In Vivo Labeling

gngewandte
Ch

DOI: 10.1002/ange.201304026

Mesoporous Silica Nanoparticle Pretargeting for PET Imaging Based
on a Rapid Bioorthogonal Reaction in a Living Body**

Sang Bong Lee, Hye Lan Kim, Hwan-Jeong Jeong, Seok Tae Lim, Myung-Hee Sohn, and

Dong Wook Kim*

Positron emission tomography (PET) plays an important role
as an imaging method because it can provide biological
information at the molecular level in a living system with
excellent sensitivity."? The visualization of in vivo biological
processes using PET requires the preparation of specific
molecular imaging probes labeled with positron-emitting
radioisotopes.** In this regard, fluorine-18 (**F) is the most
popular positron emitter because its chemical, physiological,
and nuclear characteristics are excellent and easy to
obtain."® On the other hand, the short half-life of '*F (¢, =
109.8 min) makes it potentially unsuitable for preparing
macromolecule-based imaging probes, such as antibodies
and bioactive nanoparticles, by labeling with '*F for an in vivo
PET study because these nanoparticles normally require
a long bloodstream-circulation time in the body to allow
specific uptake into the target cells or organs.®!

A range of nanoscale materials are applicable in broader
vision of nanomedicine and have attracted considerable
interest in early diagnostics and therapy.’'®! Well-designed
nanoparticles with an optimal size can have enhanced
permeability and retention (EPR) effects to accumulate in
tumor tissue. These EPR effects can maximize their perfor-
mance in targeted biomedical imaging or cancer therapy.!”"
In recent years, among the various nanocomposite systems,
MSNs have been investigated extensively for a variety of
applications in drug and gene-delivery platforms,”>>* bio-
imaging,™? cell markers,??! and other important biomed-
ical studies owing to their unique and favorable features, such
as a high-loading capacity of various therapeutic or imaging
agents that result from large pore volume and their large
surface area, low cytotoxicity, excellent biocompatibility and
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biochemical stability, facile surface modification potential,
and multifunctionality.”**! Therefore, given the importance
of MSNs as vehicles in the biomedical field, their pharmaco-
kinetic studies can be an important topic for examining the
efficacy and biosafety of MSNs by in vivo real-time tracking
using a PET system. On the other hand, this study of
nanoparticles including MSNs with PET can frequently show
various limitations owing to the short half-life of positron-
emitters, particularly '*F, complicated labeling procedures,
and harsh reaction conditions, or a time-consuming multistep
process including purification.*!

In recent significant advances, strain-promoted alkyne
azide cycloaddition (SPAAC), which is referred to as copper-
free click chemistry, have been used widely as a rapid
bioorthogonal conjugation method for a variety of biological
applications, such as live-cell imaging, radioisotope labeling,
and surface modification.™** In particular, the SPAAC of
aza-dibenzocyclooctynes (DBCO) with biomolecule-associ-
ated azides to azadibenzocyclooctatriazoles (DBCOT)
showed good performance in a living system for these
purposes. ! Herein, we introduce an extremely efficient
MSN pretargeting for PET imaging by a fast and bioorthog-
onal SPAAC reaction of DBCO-substituted MSNs, which are
accumulated in the tumor site by the EPR effect, with a short
half-life "*F-labeled azide in tumor-bearing mice.

MSNs with a size of 100-130 nm are known to be able to
accumulate in a tumor through the EPR effect by Lu et al.*!
Therefore, a DBCO based PEGylated MSN (DBCO-PEG-
MSNs) with size of 100-150 nm was designed and prepared
(Scheme 1). Amine-functionalized MSNs (NH,-MSNs) were
prepared according to a previously reported procedure.**?"!
Then, amine-functionalized PEG-MSNs (NH,-PEG-MSNs)
were obtained by the PEGylation of NH,-MSNs using two
different chain-length N-hydroxylsuccinimide (NHS) func-
tionalized PEGs (Fmoc-protected amine-PEG,,-NHS ester
and MeO-PEG,,-NHS ester) following a Fmoc-deprotection
reaction in the presence of piperidine. Considering the easy
accessibility of '*F-labeled azide radiotracer, a DBCO group
serving as an azide acceptor was introduced into the long
chain PEG-amine moiety of NH,-PEG-MSNs by the amide-
formation reaction using a DBCO-NHS compound 1 to
obtain DBCO-PEG-MSNs. After the SPAAC reaction of
DBCO-PEG-MSNs with an azide compound containing
a single sulfur atom, a sulfur elemental analysis showed that
approximately 0.12 mmole of the DBCO moiety was tethered
to per gram of the DBCO-PEG-MSN product (Supporting
Information, Scheme S1). All of the MSN derivatives were
characterized by transmission electron microscopy (TEM), N,
adsorption—desorption and pore-size distribution analysis, X-
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Scheme 1. Preparation of DBCO-functionalized PEGylated mesoporous
silica nanoparticles (MSNs). DBCO =aza-dibenocyclooctyne, PEG =
polyethylene glycol.

linker =

ray powder diffraction (XRD), zeta potential and FTIR
spectroscopy. These characteristic data suggest that all steps
of MSNs had been synthesized successfully (Supporting
Information, Figures S1-S5).

To investigate the SPAAC reaction rate and the possibility
of the reaction-proceeding in an in vivo system, we attempted
to conduct the model bioorthogonal SPAAC reaction of
DBCO-PEG-MSNs (4 mg, 0.48 umol of DBCO portion)
with 11.1 MBq (specific radioactivity: 42 GBqumol™') of
["*F]fluoropentaethylene glycolic azide ([**F]2, prepared
according to our previous work)™*! under the physiologically
similar conditions (in PBS, pH 7.4, 36.5°C) as shown in
Figure 1. Under these reaction conditions, the SPAAC
reaction proceeded rapidly and was completed within a
reasonable reaction time (15-20 min), affording '®F-labeled
azadibenzocyclooctatriazolic PEG-MSNs (*F-DBCOT-PEG-
MSNs) in almost quantitative radiochemical yield (RCY).
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Figure 1. Top: Model "®F-labeling reaction based on copper-free “click”
SPAAC reaction under physiologically similar conditions (in PBS,

pH 7.4, 36.5°C). Bottom: Kinetic analysis of the SPAAC '®F-labeling
reaction.
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Moreover, the use of only 0.5 mg (0.06 pmol DBCO portion)
of them allowed the same model reaction to provide the '*F-
DBCOT-PEG-MSNs in more than 70 % RCY within 1 h. This
suggests that this bioorthogonal SPAAC "®F-labeling reaction
would show a good performance in an in vivo system.

Two findings, namely the rapid SPAAC reaction rate
under biocompatible conditions and the localization of the
MSNs in tumor by the EPR effect, prompted a further MSN-
based pretargeting study using short half-life '*F based on
SPAAC covalent labeling in an in vivo system. Figure 2A
shows the procedure for the DBCO-PEG-MSN-based pre-
targeting for PET imaging with '®F-labeled azide ['*F]2
radiotracer, which is expected to have no targeting capability
to the tumor cells when used alone, using a microPET-CT
system. DBCO-PEG-MSNs (250 pg, 30 nmol DBCO portion)
were injected intravenously into female nude mice bearing
a subcutaneous U87 MG tumor on their right front leg. After
24 h, 2.6 MBq of ["*F]2 was administered. Another group of
mice was given the same dose of [F]2 alone without
previously administering the DBCO-PEG-MSNs (non-pre-
targeted). One mouse from each group was used for the
microPET-CT imaging study at 15, 30, 60, and 120 min
intervals after the injection of ['*F]2, thus considering the
circulation and SPAAC reaction time of [**F]2 in the body.
PET-CT images showed a persistently strong tumor signal in
the mice given DBCO-PEG-MSNSs 24 h earlier (the pretar-
geted mouse, Figure 2 C), whereas the non-pretargeted mouse
given only [**F]2 alone had considerably less tumor uptake
with a renal clearance of 'F activity (Figure 2 B). This in vivo
imaging study demonstrated that, despite the lack of tumor
targetability by ['*F]2, it could successfully visualize the tumor
in vivo with high tumor accretion through the in situ synthesis
of "F-DBCOT-PEG-MSNs by a SPAAC reaction with the
pretargeted DBCO-PEG-MSNs by the EPR effect at the
tumor site.

The tissue distribution data from the necropsied mice
confirmed the relationships derived from the PET imaging
results at 120 min (Figure 3). The radiotracer [*F]2 showed
a similar tissue distribution regardless of whether pretargeted
or used alone, with the exception of the tumor, which had
significantly high uptake in the DBCO-PEG-MSNs pretar-
geted mice compared to that in mice given the radiotracer
alone. Furthermore, when 250 pug of DBCO-PEG-MSNs was
used for pretargeting, the radiotracer exhibited a significantly
higher tumor uptake than when 100 pg was used, thereby
improving the tumor-to-nontumor ratios, and particularly the
tumor-to-blood ratio. This dose-dependent pretargeting effect
is good evidence of this hypothesis: bioorthogonal covalent
'8F-labeling after tumor uptake of the nanoparticles by the
EPR effect. Given the relatively high radioactivity in the
blood from this necropsy data, high signal intensities were
also observed in the head and neck area, which have a large
blood pool, from both the non-pretargeting and pretargeting
PET images. Additionally, considering that the unreacted
['®F]2 was washed out by renal clearance, relatively high
activity was observed in the urinary track area (kidney or
bladder).

In summary, we have described an efficient MSN pre-
targeting for PET imaging based on the highly bioorthogonal
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Figure 2. Pretargeting PET imaging study by bioorthogonal covalent *F-labeling. A) The procedure for the in situ synthesis of "*F-DBCOT-PEG-
MSNs in a living specimen by a bioorthogonal SPAAC reaction for the DBCO-PEG-MSN-pretargeting PET-imaging study. B),C) Three-dimensional
reconstruction (upper) and transverse section (lower) combined PET-CT images of "*F-labeled azide (["®F]2; 2.6 MBq) in a U87 MG tumor-bearing
mouse given only ['®F]2 alone (non-pretargeted; B) or a mouse given DBCO-PEG-MSNs 24 h earlier (pretargeted; C) recorded at 15, 30, 60, and
120 min after injection of ['®F]2. T=tumor, K=kidneys.

164 uptake in the pretargeted mice by forming *F-DBCOT-PEG-
MSNs within 2 h after injection, by bioorthogonal covalent

b labeling, compared to that in the non-pretargeted mice. This
1.21 pretargeting method is expected to assist in the field of drug
104 delivery using MSNs with real-time monitoring by non-
2 invasive imaging. Furthermore, given its speed and sensitivity
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® 064 | ] T enable PET molecular imaging studies with ®F with a short

half-life as a PET radionuclide using other nanocomposite
materials as well as macrobiomolecules (such as proteins and
genes), which require a long bloodstream-circulation time in
the body for specific uptake into the target cells or organs.
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Figure 3. Necropsy data. Biodistribution of ['®F]2 in U87 MG tumor-
bearing mice given 250 (white bars) or 100 ug (gray) of DBCO-PEG-
MSNs 24 h earlier (pretargeted) and mice given only ['®F]2 alone
(black), at 2 h after injection. Data are expressed as normalized
accumulation of activity in % 1D/g+SD (n=4).
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