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Enhanced Tumor Targetability of PEGylated
Mesoporous Silica Nanoparticles on In Vivo Optical

Imaging According to Their Size
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Cy5.5-PEG-MSNs (100-150 nm) In vivo and ex vivo images at 24 h after injection

The 100-150 nm-sized MSNs showed higher uptake at the tumor site in a particle size-dependent in

vivo optical imaging study.
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Abstract

This paper reports the results of a particle size-dependent in vivo optical imaging study using
mesoporous silica nanoparticles (MSNs) in a mouse xenografted US7MG (Human glioblastoma-
astrocytoma) tumor model. Near-infrared (NIR) fluorescent dye (CyS5.5)-functionalized PEGylated
MSNs (Cy5.5-PEG-MSNs) with three different particle sizes (= 30 nm, 100-150 nm and > 300 nm)
were fabricated. Among the three different particles sizes of the MSNs, the 100-150 nm-sized Cy5.5-
PEG-MSNs provided the strongest fluorescence intensity in the tumor at 24 h after injection with a low
background signal from the normal tissues. In contrast, the ~ 30 nm-sized Cy5.5-PEG-MSNs were
washed out rapidly. The necropsy revealed the 100-150 nm-sized Cy5.5-PEG-MSNs to have
approximately 4 - 6.5 fold higher uptake at the tumor site than the MSNs with other different sizes (= 30
or > 300 nm in sizes). On the other hand, the larger (> 300 nm)-sized MSNs were taken up mainly in the
spleen and liver via the reticuloendothelial system (RES). Consequently, the 100-150 nm range is the
optimal particle size for MSNs to maximize passive tumor targeting due to the enhanced permeability

and retention (EPR) effect.

Introduction

A growing list of biomedical imaging agents, delivery vehicles and cancer therapeutics has been
generated by advances in nanotechnology research.'” A wide range of nanoscale materials with high
functionality, such as mesoporous silica nanoparticles (MSNs),>* liposomes,® iron-oxide

nanoparticles,”® carbon nanotubes’'’

etc., have been investigated for potential biomedical applications.
Non-targeted nanoparticles generally accumulated within tumor lesions by passive targeting.!'"* The

leakiness of the tumor vessels enables nanoparticles to accumulate within the tumor sites at a > 50-fold
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higher rate than within healthy tissues. This is called as the enhanced permeability and retention (EPR)
effect.’ The EPR effect is one of the most crucial effects for the passive targeting of nanoparticles. To
maximize the performance of nanoparticles in EPR-targeted imaging or therapy, they should have a
relatively long blood circulation time without non-specific binding to various cells or proteins in the
body."* Therefore, the size and surface characteristics of the nanoparticles are important issues for these
purposes. In general, polyethylene glycosylation (PEGylation) of nanoparticles is used widely to obtain
well mono-dispersed inorganic nanoparticles with high in vivo biocompatibility and long blood
circulation lifetime."> On the other hand, there is no single optimal particle size to maximize the EPR
effect due to the different size-dependencies of the nanomaterial-properties, such as hard- or softness,

13,15
shape, surface charge etc. ™

In recent years, the unique and favorable features of mesoporous silica nanoparticles (MSNs), such as
high-loading capacity from the large surface area and pore volume, low cytotoxicity, biocompatibility,
biochemical stability, easy of surface modification, and multifunctionality, make them quite suitable for
a broad spectrum of biomedical applications.'®!” For example, MSNs have been used extensively as

1820 and cell markers.”"** MSNs are promising vehicles for contrast

drug and gene-delivery platforms
agents in a range of biomedical imaging modalities.”>** More recently, Shi et al. reported the in vivo
behavior of MSNs (such as biodistribution and excretion) according the particle size using normal ICR
mice,25 and Lu et al. showed that MSNs with a size of 100-130 nm could accumulate into a human
xenograft tumor in mice.*® In a previous report, similar sized-MSNs radiolabeled with fluorine-18 using
a bioorthogonal pretargeting protocol could also visualize the tumors in mice successfully by positron
emission tomography (PET).?” Therefore, given the importance of MSNs as vehicles in the biomedical

area, an understanding their size effect in an in vivo system using tumor models with molecular imaging

tools would be an interesting topic.

Among the many molecular imaging modalities available, noninvasive optical imaging is a versatile

and readily accessible modality system for tracking and monitoring molecules in the body with
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potentially high specificity and sensitivity compared to other imaging modalities without the use of

. L. 2829
radiation.”™

In this report, we introduce the in vivo optical imaging study using near-infrared (NIR)
Cyanine 5.5 dye (Cy5.5)-functionalized PEGylated MSNs with three different particle size-ranges (= 30
nm, 100-150 nm and > 300 nm) to determine the size range of MSNs that accumulated predominantly

into the tumor site through passive targeting via the EPR effect in a mouse xenografted U§7MG (Human

glioblastoma-astrocytoma) tumor model.
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Results and Discussion

1. Synthesis of Cy5.5 conjugated PEGylated MSNs (Cy5.5-PEG-MSNs).
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Figure 1. A) Schematic diagram of the preparation of Cy5.5 conjugated PEGylated MSNs (Cy5.5-PEG-
MSNs). PEG = polyethylene glycol. MSNs = mesoporous silica nanoparticles; TEM images of Cy5.5-
PEG-MSNs with different sizes: B) = 30 nm, C) 100-150 nm, D) > 300 nm; E) UV-VIS spectra of
Cy5.5 and Cy5.5-PEG-MSNs; F) Optical image of Cy5.5-PEG-MSNss.

Figure 1A presents a schematic diagram of the preparation of Cy5.5 labeled PEGylated MSNs (CyS5.5-
PEG-MSNs). Size-controlled and amine-functionalized MSNs (NH,-MSNs) with different sizes, =~ 30
nm, 100-150 nm and > 300 nm, were prepared using a previously reported procedure.’” *' The
PEGylated MSNs (PEG-MSNs) were obtained by treating the NH,-MSNs with a bulky chain-length N-
hydroxylsuccinimide (NHS)-functionalized PEG (MeO-PEG/,-NHS ester). NIR fluorophores, such as
Cy5.5 exhibit high background binding to the normal tissues and organs.*® To produce Cy5.5-PEG-
MSNs while avoiding their non-specific binding from the Cy5.5 moiety, Cy5.5 was introduced to the
PEG-MSNs via a conjugation reaction of Cy5.5-NHS ester with the unreacted amine-groups on the
MSN surface between the bulky PEG groups. The conjugation of Cy5.5 with PEG-MSNs was confirmed

5
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by both UV-VIS spectroscopy and optical imaging of Cy5.5-PEG-MSNs (Figure 1E and F,
respectively). Cy5.5-PEG-MSNs showed similar absorbance with Cy5.5 compound in UV-VIS spectra,
and provided a strong near infrared fluorescent signal in optical imaging system.’' Transmission electron
microscopy (TEM) showed that the Cy5.5-PEG-MSNs had been prepared successfully with three
different particle sizes, approximately 30 nm, 100-150 nm and > 300 nm (Figure 1B-D, respectively),
and the Cy5.5-PEG-MSNs were generally spherical in shape with hexagonal arrays of pores regardless
of the particle size. All MSN derivatives were characterized by N, adsorption-desorption and pore-size
distribution analysis, X-ray powder diffraction (XRD), zeta potential and Fourier transform infrared
(FT-IR) spectroscopy. The data suggested that all steps of the MSNs had been performed successfully

(Figure S1-4 in Supporting Information).

2. In vivo near-infrared fluorescent optical images according to the size of MSNs.

A)

1h 3h 6h 12h 24 h

Figure 2. In vivo near-infrared fluorescent optical images of US7MG tumor-bearing mice injected with
Cy5.5-PEG-MSNs with different sizes, = 30 nm (A), 100-150 nm (B) and > 300 nm (C) recorded at 1, 3,
6, 12, and 24 h after injection. T =Tumor.
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For the in vivo optical image study of the particle size-dependent behavior of the MSNs, female nude
mice bearing a subcutaneous US87MG tumor on their right front leg were injected intravenously via the
tail vein with the = 30 nm, 100-150 nm or > 300 nm scaled Cy5.5-PEG-MSNs suspended in PBS
(Figure 2A, B and C, respectively). In vivo NIR fluorescent optical images were obtained from each
anesthetized mouse at 1, 3, 6, 12, and 24 h intervals after the injection. In the tumor region of the mouse
treated with the = 30 nm-sized Cy5.5-PEG-MSNs, the fluorescence signal was barely detected, and a
relatively low background signal was also noted at all intervals after the injection because they had been
washed out rapidly from the body (Figure 2A). In contrast, the optical images in Figure 2B revealed a
fluorescence signal at 3 h after the injection in the tumor site in the mouse injected with the 100-150
nm-sized Cy5.5-PEG-MSNs. Moreover, the strongest fluorescence intensity was observed in the tumor
with a low background signal from the normal tissues at 24 h after the injection. On the other hand,
although some mild fluorescence intensity was also observed in the tumor site, the > 300 nm-sized
Cy5.5-PEG-MSNs were inefficient as an optical contrast agent in the optical images because they
provided a high background signal from the normal tissues (Figure 2C). This in vivo imaging study
confirmed that the 100-150 nm size range of Cy5.5-PEG-MSNs could be the optimal size for visualizing

tumors in vivo with high tumor accumulation due to the EPR effect.

3. Ex vivo optical images and necropsy data.

To confirm the in vivo biodistribution profile of the Cy5.5-PEG-MSNs according to their size, ex
vivo imaging studies were performed from the necropsied mice after the last optical imaging scans at 24
h post-injection (Figure 3). Ex vivo imaging showed good correlations with the in vivo optical imaging
results. The = 30 nm-sized Cy5.5-PEG-MSNs were distributed mostly in the lung and liver, whereas a
very low signal intensity was observed in the tumor in the ex vivo image (Figure 3A). As shown in

Figure 3C, the > 300 nm-sized Cy5.5-PEG-MSNs were taken up mainly in the spleen and liver via
7
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active phagocytosis of the reticuloendothelial system (RES),'® and only mild fluorescence of the tumor

region was observed. On the other hand, the 100-150 nm-sized Cy5.5-PEG-MSNs showed extremely

high tumor-accumulation at 24 h after the injection because of the EPR effect with significantly strong

fluorescence intensity of the tumor compared to other tissues (Figure 3B).
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Figure 3. Ex vivo optical images of the major organs of the U§7MG tumor-bearing mice injected with

the Cy5.5-PEG-MSNs with different sizes of = 30 nm (A), 100-150 nm (B) and > 300 nm (C) at 24 h

after the injection.

As shown in Figure 4, the semi-quantitative analysis results at 24 h after the injection were well-

correlated with the observations for the major organs including the tumors obtained from the ex vivo

8
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optical images. This analysis showed the different distribution patterns of MSNs in the organs
depending on their particle size, In particular, the 100-150 nm diameter Cy5.5-PEG-MSNs showed
approximately 4 - 8 fold higher uptake on the tumor site than the MSNs with different sizes (= 30 or >
300 nm in sizes). This shows that the 100-150 nm range is the optimal particle size for the MSNs to

maximize the passive tumor targeting via the EPR effect.
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Figure 4. Necropsy data (n = 4). Quantification of ex vivo images at 24 h after i.v. injection of each

Cy5.5-PEG-MSNs with different sizes, = 30 nm (white bar), 100-150 nm (gray) and > 300 nm (black).

Conclusion

In summary, we have described the enhanced passive targetability of PEGylated mesoporous silica
nanoparticles into the tumor region by size control through an in vivo optical imaging study. Near-
infrared (NIR) fluorescent dye (Cy5.5)-functionalized PEGylated MSNs with three different particle
sizes (=30 nm, 100-150 nm and >300 nm) were prepared. The PEG-MSNs showed size-dependent

biodistribution profiles in the body. In both in vivo and ex vivo optical imaging studies, the 100-150

9
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nm-sized Cy5.5-PEG-MSNs provided a successful visualization of the tumor at 24 h after the injection
with significantly high tumor accumulation and low background uptake through the EPR effect
compared to those of other sizes. This size effect of MSNs is expected to be useful in the field of drug
delivery using MSNs with “real-time” monitoring through non-invasive imaging modalities. Further

studies on the applications of nanoparticle-tracking studies to drug delivery are currently underway.

Experimental

Preparation of Cy5.5-PEG-MSNs. NH,-MSNs with three different particles sizes (= 30, 100-150 or >
300 nm in size) were synthesized according to the literature.’” ' MeO-PEG,,-COONHS (4.0 mg, 5.8
umol) was added to the suspension of the NH,-MSNs (2 mg) in phosphate buffer solution (PBS, pH 7.2,
3 mL) at 25 °C, and stirred for 6 h. The product, PEG-MSNs were purified by centrifugation (11000
rpm, 5 min) and washed five times with EtOH/water (3:1). For the labeling with Cy5.5, to the
suspension of PEG-MSNs (1.0 mg) in PBS (pH 7.2, 2 mL) was added Cyanine 5.5 monosuccinimidyl
ester (Cy5.5-NHS ester, 0.3 mg, 0.26 umol). The reaction solution was stirred at 25 °C for 6 h. Cy5.5-
PEG-MSNs (= 30, 100-150 or > 300 nm in size) were collected by centrifugation (11000 rpm, 5 min),
washed five times with EtOH/water (3:1), and dried overnight under vacuum. A sulfur elemental
analysis of the Cy5.5-PEG-MSNs product showed that approximate 0.07 mmole of Cy5.5 moiety was
tethered to per gram of Cy5.5-PEG-MSNs. Anal.: S 0.89 £0.012 (n =5).

In vivo and ex vivo optical imaging study. All animal experiments were performed in compliance with
the policies and procedures of Institutional Animal Care and Use Committee for animal treatment. In
vivo optical images for each size of Cy5.5-PEG-MSNs (= 30, 100-150 or > 300 nm in size) were
acquired using an IVIS system (Caliper Life science, Hopkinton, MA). After anesthetizing with
isoflurane (2.0%), Cy5.5-PEG-MSNs (500 pg in 0.1 mL of PBS) were injected intravenously into the
US87MG tumor-bearing mice. /n vivo near infrared fluorescent optical imaging was performed at 1, 3, 6,

12 and 24 h after injection, using the Cy5.5 filter with the following settings: exposure time (1 s), f/stop

10
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(2), binning (8) and field of view (12.8). After acquisition of in vivo optical images, the mice were
sacrificed and their major organs, such as heart, lung, liver, pancreas, stomach, spleen, kidney, intestine,

muscle, bone and tumor, were imaged ex vivo.
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