (MFI=63.9) cell lines expressed a relatively high
level of TSPO. For U937 (MFI=10.1) and CCD-98Sk (MFI = 8.8) cell lines, TSPO
expression was not detected. In vitro studies were carried out aimed first to assess the
cytotoxicity of the nanosystem and subsequently its ability to reach the intracellular
target site on the panel of cell lines over-expressing the TSPO receptor, namely U87-
MG and PC3. CCD-986sk and U937 were used as a negative model in the uptake
experiments. In these experiments water well-dispersed iron oxide nanoparticle with
Cy5.5 and TSPO targeting ligand (10.10 nm) were used as TSPO targeted
nanoparticle while water well-dispersed iron oxide nanoparticle with Cy5.5 (7.53 nm)
were used as control nanoparticles.
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Fig. 4. (a) TSPO expression levels in U937, U87-MG, PC3 and CCD-986sk determined
by flow cytometry; (b) cell viability of four different cell lines (U937, U87-MG, PC3 and
CCD-986sk) after treatment with TSPO targeted nanoparticles in different Fe
concentrations (0, 15, 30 and 60 pg/mL) at different time points (2, 4, 8, and 24 h).

3.3.1. In vitro toxicity

The toxicity of TSPO-targeted nanoparticles and of control nanoparticles (data not
shown) was evaluated in all the above mentioned cell lines. The % cell viability after
incubation with TSPO-nanoparticles for 2, 4, 8 and 24 h was determined by MTS
assay and results are presented in Fig. 4b. As evidenced in the histograms the TSPO
targeted nanoparticles did not affect the cell proliferation neither in terms of
concentration nor of time exposure. This can support the idea that this new targeted
imaging nanosystem will be not cytotoxic for a biomedical use.
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3.3.2. In vitro cellular uptake study

The uptake of TSPO targeted nanoparticles was evaluated in two different cell lines
overexpressing the TSPO, U87-MG and PC3, and in a negative model, namely the
CCD-986sk human fibroblast cells. In particular, the analysis was conducted by
means of confocal microscopy in live mode in U87-MG and PC3 cells (Fig. 5, Fig. 6,
respectively) and after immunocytofluorescent staining in PC3 and in human
fibroblast CCD-986sk fixed cells (Fig. 7). Confocal microscope images obtained after
incubation of U87-MG (Fig. 5b and c¢) and PC3 (Fig. 6b and c) cells with TSPO
targeted nanoparticles at increasing dose show clearly a comparable increase of the
orange merging areas in the mitochondrial region compared with the images obtained
for U87-MG cells (Fig. 5a) and PC3 cells (Fig. 6a) treated with control nanoparticles.
The Manders' overlap coefficients, calculated for non-targeted and targeted
nanoparticles, were 0.07 and 0.29 for U87-MG cells, 0.02 and 0.15 in PC3 cells. The
higher Manders coefficient value measured for the TSPO-targeted NPs confirms the
co-localization of the green and red detection channel, which are the green
mitochondrial marker and the red targeted-nanoparticles, respectively. This co-
localization confirms the ability of TSPO targeted nanoparticles to recognize the
mitochondrial target TSPO. In addition, inhibitory experiments using PK 11195 were
performed in the TSPO overexpressing cell line U87-MG to prove the specificity of
TSPO-targeted nanoparticles. In Fig. 5d the confocal microscopy images obtained
after the inhibitory experiment show a reduction of overlapped areas, confirming the
competition of TSPO targeted nanoparticles with PK 11195 for the same receptor
binding site.
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DAPI Mitotracker Cy5.5 Merged

Fig. 5. Confocal microscope images of human glioblastoma U87-MG. (a) Control
nanoparticles; (b) 10 ug/mL TSPO targeted nanoparticles; (c) 20 pg/mL TSPO targeted
nanoparticles; (d) 20 pg/mL TSPO targeted nanoparticles in the presence of PK 11195
(2 mg/mL). Blue: nucleus (DAPI), Green: mitochondria (MitoTracker™ Green FM),
Red: TSPO targeted nanoparticles (Cy5.5).



Fig. 6. Confocal microscope images of Human prostate cancer cell PC3. (a) Control
nanoparticles; (b) 10 pg/mL TSPO targeted nanoparticles; (¢) 20 pg/mL TSPO targeted
nanoparticles. Blue: nucleus (DAPI), Green: mitochondria (MitoTracker™ Green FM),

Red: TSPO targeted nanoparticles (Cy5.5).
Hoechst TSPO Ab NP MERGE

Fig. 7. Confocal microscope images of immunocytofluorescence. Comparison of two cell
lines, prostate cancer cells and human fibroblast cells stained with nucleus staining dye



(blue, Hoechst), TSPO specific antibody (Green), and TSPO targeted nanoparticles
(Red). (a) PC-3 (prostate cancer cells) as a positive control; (b) CCD-986sk (Human
fibroblast cells) as a negative control.

A comparison of PC3 (Fig. 7a) and CCD-986sk (Fig. 7b) cells stained with TSPO
specific antibody (Green), TSPO targeted nanoparticles (Red) and nucleus staining
dye (blue) show a large merging area of red fluorescence of TSPO targeted
nanoparticles with the green fluorescence of the TSPO antibody (Fig. 7a). Coherently
this not occur in the negative model CCD-986sk (Fig. 7b) where red and green did not
overlap.

The targeting ability of TSPO targeted nanoaprticles was confirmed measuring iron
content via ICP-MS analysis. The data reported in Table 1 clearly show the higher
accumulation of Fe in U87-MG and PC3 cells treated with TSPO targeted
nanoparticles respect to those treated with not targeted nanoparticles, both after 4 and

24 h exposure.
Table 1. Iron content determined by ICP-MS analysis.

Time exposure Iron content (ng/L)
U87-MG cells PC3 cells
Targeted-NPs Not-targeted Targeted-NPs Not-targeted
4h 1200+ 30 200+ 15 900+20 2508
24 h 900+ 10 100+7 80015 170 £ 10

Moreover, in order to assess the correlation between inflammatory responses and
TSPO expression at a cellular level, U87-MG and PC3 cell were visualized after
overnight incubation with lipopolysaccharide (LPS) before the treatment with TSPO-
targeted nanoparticles. Immunocytofluorescent staining images reported in Fig.

8 show the overlap of red fluorescence of nanoparticles with the green one of TSPO
antibody. Thus, in inflammatory states TSPO resulted expressed and TSPO targeted
nanoparticles were able to recognize it.
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Hoechst TSPO Ab

Fig. 8. Confocal microscope images of immunocytofluorescence from human
glioblastoma U87-MG (a, b) and prostate cancer PC3 cells (c, d) stained with TSPO
targeted nanoparticles at concentration 20 pg/mL (red) after overnight incubation with
LPS 1 pg/mL. Blue: Nucleus (Hoechst), Green: TSPO (TSPO antibody), Red: TSPO-
targeted nanoparticles. b and d images were enlarged from main images (2x a and c,
respectively).

3.4. Small animal fluorescence images

After a preliminary in vitro evaluation of the ability of USPIOs-TSPO targeted
nanoparticles to recognize the intracellular receptor TSPO, we performed in
vivo experiments on U87-MG xenograft models obtained from 6-week-old male



Balb/c athymic mice, in order to assess their ability as new fluorescence imaging
agents of GBM. The images in Fig. 9 obtained with IVIS® Lumina XRMS images set
filter after inoculation of the control nanoparticles (Fig. 9a) or of TSPO targeted
nanoparticles (Fig. 9b) show a marked increase of fluorescence intensity in the tumor
area when the targeted nanoparticles were used. This signal also decays more slowly

than that generated by the control nanoparticles.
30 min 1h 4h 8h 24 h

a

Fig. 9. (a) In vivo imaging after intravenous injection of 200 pg control nanoparticles
(without conjugated TSPO ligand) at different time points from 30 min to 24 h post
injection. (b) In vivo imaging after intravenous injection of 200 pg TSPO targeted
nanoparticles at different time points from 30 min to 24 h post injection. The instrument
used was [IVIS®Lumina XRMS images set filter. Excitation filter = 660 nm, Emission
filter = 710 nm. All fluorescence images had identical exposure times and same overall
contrast settings to measure relative intensity difference.
In addition, a displacement experiment was carried out in vivo by pre-injecting the
TSPO selective ligand PK 11195 before proceeding with the administration of the
TSPO targeted-USPIOs nanoparticles. As shown in Fig. 10, the signal associated with
the targeted nanoparticles, for every time post injection considered, was much more
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intense in the absence of PK 11195 (Fig. 10a) than in the presence (Fig. 10b). These
data were represented in a graph reported in Fig. 10c as a tumor-to-skin-ratio, from
which the displacement capacity of PK 11195 by TSPO targeted-USPIOs
nanoparticles was quantitatively demonstrated. This also confirmed the ability of the
new prepared imaging nanosystem to reach in vivo the tumor target site. Moreover,
in Fig. 11, are reported the organs distributions of TSPO targeted nanoparticles in
both conditions mentioned above. The intravenous injected nanoparticles could be
accumulated in the liver after mixing with the bile followed by excreting into the
gastrointestinal tract (\Vasquez et al., 2011; Zhang et al., 2016). We believe that our
macromolecules (Cy5.5-TSPO ligand conjugated nanoparticle) are available to follow
the same metabolic pathway in the living animal. The images in Fig. 11 clearly show
a preferential distribution of nanoparticles at the tumor site.
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Fig. 10. Fluorescence imaging study by IVIS Lumina XRMS. (a) Imaging of U87-MG
xenograft model at 30 min, 1 h, 4 h, 8 h, and 24 h post-injection of TSPO-targeted
nanoparticle of 200 pg. (b) Inhibition study using PK 11195 (10 mg/1 kg). (¢) Tumor-to-
skin ratios in mouse models with PK 11195 pre-injection or without PK 11195 pre-
injection.



24h

TSPO NP
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Fig. 11. Fluorescence imaging study by IVIS Lumina XRMS. (a) Imaging of organ
distribution of TSPO-targeted nanoparticle in U87-MG xenograft model at 4 h, 8 h, and
24 h post-injection. (b) Organs distribution after inhibition study using PK 11195

(10 mg/1 kg).

4. Conclusions

The water-dispersible ultra-small iron oxide nanoparticles (USPIONSs) were
synthesized in one step and conjugated with Cyanine 5.5, a near-infrared fluorescent
dye, and with a selective TSPO ligand in order to realize a new NIR emitting USP1Os-
TSPO targeted nanosystem useful as an in vivo tool for fluorescence imaging of
GBM. A broad evaluation of the optical and structural characteristics of the new
TSPO targeted imaging nanosystem, confirmed the high colloidal stability in
physiological media and the ability to preserve the relevant optical properties in the
NIR region even after conjugation of the USPIONs with the TSPO ligand. The
confocal microscopy investigation confirmed the cell internalization of the TSPO
targeted-USPIONSs and their selectivity for the TSPO receptor in all the TSPO over
expressing cell lines. The ability to recognize the intracellular receptor was
confirmed in vitro and in vivo by competition studies with the selective TSPO ligand
PK 11195. Moreover, the images of U87-MG xenograft models administered with
TSPO-USPIONSs and acquired with X-ray multi-species optical imaging system



evidenced their effectiveness in the visualization of the tumor site. Thus, the proposed
novel imaging system holds great promise as an optical TSPO targeted nanoprobe
for in vivo NIR molecular imaging applications.
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