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ABSTRACT Traditional chelator-based radio-labeled nanoparticles
and positron emission tomography (PET) imaging are playing vital roles
in the field of nano-oncology. However, their long-term in vivo integrity
and potential mismatch of the biodistribution patterns between
nanoparticles and radio-isotopes are two major concerns for this
approach. Here, we present a chelator-free zirconium-89 (*zr, t,, =
78.4 h) labeling of mesoporous silica nanoparticle (MSN) with signifi-
cantly enhanced in vivo long-term (>20 days) stability. Successful radio-
labeling and in vivo stability are demonstrated to be highly dependent
on both the concentration and location of deprotonated silanol groups

8Zr-MSN

Spleen

(—Si—07) from two types of silica nanoparticles investigated. This work

89Zr-dSiO:

0 %ID/g 20 %ID/g

reports %°Zr-labeled MSN with a detailed labeling mechanism investigation and long-term stability study. With its attractive radio-stability and the

simplicity of chelator-free radio-labeling, *°Zr-MSN offers a novel, simple, and accurate way for studying the in vivo long-term fate and PET image-guided

drug delivery of MSN in the near future.
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a highly sensitive and noninvasive

imaging modality, which is playing a
vital role in nano-oncology for assessing
the quantitative tumor uptake and studying
the pharmacokinetic (PK) profiles of radio-
labeled nanoparticles in live animals."? To
date, chelator-based radio-labeling is still
the most widely used technique for the syn-
thesis of various kinds of radio-labeled nano-
particles. For example, copper-free click
chemistry has been developed to attach
fluorine-18 ('8F, t» = 109 min) to porous
silica nanoparticles.>* By using either NOTA
(1,4,7-triazacyclononane-1,4,7-triacetic acid) or
DOTA (1,4,7,10-tetraazacyclododecane-14,7,
10-tetraaceticacid) as the chelator, copper-64
(®*Cu, t1» = 12.7 h)-labeled carbon nano-
tubes,® quantum dots,® superparamagnetic
iron oxide nanoparticles (SPIONs),” porous
silica nanoparticles,®® to name a few, have also
been reported and used for tumor-targeted
cancer imaging and biodistribution studies.

P ositron emission tomography (PET) is
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Despite the high sensitivity and no limita-
tion in tissue penetration of signal, radio-
labeled nanoparticles still provoke concerns
of their in vivo (long-term) integrity (or
stability).”® For example, dissociation of
free ®*Cu (or ®*Cu-DOTA) and significant
bladder uptake have been reported during
the in vivo PET imaging of ®*Cu-DOTA-
PEG-Au."! It is worthy to mention that the
nanoparticle itself is not a positron emitter,
and PET imaging only detects signals from
the radio-isotopes (which usually are linked
to the nanoparticle with a selected chelator
as the bridge). Most free radio-isotopes (or
isotopes stabilized by chelators) do not
share the same PK profile with the nano-
particle of interest. Potential detachment
of these radio-isotopes from nanoparticles
in vivo could easily lead to erroneous inter-
pretation of PET imaging results.

To address these concerns, there is an
emerging concept of synthesizing intrinsi-
cally radio-labeled nanoparticles for more
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Figure 1. Chelator-free 3°Zr labeling of MSN. (a) TEM image of MSN with an average particle size of ~150 nm. (b) Nitrogen
adsorption—desorption isotherms and the corresponding pore size distributions of MSN. (c) Schematic illustration showing the

labeling of #zr*"

to the deprotonated silanol groups (—Si—O~) from the outer surface and inner meso-channels of MSN. (d) Time-

dependent 3Zr labeling yield in HEPES buffer solution (pH 7—8) with varied MSN concentrations (from 2 mg/mLto 2 x 10~*mg/mL).

accurate investigation of the nanoparticle's PK profile
in vivo.'? Successful synthesis of intrinsically radio-
labeled nanoparticle lies in the strong interaction
between rationally selected nanoparticles and radio-
isotopes.'? Interesting combinations, such as %*Cu-
labeled porphysome,'* arsenic-72 ("?As, t;/, = 26 h), and
germanium-69 (*°Ge, t;, = 39.1 h)-labeled SPION,'*'®
[%*Cu]CuS nanoparticles,'® '8F-labeled upconversion
nanoparticles and hydroxyapatite,'”'® etc., have been
reported over the last several years. Although still in
the early stages, design and synthesis of intrinsically
radio-labeled nanoparticles have shown an attractive
potential in offering an easier, faster, more stable, and
more specific radio-labeling technique for the next
generation of nano-oncology.

Zirconium-89 (3%Zr, t,,, = 784 h) is a radio-isotope
with a relatively low positron energy (8" g = 395.5 keV),
which is highly suitable for long blood circulating
monoclonal antibody (mAb)-based PET imaging.'® Im-
portantly, translational research of #Zr-based agents
is now under active development with at least five
clinical trials ongoing in the USA alone (many more in
Europe).?® Desferrioxamine B (DFO), a hexadentate
ligand with three hydroxamate groups that provide
six oxygen donors for metal binding, is currently the
preferred chelator for labeling of #Zr** 2’2 However,
significant bone uptake of 3°Zr (3—15 %ID/g) was still
observed for various 3°Zr-DFO-mAb studies within
7 days postinjection (p.i),>>~% indicating the release of
free 89Zr and limited stability of DFO-based Zr labeling.

Mesoporous silica nanoparticles (MSNs) with con-
trollable mesoporous structure, high specific surface
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area, and large pore volume have attracted increasing
interest as drug delivery nanosystems.?® The presence
of abundant silanol groups (—Si—OH) on the silica
surface has been well-known for many decades.?’
However, this has not been considered for potential
radio-labeling until now.

In this work, we hypothesize that numerous depro-
tonated silanol groups (—Si—O7) inside the meso-
channels or on the surface of MSN could function as
inherent hard oxygen donors for stable radio-labeling
of 8%Zr. By using an amorphous dense silica nanopar-
ticle as a control, our systematic research demon-
strated a significantly enhanced stability of 8Zr-MSN
in mice over 3 weeks (~7 t;,, of 8Zr). This study
provides a chelator-free labeling mechanism for mes-
oporous silica nanoparticles to study their long-term
in vivo stability and fate.

RESULTS AND DISCUSSION

MSN Synthesis and Characterization. Zr*" is a hard Lewis
acid and thus prefers hard Lewis bases as donor
groups. It has been known for many decades that,
during the hydrolysis and condensation of tetra-
ethyl orthosilicate (TEOS), abundant silanol groups
(—Si—OH) form on the surface of amorphous silica
particles.?” Here, we demonstrate that it is the depro-
tonated silanol groups (—Si—07) that function as the
hard Lewis bases for the successful chelator-free 8°7r
labeling of amorphous silica nanoparticles.

As seen in Figure 1a, a uniform MSN with an average
particle size of ~150 nm in diameter was synthesized
using literature procedures.?® The presence of radial
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meso-channels throughout each MSN could be easily
seen from the transmission electron microscopy (TEM)
image. Nitrogen adsorption—desorption isotherms
further confirmed an obvious capillary condensation
step at P/P, around 0.4 (Figure 1b), which is clear
evidence for the presence of mesopores in MSN. The
second adsorption of the isotherms at high relative
pressure (P/Py > 0.8) represents the formation of inter-
stitial pores among the dried MSN agglomerates (also
known as textural porosity). The Brunauer—Emmett—
Teller (BET) surface area was measured to be 581.5 mz/g,
with a high pore volume of 1.3 cm®/g. Pore size
distribution showed an average pore size of 4—5 nm
(Figure 1b, inset), consistent with the previously re-
ported values.?®

According to the Zhuravlev model, for both porous
and nonporous silica particles, the concentrations of
silanol groups are directly proportional to the specific
surface area, with the density (—Si—OH/nm?) found to
be in the range of 4—5 (also known as the Kiselev—
Zhuravlev constant).”’ About 2—3 million —Si—OH
groups in each MSN particle were estimated based
on our calculation (detailed in Supporting Information,
Table S1). Considering that over 95% of the surface in
MSN is internal mesopore surface based on a recent
hemolysis study of MSN,?® nearly all of the —Si—OH
groups are expected to be inside the meso-channels
but not on MSN's outer surface, as schematically shown
in Figure 1c.

These silanol groups (—Si—OH) can be fully depro-
tonated to become —Si—O~ when the pH value of
aqueous solution is higher than the isoelectric point of
silica, which has been known to be in the range of pH
2—3. Our §-potential analysis confirmed the negatively
charged surface of as-synthesized MSN (—48.4 =+
0.3 mV) in water (pH 7—8), suggesting the presence
of —Si—O~ groups on MSN surface.

Chelator-Free %°Zr Labeling. Our results showed that
about 70% 8°Zr labeling yield was achieved for MSN
within the first 15 min of incubation (Table S2). The
yield continued to increase over time and reached
82.5% at 2 h post-incubation (Figure 1d and Table S2).
As expected, #Zr-labeling was MSN concentration and
temperature dependent, where higher concentration
and high incubation temperature gave higher labeling
yield (Figure 1d, Figure S1, Table S3). We further
demonstrated that there was no significant reduction
(less than 5%) of drug loading capacity after labeling
MSN with #Zr (Table S4).

To further demonstrate the role of deprotonated
silanol groups in 3Zr-labeling, the pH value of MSN in
HEPES (0.1 M) was adjusted to 2—3 to ensure proton-
ation of silanol groups (as —Si—OH). Such protonation
was confirmed by a positively charged surface (3.6 &
0.3 mV) of MSN at pH 2—3. As expected, 5°Zr labeling
yield was significantly reduced even at a MSN concen-
tration of 2 mg/mL (Figure ST and Table S3). With these
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findings, we demonstrated that deprotonated silanol
groups play a vital role in chelator-free labeling of #zr
to MSN.

In Vitro Stability Study of *Zr-MSN. To further investi-
gate how the location and concentration of deproto-
nated silanol groups could affect the 3°Zr labeling yield
and stability, dSiO, was used as a control. Amorphous
dSiO, synthesized by a classic Stober method is known
to have no mesopores inside and a significantly lower
surface area (~40 m?/g for dSiO, with a size of ~90 nm
in diameter, Figure S2) when compared with that of
MSN (~600 m?/g in this work).3° In stark contrast to
MSN, very little mesopore surface but a dominant
external surface is expected in these dSiO, nanoparti-
cles, as schematically shown in Figure 2a.

The TEM image in Figure 2b shows successful
synthesis of spherically shaped dSiO, with an average
size of ~90 nm in diameter. The surface charge of
dSiO, in pH 7—8 water was also found to be highly
negative (—38.9 £ 0.3 mV), confirming the presence
of abundant deprotonated silanol groups on the
outer surface of dSiO,. In comparison with MSN, about
17-fold less —Si—O~ groups in each dSiO, was esti-
mated based on their marked difference in specific
surface area (Table S1). By using the same labeling
protocol, a similar concentration-dependent #Zr label-
ing yield was observed (Figure 2c). As expected, we
found significantly lower labeling yield at each time
point examined when compared with MSN with the
same particle concentration (Tables S2 and S5), again
demonstrating the vital role of —Si—O~ group con-
centration during 8°Zr labeling.

A DFO challenge study has been reported to dem-
onstrate the stability of 3°Zr-labeled nanoparticles.?’
As-synthesized 3°Zr-MSN and #Zr-dSiO, (suspended
in HEPES, 0.1 M, pH 7—8) were mixed with increasing
concentrations of DFO, ranging from 0.05 to 5 mM,
and incubated at 37 °C under constant shaking. At
each time point, a 100k filter was used to separate the
formation of possible 8Zr-DFO. As shown in Figure 3a,b,
nearly negligible 8°Zr detachment was detected for
both 8Zr-MSN and #Zr-dSiO, within 48 h, demonstrat-
ing a strong binding affinity of 3Zr to both silica nano-
particles. The stability of °Zr-MSN and °Zr-dSiO, in
complete mouse serum was further tested. ®97r-
labeled nanoparticles were mixed with mouse serum
and shaken at 37 °C. Again, no obvious detachment of
free 897r was observed, with 8Zr-MSN showing slightly
better serum stability (Figure 3c). Similar high radio-
stability (with over 96% ®Zr retained in MSN) has been
observed after challenging with EDTA (1 mM) at 37 °C
for 7 days (Figure 3d). Taken together, we concluded
that both #9Zr-MSN and #97r-dSiO, showed high sta-
bility in vitro, which encouraged us to test their long-
term stabilities in vivo.

In Vivo Long-Term Stability and Biodistribution Studies.
With a ~3 day half-life, #*Zr-based PET imaging holds
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Figure 2. Chelator-free #Zr labeling of dSiO,. (a) Schematic illustration showing the labeling of 3°Zr** to the deprotonated
silanol groups (—Si—0") from the outer surface of dSiO,. (b) TEM image of dSiO, with an average particle size of ~90 nm.
(c) Time-dependent 897y labeling yield in HEPES buffer solution (pH 7—8) with varied dSiO, concentrations (from 2 mg/mL

to 2 x 10~* mg/mL).

great potential as a useful tool for long-term monitor-
ing of the dynamic biodistribution, biodegradation,
clearance pathway, and rate of nanoparticles (or mAbs)
in vivo. However, a major challenge still exists in
developing an optimal chelator for ®°Zr labeling.
Although our in vitro DFO challenge and serum stabil-
ity studies suggested high stability of #Zr in both MSN
and dSiO,, their ultimate stability needs to be tested
in vivo for a long period of time.

To do that, healthy BALB/c mice (n = 3) were
intravenously (i.v.) injected with 89Zr-MSN or °zZr-
dsiO, and monitored for 3 weeks (~7 t;, of 7).
Since detached free Zr is a well-known osteophilic
cation,>* with a fast and retained uptake in bones,*?
monitoring the change of bone uptake could be one of
the best ways to study the in vivo stability of 39Zr-
labeled nanoparticles. Our in vivo PET and maximum
intensity projection images of mice injected with free
89Zr-oxalate (in phosphate-buffered saline, PBS) also
confirmed high uptake of 8°Zr in the bones and joints,
as shown in Figure S3.

Considering that MSN with a larger (e.g., >5 nm)
pore size has a faster biodegradation rate in simulated
body fluid,?® in order to potentially visualize the deg-
radation process of °Zr-MSN using PET imaging, we
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used ~90 nm sized MSN with a high surface area
(710.7 m*/g) and 9—10 nm pore size (Figure 4) in the
in vivo stability study (Figure 5). Normal dSiO, with a
similar particle size served as the control group.

TEM images of #9Zr-dSiO, and ¥Zr-MSN (after
decay of radio-activity) showed no obvious morphol-
ogy change after 8Zr labeling (Figure 5¢,e). The max-
imum intensity projection images showed dominant
liver and spleen uptake with no obvious bone uptake
within 3 h p.i.in both cases (Figure 5d,f). However, mice
injected with 3°Zr-dSiO, started to show significant
bone uptake (6.5 + 5.9 %ID/g; n = 3) from day 1 p.i.,
which increased to 11.1 £ 7.5 %ID/g on day 3 p.i.
(video S1), indicating that the exposed ¥Zr from the dSiO,
surface can be vulnerable to attack by the endogenous
(protein) ligands. Burst detachment (denoted as stage 1)
of free 89Zr from dSiO, can also be seen in Figure 6a.
No further increase in bone uptake and a slow clear-
ance of #Zr from bone were observed over the next
18 days (denoted as stage 2, Figure 5d, Figure 6a, and
Table S6), suggesting a strong binding of the remain-
ing 89Zr on the surface of dSiO..

Surprisingly, mice injected with 3°Zr-MSN showed
an extremely high in vivo stability throughout 3 weeks,
with less than 1 %ID/g uptake in bone on day 7 p.i.
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the corresponding pore size distributions of MSN. BET surface area was estimated to be 710.7 m?/g, and the average pore size
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(video S2), which remains very low at 1.5 £ 0.2 %ID/g at 897r-MSN may be attributed to the detachment of
2 more weeks later (Figure 5h, Figure 6a,and Table S6).  8°Zr*™ ions, which are on the outer surface and not
The much smaller (but not zero) uptake in bones for necessarily inside the pores of the MSNs. Such ions
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illustration of 3°Zr-MSN. (h) Biodistribution study of °Zr-MSN on day 21 p.i.

form a small fraction of the total labeled activity (due
to much higher internal surface area in each MSN?®).
Since the coordination between silanol groups and
897¢** jons is expected to be weaker on the outer
surface (due to fewer surrounding silanol groups) than
inside the meso-channels, the surface-bound ®zr**
ions may be rendered more vulnerable to endogenous
chelators. Remarkably, the detachment rate of %zr
from MSN was found to be >20-fold slower than that
of 897Zr from dSiO, (Figure 6b), clearly indicating the
vital role of meso-channels in protecting 8°Zr from
attack by the endogenous chelators. Although #Zr-
labeled MSN using DFO as the chelator has been
reported,”’ this is the longest in vivo stability study of
897r-labeled MSN with such high stability, which could
open up a new possibility for studying the long-term
fate of MSN-based nanoparticles in live animals.

CHEN ET AL.

In addition to the dynamic change of #Zr uptake in
bone, our region of interest (ROI) quantification also
provided highly accurate information regarding the
accumulation and clearance rate of 3Zr-MSN in mouse
liver. Figure 6c shows an increased liver uptake of %°Zr-
MSN from 29.7 + 4.8 %ID/g (n=3) at 0.5 h p.i. t0 39.5 +
4.5 %ID/g on day 7 p.i. For #Zr-dSiO,, a significant
reduction of 3Zr in liver, from 38.1 £ 14.5 to 27.0 +
0.3 %ID/g due to the lower stability of #Zr on the
surface of dSiO,, was observed over the first 7 days
(Table S7). Of note, such dramatic 3°Zr uptake change
did not correctly reflect the real distribution change of
dSiO, in the liver (i.e., dSiO, was not cleared from the
mouse liver over this time period, but the radio-isotope
897r was) and was the main reason for increased #°Zr
bone uptake in mice injected with #Zr-dSiO,, as shown
in Figure 5d and 6a (stage 1).
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The hepatic clearance of #Zr-MSN was also ob-
served with a gradual decrease in liver uptake to 34.2 +
3.3 %ID/g on day 21 p.i. (Figure 6¢c and Table S7).
Interestingly, we found the same hepatic clearance
rate for both #Zr-dSiO, and 8°Zr-MSN from day 3 to
day 21, with their linear fitting slopes both estimated to
be —0.01 (Figure 6d). Dominant liver/spleen uptake of
897r-MSN and #Zr-dSiO, (as expected for i.v. injected
nanoparticles) and significantly higher bone uptake of
free 89Zr detached from the dSiO, surface (but not from
MSN) were further confirmed in the ex vivo biodistribu-
tion studies on day 21 p.i. (Figure 5b,h and Table S8).

Renal clearance of porous silicon (130—180 nm in
diameter) after degradation in vivo has been previously
reported.3* MSN with an average pore size larger than
5 nm has been reported to have a decent (within
3 days) degradation rate in vitro.?® Neither bladder
nor kidney uptake of 39Zr-MSN (average pore size:
9—10 nm, Figure 4 and Figure 5f) fragments was
observed in this study. Without PEGylation, °Zr-MSN
with a highly negatively charged surface was expected
to be accumulated in liver and spleen shortly.

Although bare (unmodified/non-PEGylated) silica
nanoparticles were used here in order to better study
the chelator-free radio-labeling mechanism and in vivo
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long-term stability, suitable surface functionalization is
needed before they can be considered as drug delivery
systems. Our pilot studies have successfully demon-
strated the in vivo tumor active targeting of porous-
silica-based nanoparticles (e.g., hollow mesoporous
silica nanoparticle or yolk/shell structured nano-
particle), by modifying nanoparticles with polyethy-
lene glycol (PEG) (molecular weight: 5 kDa) and target-
ing ligands (e.g., TRC105, an anti-CD105 antibody; or
YY146, an anti-CD146 antibody) (unpublished data).
We also believe the use of intrinsic deprotonated
silanol groups from MSN (or other mesoporous silica-
coated nanoparticles) for chelator-free radio-labeling
may be applicable to other oxophilic radio-metals, such
as titanium-45 (*’Ti, t;, = 184.8 m), scandium-44 (**Sc,
t1/2=3.97 h), indium-111 (""'In, t;, = 2.8 d), yttrium-90
(%Y, t;,> = 64.0 h), to name a few. Considering that
PEGylated MSN can only circulate in the blood for a
couple of hours (depending on the particle size, surface
charge, and PEG density, etc.), 2Zr with a half-life greater
than 3 days might not be the best isotope for short-term
PET imaging studies. However, thanks to the general
applicability of the as-proposed labeling mechanism,
other short-lived oxophilic radio-metals (such as *°Ti
and **Sc) could be used for better matching the
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biological half-life of PEGylated MSN. Silica-based
chelator-free 37r labeling can also benefit other ap-
plications, such as systematic and long-term in vivo
biodegradation and biodistribution tracking of MSN
(with varied particle and pore sizes), which could
provide highly valuable information regarding the
in vivo fate, potential toxicity, drug delivery, and
chemotherapeutic efficacy of MSN in the near future.

CONCLUSIONS

In conclusion, herein we report a chelator-free tech-
nique to stably label #Zr to MSN. Systematic studies
demonstrated the vital role of deprotonated silanol
groups during the labeling of #Zr to amorphous
porous and nonporous silica nanoparticles. #Zr labeling
yield was concentration- and temperature-dependent,
where higher silica concentration and higher incuba-
tion temperature gave higher #Zr labeling yield.

MATERIALS AND METHODS

8Zr Production. °Zr-oxalate was produced according to our
previous procedures by the University of Wisconsin—Madison
cyclotron group.® Briefly, natural yttrium-89 (*°Y) foil (250 um,
99.9%) was irradiated with a proton beam to create %°Zr via the
89Y(p,n)SQZr reaction by using a 16 MeV GE PETtrace cyclotron.
After isotope separation and purification, 3°Zr-oxalate was
obtained, which has a specific activity of >20 GBqg/umol of Zr.

Synthesis of Dense Silica Nanoparticles (dSi0,). Uniform ~90 nm
sized dSiO, was prepared using a modified Stober method.>® In
a typical synthesis, 35.7 mL of absolute ethanol was mixed with
5 mL of water and 0.8 mL of ammonia and stirred for 5—10 min
at room temperature. One milliliter of TEOS was then added,
and the mixture was allowed to react at room temperature for
1 h. Afterward, dSiO, nanoparticles were collected by centrifu-
gation (at 12 500g for 10 min), washed with water/ethanol three
times, and resuspended in 20 mL of water before use.

Synthesis of Mesoporous Silica Nanoparticles. A previously re-
ported biphase stratification approach with slight modifications
was used for the synthesis of MSN with varied pore sizes.?® In a
typical synthesis of ~150 nm sized MSN with 4—5 nm pore size,
24 mL of hexadecyltrimethylammonium chloride (CTAC, 25 wt %)
solution and 0.18 g of triethylamine (TEA) were added to 36 mL of
water and stirred gently at 60 °C for 3 hina 100 mL round-bottom
flask. Twenty milliliters of (20% v/v) TEOS in cyclohexane was
carefully added to the water—CTAC—TEA solution and kept at
60 °C in a water bath for 12 h (stirring rate was set to 125 rpm).
Afterward, milky white samples were collected by centrifuga-
tion (at 12 500g for 10 min), which were subjected to the CTAC
removal process by stirring in 1 wt % NaCl/methanol solution
three times (24 h/time). Complete removal of CTAC was demon-
strated by using Fourier transform infrared spectroscopy.

For the synthesis of MSN with 9—10 nm pore size, the upper
organic layer was replaced with 20 mL of (5% v/v) TEOS in
cyclohexane. The mixture was reacted at 60 °C in a water bath
for 60 h before the CTAC removal process.

Chelator-Free ®Zr Labeling Using dSi0,. For °Zr labeling, 250 uL
of dSiO, (concentration range: 2 mg/mL to 2 x 10™* mg/mL) in
HEPES buffer (pH 7.5, 0.1 M) was directly mixed with 3 mCi (or
111 MBq) of %°Zr-oxalate at 37 °C (or 75 °C). The final pH value of the
mixture was adjusted to 7—8 by using 2 M Na,COs. #Zr labeling
yield was monitored and quantified at different time points (from
30 min to 2 h) by using thin layer chromatography (TLC). #Zr-dSiO,
could be easily collected by centrifugation (at 21 000g for 10 min).

Chelator-Free %°Zr Labeling Using MSN. For 3°Zr labeling, 250 uL
of MSN (concentration range: 2 mg/mL to 2 x 10~* mg/mL)
in HEPES buffer (pH 7.5, 0.1 M) was simply mixed with 3 mCi
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In vitro DFO challenge and serum stability studies
demonstrated the strong binding affinity of #Zr to
both MSN and dSiO, with nearly negligible 3Zr de-
tachment within 48 h. Remarkably, #Zr-MSN exhibited
high in vivo stability with very little bone uptake over
3 weeks. The detachment rate of %9Zr from MSN's
meso-channels was further found to be >20-fold
slower than that of %2Zr from the dSiO, surface
in vivo, highlighting the vital role of meso-channels in
stabilizing 9Zr inside MSN.

Considering that silica (or silicon dioxide) is “gener-
ally recognized as safe” by the Food and Drug Admin-
istration (ID Code: 14808-60-7)>> which is highly
desirable for future clinical translation, and silica coating
has been widely used in biomedical applications,***” the
as-developed labeling technique might provide a sim-
pler yet more reliable method for theranostic application
of future silica-based radio-labeled nanoparticles.

(or 111 MBq) of #Zr-oxalate at 37 °C (or 75 °C). The final pH
value of the mixture was adjusted to 7—8 by using 2 M Na,COs.
897r labeling yield was monitored and quantified at different
time points (from 30 min to 2 h) by using radio-TLC. #Zr-MSN
could be easily collected by centrifugation (at 21 000g for 10 min).

DFO Challenge Study. To demonstrate the stability of %°Zr in
MSN and dSiO,, DFO-Bz-NCS (p-isothiocyanatobenzyl desfer-
rioxamine B) with varied concentrations was added into 250 ulL
of 89Zr-MSN (~200 uCi) or #Zr-dSiO, (~200 uCi) HEPES solution
(pH 7—8) at 37 °Cunder constant shaking (550 rpm) for 48 h. The
final DFO concentrations were fixed to be 5, 0.5, and 0.05 mM.
At each time point, 10 uL of mixture was taken out and
resuspended in 200 uL of HEPES. A 100 kDa filter was used to
separate potential #Zr-DFO from 8°Zr-labeled nanoparticles.
The #Zr-DFO radio-activity was measured by using a gamma
counter (PerkinElmer).

EDTA Challenge Study. To further demonstrate the radio-
stability of 8°Zr in MSN, as-synthesized #°Zr-MSN was soaked
in 1T mM EDTA and kept at 37 °C under constant shaking
(550 rpm) for 1 week. Both free 9Zr and ®Zr-MSN were
monitored and quantified at different time points (from day
1 to day 7) by using radio-TLC. #9Zr-EDTA migrates along the
iTLC strip, while 3°Zr-MSN remains at the origin.

Loading MSN and 3Zr-MSN with Hydrophilic Anticancer Drugs. Dox-
orubicin hydrochloride (DOX) was selected as the model drug to
test the drug loading capacity of MSN before and after %°zZr
labeling. MSN (size: 150 nm; surface area: 581.5 mz/g; pore
volume: 1.31 cm3/g) with a known mass (0.5 mg) was resus-
pended in 1T mL (0.5 mg/mL) of DOX-PBS solution (total amount
of DOX was 0.5 mg). The mixture was kept under constant
shaking for 48 h at room temperature. Afterward, MSN(DOX)
was collected by centrifugation (at 21000g for 10 min) and
washed with PBS three times. All DOX in the supernatant was
carefully collected and quantified based on the DOX (in PBS
solution) standard curve. The loading capacity was calculated
by the following equation:

loading capacity % = amount of DOX in MSN/mass of MSN x 100

To load DOX into 8Zr-MSN, the same amount of MSN
(0.5 mg) was first labeled with 897r as described previously
and then went through the same drug loading process as
MSN(DOX). More details about the drug loading can be found
in Table S4.

In Vitro Serum Stability Study. To study the in vitro serum
stability of both 8Zr-dSiO, and #9Zr-MSN, 50 uL of 8°Zr-MSN
(or 89Zr-dSi0,) was mixed with 50 uL of 2x whole mouse serum
at 37 °Cunder constant shaking (550 rpm) for 48 h. At each time
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point, a small fraction of the mixture (15 ulL) was collected,
resuspended in 100 uL of PBS, and purified by using a 100 kDa
filter. The 8°Zr activity of the filtrate and that retained in the filter
was measured by using a gamma counter.

In Vivo PET Imaging of %Zr-dSi0, and %Zr-MSN. For in vivo PET
imaging, 150 uL (~400 uCi or 14.8 MBq) of 897Zr-MSN (or Zr-
dSiO,) in water was i.v. injected into healthy BALB/c mice (n = 3).
PET scans at various time points p.i., from 0.5 h to 21 days, were
performed by using a microPET/microCT Inveon rodent model
scanner (Siemens Medical Solutions USA, Inc.). The images were
reconstructed using a maximum a posteriori algorithm, with
no scatter correction. ROI analysis of each PET scan was per-
formed using vendor software (Inveon Research Workplace
[IRW]) on decay-corrected whole-body images, as we described
previously,*® to calculate the percentage injected dose per
gram of tissue (%ID/g) values in mouse liver and bone.

Ex Vivo Biodistribution of *°Zr-dSi0, and ®Zr-MSN. Biodistribution
studies were also carried out to confirm that the quantitative
uptake values based on PET imaging truly represented the
radio-activity distribution in mice. After the last in vivo PET
imaging on day 21 p.i,, all major organs/tissues were collected
and wet-weighed. The radio-activity in the tissue was measured
using a gamma counter and presented as %ID/g.

Characterizations. Transmission electron microscopy images
were obtained on a FEI T12 microscope operated at an accel-
erating voltage of 120 kV. Standard TEM samples were prepared
by dropping dilute products onto carbon-coated copper grids.
Nitrogen adsorption—desorption isotherms were measured at
77 K using a Quantachrome Autosorb-1 system. The samples
were pretreated under a vacuum at 393 K for 24 h. Surface areas
were determined using the BET method. Pore size distribution
data were collected by the Barrett—Joyner—Halenda method of
the desorption branch of the isotherm. {-Potential analysis was
performed on Nano-Zetasizer (Malvern Instruments Ltd.).
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