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ABSTRACT Since the first use of biocompatible mesoporous  s‘cu-noTA-msio.-PEG-TRC105 Targeted  Non-Targeted Blocking
silica (mSi0,) nanoparticles as drug delivery vehicles, in vivo tumor a7k o it
targeted imaging and enhanced anticancer drug delivery has “”,7_2 5’/V’,«£ ;
remained a major challenge. In this work, we describe the =
development of functionalized mSi0, nanoparticles for actively
targeted positron emission tomography (PET) imaging and drug
0 %ID/g

delivery in 4T1 murine breast tumor-bearing mice. Our structural
design involves the synthesis, surface functionalization with thiol groups, PEGylation, TRC105 antibody (specific for (D105/endoglin) conjugation, and *Cu-
labeling of uniform 80 nm sized mSi0, nanoparticles. Systematic in vivo tumor targeting studies clearly demonstrated that *Cu-NOTA-mSi0,-PEG-TRC105 could
accumulate prominently at the 4T1 tumor site via both the enhanced permeability and retention effect and TRC105-mediated binding to tumor vasculature
(D105. As a proof-of-concept, we also demonstrated successful enhanced tumor targeted delivery of doxorubicin (DOX) in 4T1 tumor-bearing mice after
intravenous injection of DOX-loaded NOTA-mSi0,-PEG-TRC105, which holds great potential for future image-guided drug delivery and targeted cancer therapy.

KEYWORDS: mesoporous silica (mSiO,) nanoparticles - tumor angiogenesis - in vivo tumor targeting -
positron emission tomography (PET) - drug delivery - theranostics

ver the past decade, tremendous
Oefforts have been devoted to the

design and functionalization of
various types of nanoplatforms, such as iron
oxide nanoparticles,’ gold nanostructures,?
carbon nanomaterials,>* and upconversion
nanoparticles,>® which not only can be used
for visualizing the tumors noninvasively
with different imaging techniques, but
also hold the potential for efficient tumor
targeted delivery of anticancer drugs.”®
Uniform mesoporous silica (mSiO,) nano-
particle is another category of such promis-
ing nanoplatforms and has drawn increasing
interest recently because of its nontoxic nat-
ure, easily modifiable surface and good bio-
compoatibility.>'® Because of their tailorable
mesoporous structure, high specific sur-
face area and large pore volume, mSiO,
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nanoparticles have many advantages over
other drug delivery systems such as high
drug loading capacity, controllable (or stimuli-
responsive) drug release behavior, and
codelivery capability.'" Development and
optimization of various strategies for im-
proving the in vivo tumor specific targeting
efficiency of various drug delivery systems
(e.g., mSiO, nanoparticles) is of critical im-
portance, which remains a major challenge
for future cancer targeted imaging and
therapy. Although various targeting ligands
(e.g., folic acid,'? transferrin,'® aptamer'* and
herceptin'?) have been conjugated to mSiO,
nanoparticles, which exhibited in vitro tumor
cell targeting and enhanced therapeutic
efficacy, very limited progress has been
achieved in extending such success into
in vivo settings in animal models.'®"”
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Scheme 1. A schematic illustration of the synthesis of $4Cu-NOTA-mSiO,-PEG-TRC105. Uniform mSiO, nanoparticles (1) were
first modified with —SH groups to form mSiO,—SH (2). mSiO,—SH was PEGylated with Mal-PEGs-NH, to form mSiO,-PEG-NH,
(3), which was subjected to NOTA conjugation and subsequent PEGylation to yield NOTA-mSiO,-PEG-Mal (4). NOTA-mSiO,-PEG-
TRC105 (5) could be obtained by reacting TRC105-SH with 4. 5*Cu-labeling was performed in the last step to generate **Cu-NOTA-

mSiO,-PEG-TRC105 (6).

The suboptimal performance of many nanoscale
drugs in vivo is in large part due to inefficient drug
delivery.’®'® Currently, passive targeting based on the
enhanced permeability and retention (EPR) effect re-
mains the primary strategy for delivering drug-loaded
mSiO, to tumor sites,?* 2% and progress in actively
targeted drug delivery is slow and severely under-
studied. In one attempt to target folic acid-conjugated
and fluorescein isothiocyanate (FITC) doped mSiO, to
MCF-7 tumor-bearing nude mice, only marginal differ-
ence in tumor uptake of mSiO, could be observed,
which is likely due to the high tissue autofluorescence
(which interferes with the signal originated from FITC)
and limited targeting efficiency of such tumor cell-
based targeting strategy.'® Because of the relatively
short blood circulation lifetime, imperfect surface con-
jugation chemistry, lack of specific tumor (or tumor
vasculature) targeting, and limited extravasation, the
development of an optimal targeted drug delivery
system based on mSiO; is urgently needed in the field.

Tumor vasculature targeting can be a more efficient
strategy since, unlike tumor cell-based targeting, ex-
travasation is not required to observe the tumor
signal.>*~%° Angiogenesis, the formation of new blood
vessels from preexisting vasculature, is essential for
tumor growth and progression.??” CD105 (also called
endoglin) is an ideal marker for tumor angiogenesis,
which is almost exclusively expressed on proliferating
endothelial cells.?®%° Various literature reports have
demonstrated that the expression level of CD105 is
correlated with poor prognosis in more than 10 solid
tumor types,®® which makes it an extremely attractive
and universal vascular target for solid tumors. Using
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TRC105 (@ human/murine chimeric IgG1 monoclonal
antibody, which binds to both human and murine
CD105%") as the targeting moiety, we reported the first
positron emission tomography (PET) imaging of CD105
expression in a mouse model of breast cancer,**** and
subsequently confirmed high CD105-mediated uptake
of radiolabeled TRC105 in a number of xenograft tumor
models (e.g., triple-negative breast cancer, pancreatic
cancer, prostate cancer, and brain tumor), demonstrat-
ing broad potential for future applications of CD105-
targeted agents in cancer imaging and therapy.>*

In this work, we aim to develop a surface functiona-
lized mSiO, for in vivo tumor (vasculature) targeted
imaging and improved drug delivery efficiency.
Uniform mSiO, nanoparticles were synthesized using
a well-established soft-template method,*> and sub-
sequently conjugated to TRC105 and (S)-2-(4-iso-
thiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-
triacetic acid (i.e., p-SCN-Bn-NOTA) through polyethy-
lene glycol (PEG) linkers, which was then labeled with
54Cu (t;/2: 12.7 h) to form the 5*Cu-NOTA-mSiO,-PEG-
TRC105 nanoconjugate (Scheme 1). Systematic in vivo
PET imaging, biodistribution, and blocking studies
were performed in 4T1 murine breast tumor-bearing
mice to evaluate and confirm their tumor specific
targeting capability, which was validated by various
in vitro and ex vivo experiments. In our previous
reports, it has been demonstrated that CD105 was
expressed at a high level on actively proliferating tumor
vasculature, but at a very low level in the normal organs
or the 4T1 tumor cells.2#32333% As a proof-of-concept, we
also demonstrated the enhanced tumor-targeted deliv-
ery efficiency of doxorubicin (DOX, a commonly used
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Figure 1. (a) A TEM image of mSiO, before surface modification. (b) Nitrogen adsorption—desorption isotherms and (c) the
corresponding pore size distribution of mSiO, nanoparticles. (d) A TEM image of NOTA-mSiO,-PEG-TRC105 in PBS solution. (e)
DLS size (left) and zeta potential (right) changes of mSiO, after step-by-step surface modification. (f) A digital photo (left) and
PET phantom image (right) of %*Cu-NOTA-mSiO,-PEG-TRC105 nanoparticle in PBS solution.

anticancer drug) in 4T1 tumor-bearing mice after intra-
venous injection of DOX-loaded NOTA-mSiO,-PEG-
TRC105 nanoparticles, which holds great potential for
future image-guided drug delivery and targeted cancer
therapy.

RESULTS

Synthesis and Characterization of NOTA-mSi0,-PEG-TRC105.
Scheme 1 shows the major steps toward the synthesis
of ®*Cu-NOTA-mSiO,-PEG-TRC105. As-synthesized uni-
form mSiO, nanoparticles (1) were first functionalized
with thiol groups (—SH) with (3-mercaptopropyl)tri-
methoxysilane (MPS) to form mSiO,—SH (2), followed
by PEGylation with Mal-PEGs,-NH, (Mal denotes
maleimide) to obtain mSiO,-PEG-NH; (3), leaving ami-
no (—NH,) groups on the surface for further conjuga-
tions. Desired amount of p-SCN-Bn-NOTA was then
added to obtain NOTA-mSiO,-PEG-NH,. Afterward,
another heterobifunctional PEG (Mal-PEGs5-SCM, SCM
denotes succinimidyl carboxy methyl ester) was used
to generate NOTA-mSiO,-PEG-Mal (4), which was re-
acted with TRC105-SH to yield NOTA-mSiO,-PEG-
TRC105 (5). Lastly, the NOTA-mSiO,-PEG-TRC105 was
labeled with ®*Cu to form the **Cu-NOTA-mSiO,-PEG-
TRC105 nanoconjugate (6).

Uniform mSiO, nanoparticles with an average par-
ticle size of 80 nm were synthesized following the
literature procedure.>® Figure 1a shows the represen-
tative transmission electron microscopy (TEM) image
of as-prepared mSiO, with wormlike mesoporous
structures. The size of mSiO, could easily be tuned
simply by changing the amount of triethanolamine
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used, as shown in Figure S1, Supporting Information.
Fourier transform infrared spectroscopy was perfor-
med to confirm the successful removal of surfactant
hexadecyl trimethyl ammonium chloride (CTAC), as
evidenced by the absence of characteristic C—H peak
in the 3000—2800 cm ™' range for surfactant-extracted
mSiO, (Figure S2, Supporting Information).>® Nitrogen
adsorption—desorption isotherm results indicated that
the mSiO, nanoparticles possess relatively high speci-
fic surface areas of 238 m?/g and well-defined pore
sizes of ~2.2 nm (Figure 1b and c).

No obvious changes in the morphology of mSiO,
were observed after surface modifications, as evi-
denced by TEM images in Figure 1d and Figure S3b,
Supporting Information. The successful surface mod-
ifications were further confirmed by dynamic light
scattering (DLS) and zeta potential measurements, as
shown in Figure 1e and Figure S3c, Supporting Infor-
mation. In comparison with sizes observed from TEM
images, the diameters of mSiO, nanoparticles based
on DLS after step-by-step modifications became larger
to varied extent because of the presence of hydrated
layers, PEG chains, and TRC105. No obvious change
of surface charge (from —28.9 £+ 1.7 mV to —27.3 +
2.4 mV) was observed after —SH modification of mSiO,,
which changed significantly to 0.8 + 04 mV after
conjugation with Mal-PEGs,-NH,, indicating successful
coating with the PEG layer. The mSiO,-PEG-NH, could
be well-dispersed in PBS solution (pH = 7.4) without
any obvious aggregation for several weeks (Figure S4,
Supporting Information), which further confirmed suc-
cessful PEGylation. The final DLS diameter and surface
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Figure 2. In vitro investigation of mSiO, conjugates. Flow cytometry analysis of mSiO, conjugates in (a) HUVEC (CD105
positive) and (b) MCF-7 (CD105 negative) cells after 15 min incubation and subsequent washing. (c) Representative
fluorescence images of HUVECs and MCF-7 cells stained with FITC conjugated mSiO,-PEG-TRC105, FITC conjugated mSiO,-
PEG, or FITC conjugated mSiO,-PEG-TRC105 with a blocking dose of TRC105. Scale bar: 50 um.

charge of NOTA-mSiO,-PEG-TRC105 were found to
be 168.0 £+ 8.2 nm and —2.7 &+ 1.0 mV, respectively.
Taken together, these data confirmed the successful
surface modifications of as-synthesized mSiO, nano-
particles to the NOTA-mSiO,-PEG-TRC105 nano-
conjugate.

In Vitro (D105 Targeting. To assess CD105-targeting
efficiency of the mSiO, conjugates, human umbilical
vein endothelial cells (HUVECs, CD105 positive) and
MCF-7 human breast cancer cells (CD105 negative)
were used for flow cytometry and fluorescence micro-
scopy studies. FITC was conjugated to the surface of
nanoparticles to form FITC conjugated mSiO,-PEG-
TRC105 and FITC conjugated mSiO,-PEG to facilitate
such investigation. The flow cytometry results from
Figure 2a indicated that incubation with FITC conju-
gated mSiO,-PEG-TRC105 could significantly enhance
the mean fluorescence intensity of HUVECs (51.8-fold
higher than the unstained cells), while treatment
with FITC conjugated mSiO,-PEG, or FITC conjugated
mSiO,-PEG-TRC105 with a blocking dose of TRC105
(500 ug/mL), only gave slight fluorescence enhance-
ment (4.3-fold and 4.8-fold, respectively). Prolonging
the incubation time from 15 min to 2 h did not improve
the targeting efficiency significantly, as evidenced in
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Figure S5, Supporting Information, indicating rapid
and highly efficient in vitro CD105 targeting.

In stark contrast, incubating FITC conjugated
mSiO,-PEG-TRC105 or FITC conjugated mSiO,-PEG
with MCF-7 cells only showed background fluores-
cence level for all groups (Figure 2b), demonstrating
low nonspecific binding of functionalized mSiO, con-
jugates in CD105 negative cells. Fluorescence micro-
scopy images exhibited similar trends as that observed
in flow cytometry studies and provided visual evi-
dence, showing strong green fluorescence in HUVECs
when treated with FITC conjugated mSiO,-PEG-
TRC105 and extremely low level of fluorescence in
all other groups (Figure 2c). Overall, these in vitro
results demonstrated that FITC conjugated mSiO,-
PEG-TRC105 exhibited strong and specific binding to
CD105-postive cells with negligible nonspecific bind-
ing, which warranted further in vivo investigation of
NOTA-mSiO,-PEG-TRC105.

Radiolabeling and Stability Evaluation. NOTA-mSiO,-
PEG-TRC105 and NOTA-mSiO,-PEG were labeled with
%4Cu for in vivo studies. **Cu-NOTA-mSiO,-PEG-TRC105
and ®*Cu-NOTA-mSiO,-PEG were purified using PD-10
columns with PBS as the mobile phase. The radioacti-
vity fractions (typically elute between 3.5 and 4.5 mL)
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Figure 3. Serial coronal PET images of 4T1 tumor-bearing mice at different time points postinjection of (a) **Cu-NOTA-mSiO,-
PEG-TRC105, (b) **Cu-NOTA-mSiO,-PEG, or (c) **Cu-NOTA-mSiO,-PEG-TRC105 with a blocking dose of TRC105. Tumors were

indicated by yellow arrowheads.

were collected for further in vivo experiments, and a
typical size exclusion column chromatography profile
can be seen in Figure S6, Supporting Information. After
6 mL of PBS, the unreacted ®*Cu may start to elute from
the column. The decay-corrected radiochemical yield
was >50% for both conjugates, based on 0.18 nmol
of NOTA-mSiO,-PEG-TRC105 (or NOTA-mSiO,-PEG) per
37 MBq of ®*Cu, with radiochemical purity of >95%.
Figure 1f shows a digital photo and a PET phantom
image of **Cu-NOTA-mSiO,-PEG-TRC105 in PBS solu-
tion, which demonstrated successful labeling of 5*Cu.
The specific activity of both NOTA-mSiO,-PEG-TRC105
and NOTA-mSiO,-PEG was ~100 MBg/nmol, assuming
complete recovery of NOTA-mSiO,-PEG-TRC105 and
NOTA-mSiO,-PEG after size-exclusion chromatography.

Before in vivo investigation, serum stability studies
were carried out to ensure that $*Cu-NOTA-mSiO,-PEG-
TRC105 and **Cu-NOTA-mSiO,-PEG are sufficiently stable
forimaging purposes. It was found that more than 90% of
64Cu remained within the mSiO, conjugates over a 48 h
incubation period (Figure S7, Supporting Information),
indicating high stability of the %*Cu-NOTA complex. Since
PET imaging detects the radioisotopes (e.g., **Cu in this
work) rather than the mSiO, conjugates themselves,
excellent stability is a prerequisite for PET to reflect the
in vivo distribution of ®*Cu-labeled mSiO, conjugates.

In Vivo Tumor Targeting and PET Imaging. The time
points of 0.5, 2, 5, 16, 24, and 48 h postinjection (p.i.)

CHEN ET AL.

were chosen for serial PET scans. The coronal slices that
contain the 4T1 tumors are shown in Figure 3. Quanti-
tative data obtained from region-of-interest (ROI) anal-
ysis of the PET images are shown in Figure 4a—d. In
addition, a representative PET/CT image of 4T1 tumor-
bearing mice at 5 h p.i. of **Cu-NOTA-mSiO,-PEG-TRC105,
as well as coronal PET slices of mice in different groups at
5 h p.i, are shown in Figure 4e for direct visual comparison.

The liver uptake of *Cu-NOTA-mSiO,-PEG-TRC105
was found to be 22.2 £+ 0.8 %ID/g at 0.5 h p.i. and de-
creased gradually to 11.8 = 2.4 %ID/g at48 h p.i. (n =3;
Figure 4a, Table S1, Supporting Information), which is
expected for intravenously injected nanomaterials.
Importantly, accumulation of **Cu-NOTA-mSiO,-PEG-
TRC105 in the tumor occurred very quickly, which
could be clearly visible at 0.5 h p.i. (5.7 & 0.3 %ID/qg)
and peaked ataround 5 h p.i. (5.9 & 0.4 %ID/g), as shown
in Figures 3a and 4a. In contrast, without the conjugation
of TRC105, the 4T1 tumor uptake of either free ®*Cu
(n = 2; Figure S8, Table S2, Supporting Information) or
64Cu-NOTA-mSiO,-PEG was found to be significantly
lower than that of ®*Cu-NOTA-mSiO,-PEG-TRC105 at
all time points examined (n = 3; Figure 4b, Table S3,
Supporting Information), indicating that TRC105 conju-
gation was the controlling factor for enhanced tumor
uptake of **Cu-NOTA-mSiO,-PEG-TRC105.

To further confirm CD105 specificity of **Cu-NOTA-
mSiO,-PEG-TRC105 in vivo, blocking studies were
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Figure 4. Quantitative analysis of the PET data. Time-activity curves of the liver, 4T1 tumor, blood, and muscle upon
intravenous injection of (a) **Cu-NOTA-mSiO,-PEG-TRC105, (b) **Cu-NOTA-mSiO,-PEG, or (c) **Cu-NOTA-mSiO,-PEG-TRC105
after a blocking dose of TRC105. (d) Comparison of 4T1 tumor uptake in the three groups. The difference between 4T1 tumor
uptake of **Cu-NOTA-mSiO,-PEG-TRC105 and the two control groups were statistically significant (P < 0.05) in all cases. (e)
Representative PET/CT and PET images of mice in the three groups at 5 h postinjection. All data represent 3 mice per group.

performed. It was found that administration of a
blocking dose (1 mg/mouse) of TRC105 at 1 h before
54Cu-NOTA-mSiO,-PEG-TRC105 injection could signifi-
cantly reduce the tumor uptake to 2.9 & 0.8 %ID/g at
5 h p.i. (n = 3, Figures 3c and 4c, Table 5S4, Supporting
Information), demonstrating CD105 specificity of ®*Cu-
NOTA-mSiO,-PEG-TRC105 in vivo. Of note, the liver
uptake and radioactivity in blood were not significantly
affected by the blocking dose of TRC105, as shown in
Figures 3c and 4c.

Figure 4d summarizes the 4T1 tumor uptake of the
mSiO, conjugates in all three groups over time, where
54Cu-NOTA-mSiO,-PEG-TRC105 shows the highest tu-
mor uptake throughout the study period (P < 0.05 in all
cases, n = 3). Overall, aside from differences in tumor
uptake, conjugation of TRC105 or administration of
a blocking dose of TRC105 did not change the in vivo
kinetics of these mSiO, conjugates in 4T1 tumor-
bearing mice, which indicated that CD105 binding
is responsible for the enhanced tumor uptake %*Cu-
NOTA-mSiO,-PEG-TRC105 over the two control groups.

Ex Vivo Biodistribution Studies. The biodistribution data
of the mSiO, conjugates at 5 h (using a separate cohort
of 3 mice) and 48 h p.i. (after the last PET scans) are
shown in Figure 5, which matched very well with the
PET data. Besides the liver, the kidney and intestine
also had significant uptake of **Cu-NOTA-mSiO,-PEG-
TRC105at5h p.i, at7.2+ 1.1 %ID/gand 9.4 £+ 2.1 %ID/g,
respectively (Figure 5a, n = 3). Aside from these organs
that are responsible for clearance (i.e., liver, kidney,
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intestine), the tumor uptake (5.4 + 0.4 %ID/g, n = 3)
of *Cu-NOTA-mSiO,-PEG-TRC105 was higher than all
other major organs, thus providing good tumor contrast
with a tumor/muscle ratio of 6.2 + 1.8 at 5 h p.i. and
35+ 1.2 at 48 h p.i. (n = 3). In comparison with ®*Cu-
NOTA-mSiO,-PEG-TRC105, $*Cu-NOTA-mSiO,-PEG had
slightly increased uptake in the liver (19.0 £ 2.0 %ID/g,
n = 3) and significantly decreased uptake in tumor (2.6 +
0.2 %ID/g, n = 3), based on the biodistribution studies at
5 h p.i. For mice euthanized at 48 h p.i. after the last PET
scans, tumor uptake of *Cu-NOTA-mSiO,-PEG-TRC105
was lower than that of 5 h p.i. but still remained prominent
(Figure 5b). Overall, the PET and biodistribution data
confirmed CD105 specificity of **Cu-NOTA-mSiO,-PEG-
TRC105 in vivo, and the corroborating results validated
that serial PET imaging truly reflected the distribution
pattern of mSiO, conjugates in tumor-bearing mice.

Histology. To further validate that tumor uptake of
54Cu-NOTA-mSiO,-PEG-TRC105 is CD105 specific and
mSiO; conjugates were indeed delivered to the tumor,
three 4T1 tumor-bearing mice were each injected with
a larger dose of NOTA-mSiO,-PEG-TRC105 (5 nmol/kg
of mouse body weight) and euthanized at 0.5 and
5 h p.i. Tissues with significant uptake (i.e., tumor, liver,
spleen, and kidney) of ®*Cu-NOTA-mSiO,-PEG-TRC105
were frozen for histological analysis. With negligible
64Cu-NOTA-mSiO,-PEG-TRC105 uptake, the muscle tis-
sue was also examined as a normal control.

Of note, TRC105 within the NOTA-mSiO,-PEG-
TRC105 conjugate served as the primary antibody for
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Figure 5. Biodistribution studies in 4T1 tumor-bearing mice. (a) Biodistribution of **Cu-NOTA-mSiO,-PEG-TRC105 and **Cu-
NOTA-mSiO,-PEG in 4T1 tumor-bearing mice at 5 h postinjection. (b) Biodistribution of **Cu-NOTA-mSiO,-PEG-TRC105, **Cu-
NOTA-mSiO,-PEG, and %*Cu-NOTA-mSiO,-PEG-TRC105 after a blocking dose of TRC105 in 4T1 tumor-bearing mice at 48 h

postinjection. All data represent 3 mice per group.

histological analysis (i.e., only fluorescently labeled
antihuman IgG was used). Therefore, the green fluores-
cence signal from TRC105 in Figure 6 indicated the
presence of NOTA-mSiO,-PEG-TRC105. The histology data
demonstrated that at 0.5 h p.i, NOTA-mSiO,-PEG-TRC105
distribution in the 4T1 tumor was primarily on the tumor
vasculature with little extravasation (indicated by the
good overlay of red and green fluorescence signal, which
represented CD31 and NOTA-mSiO,-PEG-TRC105, respec-
tively, Figure 6a). Significant extravasation of NOTA-
mSiO,-PEG-TRC105 at 5 h p.i. was also observed in the
tumor tissue, where separation of the red and green
fluorescence signals can be clearly seen (Figure 6b).

Prominent green fluorescence signal from the liver,
kidney, and spleen slices indicated significant uptake of
NOTA-mSiO,-PEG-TRC105 in these three organs at 5 h p.i.
(Figure 6 c—e), which corroborated the PET findings. The
green fluorescence attributed to NOTA-mSiO,-PEG-
TRC105 exhibited weak overlay with CD31 staining of
vessels, indicating that the uptake of NOTA-mSiO,-PEG-
TRC105 in those organs was most likely due to nonspecific
capture by macrophages and/or other mechanisms that
are not related to CD105 expression. No observable green
fluorescence was detected in muscle (Figure 6f), which is
consistent with the PET imaging results.

Enhanced Tumor Targeted Drug Delivery in Vivo. As a proof-
of-concept, we further demonstrated the feasibility of
enhanced tumor targeted drug delivery in vivo using

CHEN ET AL.

TRC105 conjugated mSiO, loaded with an anticancer
drug DOX, denoted as NOTA-mSiO,(DOX)-PEG-TRC105.
The loading capacity of DOX in mSiO, was estimated to
range from 76.6 to 481.6 mg/g, as shown in Table S5,
Supporting Information. UV—vis absorbance spectra of
mSiO,(DOX) exhibited characteristic absorption peak at
around 480 nm (Figure 7a), which could give strong
fluorescence signal under 465 nm excitation (Figure 7b),
clearly indicating successful loading of DOX into the
mSiO,. A previous literature report has shown that the
protonation of silanols (—Si—OH) in mSiO, with the
decrease of pH could lead to a decrease in the electro-
static interaction between DOX and mSiO,, causing the
dissociation of DOX from the silica surface and mesopor-
ous channels.3” Such phenomenon was confirmed in our
study: a pH-sensitive release profile was observed with
much faster DOX release rate at pH 5.0 than thatat pH 7.4
(Figure 7¢).

To prepare NOTA-mSiO,(DOX)-PEG-TRC105 for tu-
mor targeted drug delivery, DOX was mixed with
mSiO,-PEG-NH, in PBS and kept under constant shaking
for 24 h to form mSiO,(DOX)-PEG-NH,. Subsequently,
similar protocols as shown in Scheme 1 were used for
NOTA and TRC105 conjugation, forming NOTA-mSiO,-
(DOX)-PEG-TRC105. The final DOX concentration in
both NOTA-mSiO,(DOX)-PEG-TRC105 and NOTA-mSiO,-
(DOX)-PEG (suspended in PBS solution) were adjusted
to 390 ug/mL, as evidenced by the optical images in
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Figure 6. Ex vivo histological analysis. (a) 4T1 tumorat 0.5 h p.i., (b) 4T1 tumor at 5 h p.i., (c) liver at 5 h p.i., (d) kidney at 5 h p.i.,
(e) spleen at 5 h p.i., (f) muscle at 5 h p.i. CD31 staining is shown in red, using an antimouse CD31 primary antibody. TRC105
within NOTA-mSiO,-PEG-TRC105 was used as the primary antibody to indicate the location of the nanoconjugate (green).
Merged images are also shown. DAPI staining was performed to reveal the location of the nuclei. Scale bar: 50 um.

Figure 7d. Half an hour after intravenous injection
of NOTA-mSiO,(DOX)-PEG-TRC105 and NOTA-mSiO,-
(DOX)-PEG into 4T1 tumor-bearing mice (dose: 78 ug
of DOX per mouse, or 3.9 mg of DOX/kg of mouse body
weight), the major organs were collected and imaged in
an IVIS spectrum in vivo imaging system (excitation:
465 nm; emission: 580 nm), which is shown in Figure 7e. It
is important to note that because of different absorption/
scattering behaviors of various tissues, optical signal
intensities from different organs may not accurately
reflect the absolute uptake level of injected fluorescent
agent/nanoparticle. For example, although liver is the
dominant organ for NOTA-mSiO,-PEG-TRC105 accumu-
lation, as evidenced in our PET and biodistribution
studies, only weak optical signal could be observed
based on ex vivo optical imaging because of its dark

CHEN ET AL.

color and strong absorbance of visible DOX fluorescence
(Figure 7e). In contrast, due to the much lighter color of
tumor tissue, strong optical signal from DOX could be
observed in mice injected with NOTA-mSiO,(DOX)-PEG-
TRC105 (Figure 7e). Importantly, quantitative data from
ROI analysis of the tumor tissue showed significantly
higher fluorescent signal of DOX for NOTA-mSiO,(DOX)-
PEG-TRC105 (2.38 x 10® [p/s]/[uW/cm?]), which is about
2-fold of that for NOTA-mSiO,(DOX)-PEG (149 x 10°
[p/s1/[uW/cm?]), clearly demonstrating the feasibility to
deliver larger amount of anticancer drugs to the tumor
site in vivo by using TRC105-conjugated mSiO,.

DISCUSSION

Successful surface modification of mSiO, is critical
for achieving sufficient in vivo stability and efficient
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Figure 7. Enhanced tumor targeted drug delivery with NOTA-mSiO,(DOX)-PEG-TRC105. (a) UV—vis spectra of mSiO,—SH and
mSiO,(DOX) in aqueous solution. Inset shows that DOX is loaded inside the mSiO,, rather than dissolved in the solution, which
forms a color pellet after centrifugation. (b) Corresponding fluorescence images of mSiO,(DOX) (emission at 580 nm) and
mSiO, under the excitation of 465 nm light. (c) pH-sensitive release profiles of mSiO,(DOX) at pH 5.0 and pH 7.4. (d)
Fluorescence images (emission at 580 nm) of NOTA-mSiO,(DOX)-PEG-TRC105 and NOTA-mSiO,(DOX)-PEG in PBS solution (pH
7.4) under the excitation of 465 nm light. Both samples have the same DOX concentration of ~390 ug/mL. (e) An ex vivo
optical image of major organs at 0.5 h after intravenous injection of NOTA-mSiO,(DOX)-PEG-TRC105 (78 g of DOX per
mouse) or NOTA-mSiO,(DOX)-PEG (78 «g of DOX per mouse) in 4T1 tumor-bearing mice, which clearly showed stronger

tumor DOX signal in the former.

tumor targeted drug delivery. Surface thiolation of
mSiO, is the first important step, which could be
efficiently achieved by reacting MPS with mSiO, in
absolute ethanol at 90 °C. The reaction temperature
was found to be extremely important in this case,
where simply refluxing the mixture at 78 °C for 24 h
was found to be not sufficient. In our design, surface
PEGylation was performed twice to facilitate orthogo-
nal NOTA and TRC105 conjugation, as well as ensuring
that the nanoparticles are stable in biological condi-
tions and reducing the opsonization to improve the
blood circulation lifetime of ®*Cu-NOTA-mSiO,-PEG-
TRC105 in mice. Our comprehensive characterizations
(e.g., TEM, DLS and zeta potential) confirmed the
success of each surface modification step, and the final
nanoconjugates could be well-dispersed in PBS with-
out noticeable aggregation for weeks.

In vivo pharmacokinetics and biodistribution of
mSiO, are very important issues to consider as a drug
delivery system. Previously, although biodistribution
of mSiO, in different organs could be investigated
by covalently linked fluorescent dyes (e.g., FITC) within
or at the surface of mSiO,,'®*#3? such approach is not
quantitative because of the qualitative nature of op-
tical imaging. Quantitative biodistribution of mSiO,
based on inductively coupled plasma mass spectro-
metry (ICP-MS) analysis of Si concentrations in organs
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could be a better technique, if background levels of Si
in different organs have been accurately measured
as references.'®%4" PET allows for serial noninvasive
imaging and more accurate quantification of nanopar-
ticle uptake in live subjects, which obviates the need to
sacrifice large number of animals and minimizes inter-
individual variations.**** In our study, by labeling the
surface functionalized mSiO, nanoparticles with 5*Cu
(t12: 12.7 h), we present the first example of using
highly sensitive PET imaging to investigate the biodis-
tribution and in vivo tumor targeting efficiency of
mSiO,. Since serum stability studies confirmed that
more than 90% of radioactivity is bound to the nano-
particle after 48 h, such excellent stability of radiolabel
on the nanoparticles ensured that the signal observed
in PET truly reflects the distribution of ®*Cu-labeled
mSiO, nanoparticles.

As evidenced by in vivo PET imaging and bio-
distribution studies, liver, intestine, kidney, spleen,
and tumor are the primary organs for uptake of **Cu-
NOTA-mSiO,-PEG-TRC105. The prominent liver uptake
at 5 and 48 h postinjection indicates that the excretion
of ®*Cu-NOTA-mSiO,-PEG-TRC105 is mainly via the
hepatobiliary pathway. The decrease of liver uptake
over time is possibly due to the slow excretion of
4Cu-NOTA-mSiO,-PEG and ®*Cu-NOTA-mSiO,-PEG-
TRC105 into the intestine, which is supported by the
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biodistribution studies where significant intestine uptake
was observed. Similar hepatobiliary excretion of dye-
doped mSiO, has been reported in previous studies.*®
Although toxicity evaluation is not the focus of this study,
and many previous reports have already demonstrated
the excellent biocompatibility of mSiO, in vivo,'**" no
acute toxicity was observed in this work throughout the
study period.

Potential renal clearance of mSiO, is still under
debate. For example, no detectable renal excretion
and only dominant hepatobiliary excretion have been
reported for mSiO, with particle sizes ranging from
45 to 130 nm.**** However, an increasing number
of reports have indicated either partial or sometimes
primarily renal clearance of mSiO, with similar size
and surface coatings,'®***! indicating that size and
surface charge may not be the only factors that govern
the clearance of mSiO, nanoparticles. In our study, we
provided indirect evidence from both biodistribution
studies and histological examination that mSiO, con-
jugates did accumulate in the kidneys to a certain extent,
where the uptake of 64Cu-NOTA-mSiO,-PEG-TRC105
was 7.2 £+ 1.1 %ID/g at 5 h p.i. (n = 3, Figure 5). The
presence of NOTA-mSiO,-PEG-TRC105 in the kidneys
was also confirmed by histology (Figure 6d). Although
previous studies speculated a potential glomerular da-
mage to be the reason for renal clearance,*® the exact
mechanism remains to be elucidated in the future.

Similar to other types of nanoparticles, intravenous
administration of mSiO, will also face multiple bio-
logical boundaries as they travel to the targeted
tissue/organs/cells, which could significantly reduce
their chances for accumulation in the tumor site.*®
Although enhanced in vivo therapeutic effect of drug-
loaded mSiO, has been reported by conjugating nano-
particles with targeting ligands such as folic acid or
transferrin,'®'7#7 significant differences in tumor up-
take of nanoparticles have not been demonstrated
between the targeted and nontargeted groups in the
literature. In this work, using TRC105 as the targeting
ligand for CD105 that is almost exclusively expressed
on the tumor vasculature, we demonstrated not only
specific targeting of %*Cu-NOTA-mSiO,-PEG-TRC105 to
the tumor vasculature in vivo, but also the enhanced
capability for delivering anticancer drugs to the tumor
site. The uptake of 5*Cu-NOTA-mSiO,-PEG-TRC105 in

METHODS

Materials. TRC105 was provided by TRACON Pharmaceuti-
cals Inc. (San Diego, CA). p-SCN-Bn-NOTA was acquired from
Macrocyclics, Inc. (Dallas, TX). FITC, hematoxylin staining solu-
tion, and Chelex 100 resin (50—100 mesh), tetraethyl orthosili-
cate (TEOS), triethylamine (TEA), MPS, hexadecyl trimethyl
ammonium chloride (CTAC, 25 wt %) were purchased from
Sigma-Aldrich (St. Louis, MO). AlexaFluor488- and Cy3-labeled
secondary antibodies were purchased from Jackson Immuno-
research Laboratories, Inc. (West Grove, CA). PD-10 columns

CHEN ET AL.

the 4T1 tumor is time-dependent and peaked at 5.9 +
0.4 %ID/g at 5h p.i, which is about 2-fold of that for
54Cu-NOTA-mSiO,-PEG. To the best of our knowledge,
this is the first quantitative data showing the active and
passive targeting efficiency of functionalized mSiO,.
The specific tumor targeting was also confirmed by
blocking study and histology. The capability to deliver
more DOX to the 4T1 tumor in vivo was demonstrated
by ex vivo optical imaging, which showed significantly
higher optical signal intensity of DOX in the targeted
group than that of the nontargeted group. Semiquan-
titative analysis of the optical imaging data further
confirmed a nearly 2-fold difference between the two
groups, which is consistent with the PET results. Since
mSiO, can be loaded with both hydrophobic and
hydrophilic drugs, which can also allow for controlled
release of these drugs with response to environmental
changes (e.g., pH, redox potential, temperature, etc.),'®
this work may open up a new avenue forimage-guided
drug delivery and targeted cancer therapy with sig-
nificantly reduced potential side effects.

CONCLUSION

Herein we report the first example of active tumor
targeting of uniform mSiO, in vivo, which was specific
for CD105 and could be noninvasively quantified by PET
imaging. %*Cu-NOTA-mSiO,-PEG-TRC105 exhibited ex-
cellent stability and target specificity, which was investi-
gated through various in vitro, in vivo, and ex vivo
experiments. Since the 4T1 tumor cells do not express
CD105 but the tumor vasculature in the 4T1 tumor tissue
express high level of CD105, the specific targeting in this
work was exclusively vascular CD105-based with no
cancer cell targeting involved. Vascular targeting led to
~2 fold enhancement of tumor uptake when compared
to that of passive targeting alone based on the EPR effect.
Hepatobiliary uptake/clearance was observed for these
mSiO, nanoconjugates (both targeted and nontargeted),
in addition to appreciable renal uptake/clearance.
As a proof-of-concept, we also demonstrated the cap-
ability of enhanced tumor targeted delivery of DOX in
4T1 tumor-bearing mice upon intravenous injection,
using TRC105 as the targeting ligand and mSiO, as the
drug carrier, which holds great potential for future
image-guided drug delivery and targeted cancer
therapy.

were purchased from GE Healthcare (Piscataway, NJ). Absolute
ethanol, sodium chloride (NaCl), and doxorubicin hydrochloride
(DOX) were purchased from Fisher Scientific. Mal-PEGs,-NH;
and Mal-PEG5-SCM were obtained from Creative PEGworks.
Water and all buffers were of Millipore grade and pretreated
with Chelex 100 resin to ensure that the aqueous solution was
free of heavy metals. All chemicals were used as received
without further purification.

Characterization. Transmission electron microscopy (TEM)
images were obtained on a FEl T12 microscope operated at an
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accelerating voltage of 120 kV. Standard TEM samples were
prepared by dropping dilute products onto carbon-coated copper
grids. Fourier transform infrared (FT-IR) spectra were obtained in
the range of 650—3500 cm ™" using a Bruker Equinox 55/5 FT-IR/NIR
Spectrophotometer. Nitrogen adsorption—desorption isotherms
were measured at 77 K using a Micromeritics ASAP 2020 system.
The samples were pretreated under a vacuum at 393 K for 12 h.
Surface areas were determined using the BET method. Pore
size distribution data were collected by the BJH method of the
desorption branch of the isotherm. Dynamic light scattering (DLS)
and zeta potential analysis were performed on Nano-Zetasizer
(Malvern Instruments Ltd.). Fluorescence images were acquired
with a Nikon Eclipse Ti microscope.

Synthesis of Uniform 80 nm Sized mSi0, Nanoparticles. Procedures
for the synthesis of mSiO, with a uniform diameter of ~80 nm
were similar as previously described in the literature® In a
typical synthesis, CTAC (2 g) and TEA (20 mg) were dissolved in
20 mL of high Q water and stirred at room temperature for 1 h.
Afterward, 1.0 mL of TEOS was added rapidly and the resulting
mixture was stirred for 1 h at 95 °C in a water bath. The mix-
ture was then cooled down, collected by centrifugation, and
washed with water and ethanol to remove residual reactants.
Subsequently, the product was extracted for 24 h with a 1 wt %
solution of NaCl in methanol at room temperature to remove
the template CTAC. This process was carried out for at least
3 times to ensure complete removal of CTAC.

Synthesis of mSi0,—SH. To functionalize the mSiO, surface
with —SH groups, as-synthesized mSiO, nanoparticles were
first dispersed in 20 mL of absolute ethanol, followed by adding
500 uL of MPS. The system was sealed and kept at 86—90 °Cina
water bath for 12—24 h. Afterward, the mixture was centrifuged
and washed with ethanol several times to remove the residual
MPS. The mSiO,—SH could be well-dispersed in water, and the
concentration of thiol groups (nmol/mL) was measured using
Ellman's agent and cysteine-based standard solutions.>*

Synthesis of NOTA-mSi0,-PEG-TRC105 and NOTA-mSi0,(DOX)-PEG-
TRC105. One milliliter of mSiO,—SH (with 100 nmol of —SH groups)
in water was PEGylated with Mal-PEGs,-NH, (2 mg, 400 nmol) at
room temperature. No detectable —SH groups could be found
after the first PEGylation, suggesting that the mSiO,-PEG-NH,
nanoparticle surface was covered with PEG chains (~100 nmol).
The as-synthesized mSiO,-PEG-NH, could be well-dispersed in PBS
(pH 7.4). p-SCN-Bn-NOTA (~45 nmol, 5 uL of 5 mg/mL solution in
dimethyl sulfoxide) was subsequently reacted with mSiO,-PEG-
NH, at pH 8.5 to obtain NOTA-mSiO,-PEG-NH,. On the basis of the
reaction efficiency, for each NOTA-mSiO,-PEG-NH; there were
~10 NOTA groups. Afterward, 5 mg (1000 nmol) of Mal-PEGs)-
SCM were added and reacted for another 1 h, resulting in NOTA-
mSiO,-PEG-Mal. No detectable —NH, groups could be found on
the basis of the Kaiser test, suggesting there were only —Mal
groups (~90 nmol) at the surface of NOTA-mSiO,-PEG-Mal. NOTA-
mSiO,-PEG-TRC105 could be obtained by reacting TRC105-SH
(5 nmol) with NOTA-mSiO,-PEG-Mal. For each mSiO, nano-
conjugate, there were approximately 10 NOTA, 5 TRC105 and
190 PEGs,. To synthesize FITC conjugated NOTA-mSiO,-PEG-
TRC105, ~64 nmol of FITC and ~45 nmol of p-SCN-Bn-NOTA in
dimethyl sulfoxide were used together at pH 8.5—9, under the
reaction condition similar as described above.

For the synthesis of NOTA-mSiO,(DOX)-PEG-TRC105, the
PEGylated mSiO, nanoparticles were first loaded with DOX
by mixing mSiO,-PEG-NH, with DOX in PBS solution under
constant shaking for 24 h, which resulted in mSiO,(DOX)-PEG-
NH,. Similar protocols were then used for NOTA and TRC105
conjugation. The final NOTA-mSiO,(DOX)-PEG-TRC105 nano-
conjugate was dispersed in PBS before subsequent studies.

Flow Cytometry and Fluorescence Microscopy. Cells were first
harvested and suspended in cold PBS with 2% bovine serum
albumin at a concentration of 5 x 10° cells/mL and then incu-
bated with FITC conjugated mSiO,-PEG-TRC105 or FITC con-
jugated mSiO,-PEG for 15 (or 120) min at room temperature.
The cells were washed three times with cold PBS and centri-
fuged for 5 min. Afterward, the cells were washed and analyzed
using a BD FACSCalibur four-color analysis cytometer, which
is equipped with 488 and 633 nm lasers (Becton-Dickinson, San
Jose, CA) and FlowJo analysis software (Tree Star, Ashland, OR).
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“Blocking” experiment was also performed in cells incubated
with the same amount of FITC conjugated mSiO,-PEG-TRC105,
where 500 ug/mL of unconjugated TRC105 was added to
evaluate the CD105 specificity of FITC conjugated mSiO,-PEG-
TRC105. The cells were also examined under a Nikon Eclipse Ti
microscope to validate the FACS results.

%Cu Labeling and Serum Stability Studies. ®*CuCl, (74—148 MBq)
was diluted in 300 uL of 0.1 M sodium acetate buffer (pH 6.5)
and added to NOTA-mSiO,-PEG-TRC105 or NOTA-mSiO,-PEG.
The reaction was allowed to proceed at 37 °C for 30 min with
constant stirring. **Cu-NOTA-mSiO,-PEG-TRC105 and *Cu-
NOTA-mSiO,-PEG were purified using PD-10 columns with
PBS as the mobile phase. The radioactivity fractions (typically
between 3.5 and 4.5 mL, total of 1 mL) were collected for further
in vitro and in vivo experiments. After 6 mL of PBS, the unreacted
54Cu may start to elute from the column. The whole procedure
of ®*Cu labeling and purification of the mSiO, nanoconjugates
took 90 & 10 min (n = 10).

For serum stability studies, ®*Cu-NOTA-mSiO,-PEG-TRC105
and ®*Cu-NOTA-mSiO,-PEG were incubated in complete mouse
serum at 37 °C for up to 48 h (the time period investigated for
serial PET imaging, which is about four half-lives of *Cu).
Portions of the mixture were sampled at different time points
and filtered through 100 kDa cutoff filters. The filtrates were
collected, and the radioactivity was measured. The percentages
of retained (i.e., intact) ®*Cu on the mSiO,-PEG conjugates (**Cu-
NOTA-mSiO,-PEG-TRC105 or **Cu-NOTA-mSiO,-PEG) were cal-
culated using the equation [(total radioactivity — radioactivity in
filtrate)/total radioactivity] x 100%.

4T1 Murine Breast Cancer Model. All animal studies were con-
ducted under a protocol approved by the University of Wiscon-
sin Institutional Animal Care and Use Committee. To generate
the 4T1 tumor model, 4—5 week old female BALB/c mice were
purchased from Harlan (Indianapolis, IN, USA), and tumors were
established by subcutaneously injecting 2 x 10° cells, sus-
pended in 100 uL of 1:1 mixture of RPMI 1640 and Matrigel
(BD Biosciences, Franklin Lakes, NJ), into the front flank of mice.
The tumor sizes were monitored every other day, and the
animals were subjected to in vivo experiments when the tumor
diameter reached 5—8 mm.

PET Imaging and Biodistribution Studies. PET and PET/CT scans at
various time points p.i. using a microPET/microCT Inveon rodent
model scanner (Siemens Medical SolutionsUSA, Inc.), image
reconstruction, and ROl analysis of the PET data were performed
similarly as described previously.***° Quantitative PET data were
presented as percentage injected dose per gram of tissue (%ID/g).
Tumor-bearing mice were each injected with 5—10 MBq of
54Cu-NOTA-mSiO,-PEG-TRC105 or **Cu-NOTA-mSiO,-PEG via tail
vein before serial PET scans. Another group of three 4T1 tumor-
bearing mice were each injected with 1 mg of unlabeled TRC105
at 1 h before ®*Cu-NOTA-mSiO,-PEG-TRC105 administration to
evaluate the CD105 specificity of **Cu-NOTA-mSiO,-PEG-TRC105
in vivo (i.e., blocking experiment).

After the last PET scans at 48 h p.i., biodistribution studies
were carried out to confirm that the %ID/g values based on
PET imaging truly represented the radioactivity distribution
in tumor-bearing mice. In addition, another three 4T1 tumor-
bearing mice were each intravenously injected with **Cu-NOTA-
mSiO,-PEG-TRC105 and euthanized at 5 h p.. (when tumor
uptake was at the peak based on PET results) for biodistribution
studies. Mice were euthanized, and blood, 4T1 tumor, and major
organs/tissues were collected and wet-weighed. The radioactivity
in the tissue was measured using a gamma-counter (Perkin-
Elmer) and presented as %ID/g (mean =+ SD).

Histology. Frozen tissue slices of 7 um thickness were fixed
with cold acetone and stained for endothelial marker CD31, as
described previously through the use of a rat antimouse CD31
antibody and a Cy3-labeled donkey antirat IgG.>**?3¢ The tissue
slices were also incubated with 2 ug/mL of AlexaFluor488-
labeled goat antihuman IgG for visualization of NOTA-mSiO,-
PEG-TRC105 (no unconjugated TRC105 was used for histology).
All images were acquired with a Nikon Eclipse Ti microscope.
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