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Abstract

Theranostic nanoparticles hold the potential to greatly improve cancer management by providing
personalized medicine. Although many theranostic nanoconstructs have been successful in
preclinical studies, clinical translation is still hampered by their limited targeting capability and
lack of successful therapeutic efficacy. We report the use of novel ultrasmall porous silica
nanoparticles (UPSN) with enhanced /in vivo pharmacokinetics such as high target tissue
accumulation (12% ID/g in the tumor) and evasion from the reticuloendothelial system (RES)
organs. Herein, UPSN is conjugated with the isotopic pair 9/86Y, enabling both noninvasive
imaging as well as internal radiotherapy. /n vivo PET imaging demonstrates prolonged blood
circulation and excellent tumor contrast with 88Y-DOTA-UPSN. Tumor-to-muscle and tumor-to-
liver uptake values were significantly high (12.4 + 1.7 and 1.5 £ 0.5, respectively), unprecedented
for inorganic nanomaterials. 0Y-DOTA-UPSN significantly inhibits tumor growth and increases
overall survival, indicating the promise of UPSN for future clinical translation as a cancer
theranostic agent.
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INTRODUCTION

Cancer theranostics refers to the combination of disease diagnosis and therapy. The
theranostic strategy is essential for personalized cancer treatment; it aims at stratifying
patients by likelihood to respond to a specific treatment, for early response monitoring as
well as to predict efficacy.! In nuclear medicine, the theranostic approach combines
diagnostic imaging and therapy using the same probe radiolabeled with either therapeutic or
diagnostic radionuclides. Imaging is performed for dosimetry purposes and will determine
the cumulative activity by extrapolating activity into dosage for different organs at different
points in time. Therefore, the exactness of dosimetry highly depends on the quantitative
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truthfulness of the imaging technique.2 Many modalities are available for noninvasive
molecular imaging. Compared to planar, single-photon emission computed tomography
(SPECT) and bremsstrahlung imaging, positron emission tomography (PET) provides higher
spatial resolution, sensitivity, and specificity resulting in a more accurate /n vivo
pharmacokinetic quantification.! For therapy, it is advantageous to use a radionuclide that is
able to penetrate a greater depth of tissue and with high potential of causing radiation
damage to the tumor tissue. Thus, high energy electrons (8°) such as yttrium- 90 (°°Y) have
been reported to have excellent therapeutic outcomes.3 Since the theranostic approach
cannot rely on the use of a same isotope for both diagnosis (positron emitter) and therapy
(electron emitter), strategies are complicated by different radiolabeling procedures and
potential dosimetric differences. The use of an isotopic theranostic pair is an extremely
attractive option. As an example, yttrium-86 (86Y) is a positron emitter (33%, #/, = 14.7 h)
that can be visualized with PET—uwith radiation dosage estimation—for subsequent therapy
with its isotopically matched surrogate 90Y.4

The combination of PET, radiotherapy, and nanotechnology poses a symbiotic relationship
with mutual benefits arising from each component. Even though preclinical cancer
nanobased approaches have yielded encouraging results,>13 the majority of the nanosystems
still hold limited potential for future clinical translation due to high (>30% injected dose per
gram) and long-term (>months) accumulation of nanoparticles in the reticuloendothelial
system (RES) and, more importantly, lack of highly specific tumor targeting ability. It has
been reported that an average of only 0.6% of injected dose per gram (ID/g) of the
nanoparticle typically reaches tumor tissue through passive targeting.1* To overcome the
limited success of nanoparticles in oncology, it is paramount for researchers to discover
systems that maximize tumor tissue accumulation without being retained in the RES organs.

To address that limitation, the complexity of finding the optimal nanoparticle size is of
upmost importance for its /7 vivo behavior.1516 The recently Investigational New Drug
(IND) approval of C-dots719 (silica nanoparticle-based nano-constructs) have emerged as a
promising research direction in that field.2% While several attempts have been made to
synthesize ultrasmall silica nanoplatforms, their size typically ranges from 25-50 nm, which
is insufficient to evade RES uptake.?122 Qur group has successfully synthesized a sub-15
nm porous silica nanoparticle with far superior pharmacokinetic characteristics, such as
prolonged blood circulation, enhanced tumor uptake, and hepatic clearance.23 After previous
thorough characterization of our ultrasmall porous silica nanoparticle (UPSN),23 herein,
rather than focus on the pharmacokinetic characteristics of our nanotracer, we aimed at
reporting an application study in which the ultrasmall porous silica nanoparticle (UPSN) is
used as a nanocarrier for isotopic pair 86/%0Y to allow a theranostic approach. This is the first
time a silica nanoparticle is simultaneously radiolabeled with a theranostic isotopic pair,
presents very high tumor uptake (12% ID/g), and allows dual-modality imaging for
diagnosis and therapeutic monitoring, and it is used for dosimetry calculations of received
organ dose estimates.
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RESULTS AND DISCUSSION

Synthesis, Characterization, Surface Modification, and Radiolabeling of UPSN.

Precisely size-controlled nanoparticles were of upmost importance to achieve enhanced /n
vivo pharmacokinetics and allow a theranostic approach. UPSN synthesis was carried out
through a variation of the method first described by Ma et al.2* A major difference in our
study was the modification of the synthesis procedure to finely tune the nanoparticle size
between 12 and 15 nm to mimic biomacromolecules like antibodies, such that they were
large enough to avoid rapid renal clearance while being small enough to afford longer blood
circulation time and enhanced tumor uptake. Three key steps ensure exquisite control over
particle size and morphology: (i) rapid hydrolysis of silica precursors, (ii) slow condensation
and particle growth, and (iii) rapid quenching of particle growth by addition of the capping
agent. A scheme of the synthesis process can be seen in Figure 1A. UPSN synthesis was
achieved using tetramethyl orthosilica (TMOS) as the silane precursor hexadecyltrimethy-
lammonium bromide (CTAB) as the structure-directing surfactant, ammonium hydroxide as
the catalyst, and poly-ethylene glycol-silane (PEG-silane) as the reaction quencher, as
previously reported.24 TMOS was chosen as the silica precursor, instead of commonly used
tetraethyl orthosilicate (TEOS), because of its faster condensation rate and higher
hydrophilicity. Higher temperature treatment around 80 °C was found to be essential for
particle monodispersity and stability.

Transmission electron microscopy (TEM) indicated the synthesis of the uniform porous
structure of ~12.4 + 2.4 nm in diameter (averaged over 100 nanoparticles; Figure S1A)
which was confirmed by dynamic light scattering (DLS) measurements (approximately 13.5
nm, PDI = 0.1, Figure 1C). The conjugation of 1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetra- acetic acid (DOTA) chelator did not significantly affect the hydrodynamic size of the
nanoparticles, as seen in Figure 1C. TEM images (Figure 1B) indicate the presence of
nanoparticles with narrow size distribution with well-formed single pores and a small
population with half-porous structures, potentially due to incomplete encapsulation of CTAB
micelles by silica precursor. Nitrogen adsorption/desorption analysis was carried out on
freeze-dried samples to evaluate their surface area and pore size distribution. Brunauer—
Emmett— Teller (BET) analysis indicated a high specific surface area of ~505.77 m?/g (inset
of Figure S1C). The presence of pores was confirmed by BJH isotherm analysis, with a
hysteresis loop characteristic of porous materials (Figure S1B). Pore diameters of 3.92 nm in
average and a total pore volume of 0.49 cm3/g was calculated (Figure S1C). Even though in
this study we are not using an active-targeted drug delivery approach, our UPSNs can be
potentially applied for that end due to its distinctive properties of high surface area, uniform
pore size, large pore volume, with great capacity for drug loading combined with its optimal
size distribution. Of note, UPSNs were found to be stable for at least 6 months under
physiological conditions as previously reported by our group.23 Other methods of
characterization as well as a long-term structural stability of our UPSNs have also been
reported in that paper.

For radiolabeling, aminated UPSN was first conjugated with DOTA chelator under alkaline
conditions, as previously described.?® The decay-corrected radiolabeling yield of UPSN-
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DOTA with 86Y is depicted in Figure 1D and 1E. Radiolabeling was time dependent with
the highest value; obtained after 120 min of incubation. After PD-10 purification, the
radiolabeling yield was found to be above 90%, as analyzed by iTLC. Radiolabeling
stability studies in PBS and serum have also been performed (Table S3), and those results
are in agreement with previously published studies using UPSN.24

In Vivo EPR-Mediated Tumor Targeting with 86Y- DOTA-UPSN and Ex Vivo Studies.

After administration of 2-3 MBq of 86Y-DOTA-UPSN in 4T1 tumor-bearing mice, serial
positron emission tomography (PET) images were acquired at different points in time
postinjection (for up to 48; h p.i.) (7= 5). Maximum intensity projection (MIP) PET images
are presented in Figure 2A, and quantitative data ‘ obtained from region-of-interest (ROI)
analysis of PET images is presented in Figure 2B. 86Y-DOTA-UPSN exhibited prolonged
blood circulation, with a significant signal in the blood pool at the first scan (25.5 + 5.2%
ID/g at 0.5 h p.i), which decreased slowly over time. Remarkably, the signal in the blood
pool was still very high at 24 h p.i (10.7 + 1.0% ID/ g), uncommon to most nanoparticles. A
slight signal in the bladder can be seen at the first time points, most probably due; to the
renal excretion of the smallest nanoparticles (<10 nm).

As expected for intravenously injected nanoprobes, a relatively © moderate signal in the liver
(14.8 £ 1.2% ID/g) and spleen (10.9 = 1.9% ID/g) were observed at 0.5 h p.i. In contrast to
the majority of radiolabeled nanoparticles that present an increasing and prolonged
accumulation in RES organs, the radiolabeled UPSN had a steady decrease in the signal in
the liver and spleen over the 48 h period of the study. This indicated clearance of 86Y-
DOTA-UPSN via the hepatobiliary pathway, as previously demonstrated in depth by our
group.23 It is known that sequestration of nanoparticles by the RES organs have hampered
its clinical translation due to toxicity concerns,2% and thus, renal-clearable nanoparticles
have been proposed.2’29 However, fast renal elimination can prevent sufficient target tissue
accumulation.39 We believe that, by achieving a nanoparticle size similar to that of
antibodies (around 13 nm), we were able to design a nanoparticle that would be large
enough to prevent fast renal clearance and small enough to resist early sequestration by the
RES. This would ultimately lead to prolonged blood circulation and allow selective
accumulation at the tumor site via EPR effect. In fact, the long-circulating and RES evading
86Y-DOTA-UPSN showed a rapid tumor accumulation, attributed to the enhanced
permeability and retention (EPR) effect that reached almost 12% ID/g. The tumor uptake
increases with time (4.7 £0.5,5.8+1.0, 7.0+ 1.1, 10.0 £ 1.3, and 10.9 + 0.8% ID/g at 0.5,
2, 6,12, and 48 h p.i., respectively) and peaked at 24 h p.i at 11.8 + 1.1% ID/g, coinciding
with blood pool clearance. Concomitant clearance of 86Y-DOTA-UPSN from the RES
organs and the rest of the body yielded excellent tumor-to- muscle tissue contrast (Figure
2D). It is known that inorganic nanoparticles accumulate early in RES organs, such as the
liver, and herein, we aimed at diminishing that accumulation and increasing their clearance
rate. In fact, the radiolabeled UPSN with enhanced tumor uptake and rapid hepatobiliary
clearance yielded a tumor-to-liver ratio of 1.5 + 0.5 at 48 h p.i. (Figure 2E), unprecedented
for inorganic nanomaterials reported to date. We have also used the trapezoidal numerical
integration method to estimate the area under the curve of the time-activity curves found by
PET imaging, and AUC_4g, was found to be 489.2% ID g~ h for the tumor tissue and
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67.62% ID g~1 h for the muscle (Figure S2). Of note, in our previously published paper, an
in depth pharmacokinetic study was carried out in which data regarding the elimination
pathway and circulation half-life can be found.23

After the end of the imaging study, mice were euthanized and their main organs were
collected for ex vivo biodistribution studies using a gamma counter (Figure 2C) (n7=5).
Tumor uptake of 86Y-DOTA-UPSN was 10.4 + 0.8% ID/g. Organ uptake found in the ex
vivo study matched and validated the tissue uptake values obtained from PET ROI analysis.
This favorable pharmacokinetic profile provided confidence on the use of UPSNs labeled
with 90Y for the therapeutic studies.

As a proof-of-concept approach to generate valid organ and tumor dose estimation, we have
extrapolated data from PET scans to an adult human female. Doses received by major organs
can be seen in Figure S3A and are expressed as the total dose received by the organ, in
which liver and spleen were the nontarget organs with the highest dose received, at 2.38 +
0.96 and 1.89 + 0.74 mSv/MBq, respectively. Tumor doses were also estimated (Figure S3B)
using a dose-to-sphere model and are expressed as dose per gram of tissue. For example, for
a 1 g sample of tumor, a dose of 0.20 + 0.01 mGy/MBq was found.

Treatment Monitoring and In Vivo Therapeutic Efficacy of °0Y-DOTA-UPSN.

Over the past few years, the isotope 20Y has been exploited for therapeutic purposes.3! Since
90V decays almost exclusively by emission of a beta-minus (8), its visualization through
traditional noninvasive molecular imaging such as PET and SPECT is extremely difficult
and complex.32 On the bright side, due to the relatively high energy emission, %Y is a very
efficient Cerenkov radiation emitter and can allow optical imaging through Cerenkov
luminescence imaging (CLI),33 as demonstrated by spectral emissions of %0Y and %0Y-
DOTA-UPSN (Figure S4). In this study, CLI allowed the visualization of tumor uptake of
the 90Y-labeled nanotracer, with clear signals for up to 11 days (Figure 3A). This imaging
modality could potentially serve to monitor treatment and contribute to therapeutic
management.

Ex vivoimaging of the major organs (Figure 3B) and tumor tissues (Figure S5A) confirmed
tumor uptake and the ability to monitor this nanotracer in the tumor through CLI. Radiant
efficiency calculated from /n vivo imaging (Figure S5B) verified tumor uptake with
decreasing signal over time, attributed to radioactive decay. £x vivo analysis of resected
tissues confirmed that tumor uptake is significantly higher than the uptake found in any of
the organs measured (Figure 3C). The combination of PET imaging with 86Y-DOTA-UPSN,
its dosimetric extrapolation, and the ability of tumor monitoring through CLI of 90Y-DOTA-
UPSN can provide invaluable complemental information and greatly assist in the decision of
dosage before treatment as well as in the tumor response assessment throughout cancer
therapy.

After administration of ~5.5 MBq of 0Y-DOTA-UPSN, tumor growth was inhibited as
tumor volumes were significantly smaller than all others starting as early as day 1 p.i. and
throughout the rest of the study (p < 0.05, 7= 5) (Figure 4A). From 1 day p.i. to 11 day p.i.,
the administration of the radionanotracer resulted in tumor regression of approximately
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30%. None of the other groups presented tumor regression, and the tumors continued to
grow exponentially, a difference that can be clearly seen when analyzing the collected tumor
tissue (Figure S6). Even though complete tumor eradication was not achieved, we believe
that the combination of early diagnosis, patient stratification, and reduced tumor volume can
still be helpful for treatment management and potentially increase success of therapy.
Furthermore, a few strategies can be employed to increase therapeutic efficacy in this case,
such as the administration of multiple doses, the use of a different theranostic isotopic pair,
or even the conjugation of a drug in the nanoplatform for synergistic effects. Further studies
to investigate those possibilities are warranted. Importantly, no mice (0/5) injected with 20Y-
DOTA-UPSN had its tumor volume reach the end point criteria (>300% of initial), and
100% survival rate was found for that group at the end of the study. In contrast, 100% of the
mice (5/5) that received either UPSN only or PBS only reached end points, and none of
them were alive after day 15. Only 1 mouse in the group that received °Y-DOTA survived
until the end of the study (Figure 4B). Thus, the value is evident of the therapeutic effect of
90Y-DOTA-UPSN as well as its increased overall median survival.

Toxicity Evaluation.

Potential acute toxicities from 90Y- labeled tracers were evaluated through tissue staining
and measurement of relevant blood parameters. Histological staining of the major organs
(Figure S7A) showed no overall toxicity or abnormal histopathological findings in any of the
off-target organs for any of the groups except those injected with 90Y-DOTA. In the %0Y-
DOTA group, all organs presented morphological abnormalities. Normal histopathology was
found in the tumor for the PBS and UPSN alone groups, while for the animals administered
with 90Y-DOTA, some signs of necrosis could be observed. In comparison, for the animals
administered with 90Y-DOTA-UPSN, significant damage and large areas of necrosis (Figure
S7B) can be seen, confirming antitumor effects. As body weight changes can be an
indicative of certain toxicity, body weight measurements were collected every other day.
Throughout the study, none of the groups presented body weights near the set end point,
suggesting relatively low toxicity to administered agents (Figure S8). To evaluate more in
depth the possible toxic effects on some of the major off-target organs, blood samples of all
mice were collected at the end of the study, and we analyzed kidney and liver enzymes
levels. For the kidney toxicity evaluation, levels of creatinine and blood urea nitrogen (BUN)
were analyzed. For the evaluation of potential toxicity in the liver, blood levels of aspartate
amino transferase (AST), alanine amino transferase (ALT), total bilirubin, and alkaline
phosphatase (ALP) were studied. Results from the kidney and liver function studies revealed
no statistical difference between values found for the PBS-treated group in comparison to
any other groups, except those injected with 20Y-DOTA (Figure 5). For that group, levels of
AST, total bilirubin, ALP, and creatinine were altered, indicating a certain toxicity to %0Y-
DOTA. This data corroborates with H&E staining findings. The analyzed blood levels for
the mice injected with 20Y-DOTA-UPSN were not statistically different than those found in
the PBS-injected group. However, complete blood count measurements demonstrated
potential toxic effects of the radiotherapy treatments (Figure S9), as significant smaller
absolute values of white blood cells, lymphocytes, and red blood cells were found for mice
injected with 90Y-DOTA-UPSN at day 15 p.i. when compared to those at day 0. This is
probably due to increased circulation half-life of the nanotracer and relatively high-energy
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beta of 90Y that can travel relatively long distances in the smaller body of a mouse when
compared to humans. Decreased absolute values of lymphocytes and red blood cells were
also found for the 90Y-DOTA injected group of mice, which also reflect that more
radiosensitive tissues, such as the bone marrow, can present with toxic effects in animal
models. Decreases in platelet counts were also noted for those groups. Further in-depth
toxicity studies are needed to assess the reversibility of cytopenia and bone marrow potential
detriment effects of the utilization of Y-90 as a therapeutic isotope in this scenario.
Optimization of dosing regimens by using fractionated doses could possibly overcome these
issues and will be investigated in future studies. In addition, because we can use dosimetry
studies to calculate the absorbed dose in multiple organs before administering the UPSN
with the therapeutic isotope, we warrant the possibility of managing the dose injected in a
way to protect nontargeted tissue in a personalized manner.

CONCLUSION

In this study, we describe the use of the isotopic pair 8Y/?0Y coupled with UPSN as a
means to obtain a theranostic nanoconstruct. UPSNs were successfully synthesized and
exhibited outstanding /n vivo behavior, including super long circulation behavior with
signals in the heart still found after 24 h. PET imaging, validated by an ex vivo
biodistribution study, of 88-labeled nanoparticles allowed the visualization of its rapid
selective accumulation in the target tissue throughout the entire study. Noteworthily, the
combination of long circulation and RES evasion allowed the achievement of a high target
specific accumulation with tumor uptake reaching around 12% ID/g. Optimal size UPSNs
also yielded unprecedented tumor- to-liver and tumor-to-muscle ratios of around 1.5 and 12,
respectively. Administration of %0Y-labeled UPSNs provided promising therapeutic results
with significantly reduced tumor volumes when compared to the other groups from as early
as day 1 after administration. While the therapeutic effects were insufficient to completely
eliminate tumors, important therapeutic outcomes such as a significantly increased average
survival were reported. In fact, 100% of animals injected with radiolabeled UPSNs were still
alive at the end of the study (in comparison to 20% for those injected with °0Y-DOTA and
0% for the other groups). In addition, its long-term monitoring could be assessed through
CLI, and a dosimetric extrapolation of potential organ and tumor dose to an adult human
female has been calculated. We have also demonstrated through several experiments that the
radiolabeled nanoparticles had low levels of nontarget tissue toxicity. The use of a safe
nanoparticle that can achieve high tumor accumulations provides a platform for imaging and
therapy as well as permits dosimetry calculations that can have important implications for
cancer treatment, patient stratification, and cancer management. Further studies are
warranted to improve therapeutic efficacy and to investigate how 8/%0Y-DOTA-UPSN can
best integrate the current standard of care for cancer patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS
UPSN ultrasmall porous silica nanoparticles
PET positron emission tomography
ID/g injected dose per gram
RES reticuloendothelial system
CLI Cerenkov luminescence imaging
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Figure 1.

Nanoparticle synthesis and characterization. (A) Schematic representation of the UPSN
synthesis method. (B) Transmission electron microscopy (TEM) images of UPSN at
different magnifications. The inset corresponds to a magnified image of individual
nanoparticles. (C) Hydrodynamic diameters of UPSN and UPSN conjugated with DOTA
chelator. (D, E) Radiolabeling studies of 86Y-DOTA-UPSNs with (D) an autoradiograph of
thin-layer chromatograms after different incubation time-points and (E) labeling yields as a
function of incubation time. Insert in (E) is a representative iTLC of 86Y-DOTA-UPSNs after
PD-10 purification, depicting very high radiochemical yield with negligible migration of
free isotope.
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In vivo PET imaging of 4T1 tumor-bearing mice with 8Y-DOTA-UPSN. (A) Serial MIP
PET images of 4T1 tumor-bearing mice injected with 86Y-DOTA-UPSN (7= 5). Tumors are
indicated with yellow arrows. (B) Time-activity curves of liver, muscle, blood pool, spleen,
bladder, and tumor. (C) Ex vivobiodistribution performed after the last scan at 48 h p.i. (D)
Tumor-to-muscle and (E) tumor-to-liver ratios obtained from the ROI analysis of PET

images.
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Figure 3.
Monitoring of 0Y-DOTA-UPSN. (A) Long-term Cerenkov luminescence imaging of mice

injected with 90Y-DOTA-UPSN demonstrated tumor accumulation throughout a therapeutic
study. (B) Ex vivo CLI of major organs confirmed high tumor uptake relative to other
tissues. (C) Quantitave data of radiant efficiency of major organs calculated from ex vivo
CLI. *Significantly higher (p < 0.05) than all the others investigated (7= 5).
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Therapeutic studies for 90Y-DOTA-UPSN. (A) Tumor growth curves. *Significantly smaller
relative tumor volumes found for the group of mice injected with 90Y-DOTA-UPSN when
compared to all other groups (p < 0.05, n=5). (B) Overall survival curve demonstrating
significant extension in median survival in the group treated with °0Y-DOTA-UPSN.
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Kidney and liver function tests. Serum values of (A) aspartate amino transferase (AST), (B)
alanine amino transferase (ALT), (C) total bilirubin, (D) alkaline phosphatase (ALP), (E)
blood urea nitrogen, and (F) creatinine collected at 15 days postinjection for all treatment

groups. *Significantly different (p< 0.05, n=5).

Nano Lett. Author manuscript; available in PMC 2022 June 09.



	Abstract
	Graphical Abstract
	INTRODUCTION
	RESULTS AND DISCUSSION
	Synthesis, Characterization, Surface Modification, and Radiolabeling of UPSN.
	In Vivo EPR-Mediated Tumor Targeting with 86Y- DOTA-UPSN and Ex Vivo Studies.
	Treatment Monitoring and In Vivo Therapeutic Efficacy of 90Y-DOTA-UPSN.
	Toxicity Evaluation.

	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.

