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Abstract

The development of new image-guided drug delivery tools to improve the therapeutic efficacy of
chemotherapeutics remains an important goal in nanomedicine. Using labeling strategies that
involve radioelements that have theranostic pairs of diagnostic positron-emitting isotopes and
therapeutic electron-emitting isotopes has promise in achieving this goal and further enhancing
drug performance through radiotherapeutic effects. The isotopes of radioarsenic offer such
theranostic potential and would allow for the use of positron emission tomography (PET) for
image-guided drug delivery studies of the arsenic-based chemotherapeutic arsenic trioxide (ATO).
Thiolated mesoporous silica nanoparticles (MSN) are shown to effectively and stably bind
cyclotron-produced radioarsenic. Labeling studies elucidate that this affinity is a result of specific
binding between trivalent arsenic and nanoparticle thiol surface modification. Serial PET imaging
of the /n vivo murine biodistribution of radiolabeled silica nanoparticles shows very good stability
toward dearsenylation that is directly proportional to silica porosity. Thiolated MSNs are found to
have a macroscopic arsenic loading capacity of 20 mg of ATO per gram of MSN, sufficient for
delivery of chemotherapeutic quantities of the drug. These results show the great potential of

"Corresponding Author: paellison@wisc.edu (P.A.E.).

Present Address

F.C.: Memorial Sloan Kettering Cancer Center, New York, NY.
ORCID

Paul A. Ellison: 0000-0002-8379-7419

Author Contributions
P.A.E. and F.C. contributed equally to this work.

Notes
The authors declare no competing financial interest.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsami.6b14049.
Equation S1: thiol groups per nanoparticle; Table S1: radioarsenic decay properties; Table S2: PET ROI results; Table S3: ex vivo
biodistribution results; Figures S1-S3: additional *As-MSN labeling results (PDF)



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ellison et al. Page 2

radioarsenic-labeled thiolated MSN for the preparation of theranostic radiopharmaceuticals and
image-guided drug delivery of ATO-based chemotherapeutics.
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MSN(5nm pores)

*As-labeled thiol-
modified MSN mesopore

Keywords

image-guided drug delivery; arsenic trioxide; radioarsenic; positron emission tomography; As-72;
As-76; As-77; radiolabeling

INTRODUCTION

Materials with particle size on the order of several to hundreds of hanometers are finding
increasing application in medicine and biomedical research.l:2 Notably among these is the
development of nanomedicine-based drug delivery strategies for cancer therapy, where
cytotoxic payloads are bound to nanoparticles, improving drug pharmacokinetics, targeting
disease, and reducing systemic toxicity.3# However, a recent survey of nanoparticle-based
drug delivery platforms targeting solid tumors showed a very low median percentage of
administered drug dose effectively being delivered to the tumor, highlighting a real need for
image-guided drug delivery strategies to improve targeting efficacy.> Positron emission
tomography (PET) is a noninvasive, quantitative imaging modality that requires
radiolabeling with a positron-emitting nuclide, most commonly 64Cu, 89Zr, or 88Ga when
used in nanomedicine.® Because it is the biodistribution of this radionuclide, not the vehicle
or payload, that is directly reported in a PET image, its use to provide image-guided drug
delivery information is dependent on the efficacy of this radiolabeling strategy and the /in
vivo stability of the resulting conjugate. Anchoring the radiolabel to the nanoparticle is
accomplished through one of several strategies, including functionalization of the vehicle
with a chelator that has high affinity for the radiolabel’~14 or through careful chemical
pairing of the nanoparticle to a radionuclide with inherent affinity.1>-18 To fully take
advantage of PET as an image-guided drug delivery tool, the /n vivo stability of the
radionuclide—nanoparticle conjugate for a new nanoparticle radiolabeling strategy must be
carefully vetted.

The use of radiolabeling techniques to imbue nanoparticles with PET imaging capabilities
has additional potential with the use of radionuclide-based theranostics, where the vehicle
can be labeled alternatively with a chemically identical alpha-, Auger-, or electron-emitting
radiotherapeutic nuclide. This pair of agents would then allow for the use of the diagnostic
drug formulation to determine optimal therapeutic dose and gauge therapeutic response for
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the radiotherapeutic drug formulation, thereby facilitating suitable patient selection and
minimizing adverse effects.1%20 The radioisotopes of arsenic are well suited for use in
theranostic pharmaceuticals in that there exist multiple positron-emitting diagnostic isotopes
("1As, 72As, " As) and electron-emitting therapeutic isotopes ("8As, 77As) with biologically
relevant half-lives, as shown in Table S1. These radioisotopes can be produced in clinically
relevant quantities through a variety of existing methods. Diagnostic "2As can be produced
using existing medical cyclotrons with solid target capability?! or through a 72Se/72As
generator system.22:23 Therapeutic /7As can be produced in a large-scale, yet still no-carrier-
added, process using nuclear fission reactors.24

In addition to the potential of radioarsenic as a theranostic radiolabel, arsenic trioxide (ATO)
is a United States Food and Drug Administration (FDA) approved drug (trade name:
Trisenox at 0.15 mg/kg daily) that is current standard of care in combination with a/l-trans-
retinoic acid for newly diagnosed and relapsed acute promyelocytic leukemia.2> ATO has
also been shown to be therapeutically effective at /n vitro and preclinical /n vivo studies
toward other types of leukemia, lymphoid malignancies, and liver, gastric, ovarian, cervical,
prostate, renal cell, bladder, brain, lung, and skin solid tumors.26 However, the application of
ATO is limited by its acute systemic toxicity estimated at ~0.6 mg/kg daily,2” making ATO
well suited for use as payload in nanoparticle-based drug delivery vehicles. Recent efforts to
increase the therapeutic index of ATO have utilized a variety of nanoparticle-based drug
delivery methods including liposomes,28-31 polymeric nanoparticles, 32-3% and most
recently mesoporous silica nanoparticles. 36-39

Mesoporous silica nanoparticles (MSN) are a class of inorganic nanomaterial heavily
permeated with open mesoporous channels with diameters on the order of 0.1-10 nm. The
small particle size, porous nature, and silica framework result in a biocompatible material
with extremely high specific surface area that has well-characterized surface chemistry
allowing for its stable modification to exhibit a variety of chemically labile functional
groups.?? Thus, MSN is well suited for use as an image-guided drug delivery vehicle.*1
Previously, MSN has been radiolabeled with ®4Cu through surface-functionalized chelator-
based methods1142 and through a chelator-free incorporation of 89Zr and other radiometals
in the silica framework. 184344 Additionally, thiol-modified MSN has recently been shown
to radiolabel with radioarsenic.2! The present work aims to build upon this latter work and
further characterize the arsenic-silica bioconjugation and /7 vitro and /n vivo of thiolated-
mesoporous-silica-bound radioarsenic.

RESULTS AND DISCUSSION

Synthesis and Characterization of Dense and Mesoporous Silica Nanoparticles

Three types of silica nanoparticles were synthesized and surface functionalized with
sulfhydryl groups (-SH) to probe the radiolabeling and /n vivo stability properties of the
radioarsenic nanoparticle conjugates. The three types of silica differed by their nanoparticle
diameter and porosity. They are dense silica (dSiO») nanoparticles (diameter of 90 + 10 nm,
no mesoporous channels) and two types of mesoporous silica nanoparticles (MSN): MSN (3
nm pores) (diameter of 65 £ 5 nm, ~3 nm diameter pores) and MSN (5 nm pores) (diameter
of 150 = 5 nm, ~5 nm diameter pores), as shown in Figure 1. The addition of thiol functional
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groups was accomplished in a surface area dependent manner through reaction with (3-
mercaptopropyl)trimethoxysilane. The Brunauer—-Emmett—Teller (BET) surface area and
pore volume of the functionalized nanoparticles were measured and the latter used along
with Ellman’s reagent quantified thiol concentration and lyophilization measured mass
concentration to calculate the number of thiol groups per nanoparticle for each of type of
silica nanoparticle according to eq S1, shown in Table 1. Following synthesis, the thiol-
modified silica nanoparticles were stored in solution with 5 mM tris(2-carboxyethyl)
phosphine (TCEP) at pH 9 to prevent reduction of thiol concentration due to disulfide bond
formation. Care was taken to remove TCEP through two subsequent 14 krpm
centrifugation—decantation steps before quantifying nanoparticle thiol content using an
Ellman’s-reagent-based colorimetric method.

Production and Isolation of [*As]As(OH)3

No-carrieradded (nca) [*As]arsenic trihydroxide (* = 72, 76, 74, 71) was produced through
proton irradiation of metallic germanium and radiochemically isolated in a small volume,
buffered aqueous solution. Overall decay-corrected radiochemical yield of the 4 h isolation
procedure was 50 + 1%. The use of natural isotopic abundance germanium target material
produced radioarsenic with an end-of-bombardment isotopic composition of 79% 72As,
0.2% "1As, 14% 76As, and 7% 74As. The radioactive decay properties of "2As (#, = 26.0 h,
88% %) and "4As (1, = 17.8 d, 29% ") allowed for positron emission tomography (PET)
imaging of radioarsenic for days (or weeks) after its production. The stability of the *As(l11)
oxidation state was monitored using autoradiography-visualized thin layer chromatography
(radio-TLC) as a function of time in 0.1 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) with 70 mM hydroxylamine (HA) and 3 mM ethylenediamine-tetraacetic acid
(EDTA) at two temperatures (21 and 80 °C) and three pHs (5.5, 7.5, and 9), shown in Figure
2. These results show that under nca conditions *As(111) is particularly susceptible to auto-
oxidation, with the reaction promoted under high temperature and nonacidic conditions,
despite the presence of HA and EDTA, which were found to improve As(l11) stability. This
auto-oxidation behavior of radioarsenic is of particular importance to this work as the
reactivity of arsenic toward thiol groups is significantly greater for *As(I11) compared with
*As(V). To minimize the effects of auto-oxidation of *As(OH)3 (As(111)) to *AsO(OH)3
(As(V)) on the radiolabeling of thiol-modified nanoparticles, the final arsenic reduction and
extraction procedure was performed immediately prior to the initiation of radiolabeling
experiments.

Radioarsenic Labeling of MSN

The labeling yield of 590 nmol (-SH)/mL of thiol-modified MSN (3 nm pores) with nca
*As(OH)3 at pH 5.5, 7.5, and 9 as a function of time as determined by radio-TLC is shown
partially in Figure 3a (blue line) and Figure S1b. These results clearly show *As-MSN
labeling through the decrease of the *As(I11) species concurrent with the increase of *As-
MSN in the solution. The thiol specificity of the radioarsenic labeling was confirmed
through a control experiment attempting to label amine-modified MSN with nca *As(OH)3
at the same labeling conditions, shown in Figure 3a (red line) and Figure S1c. These results
show no *As-MSN labeling with the arsenic speciation profile matching that of *As(OH)3 in
the aqueous labeling medium shown in Figure Sla. This infers that *As(l11) is specifically
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binding to the soft base thiol functionality of the MSN-SH rather than nonspecifically
binding to the silica framework or surface modification. The radioarsenic labeling of thiol-
modified MSN was shown to be pH dependent with a higher labeling pH exhibiting
significantly improved labeling yield, as shown in Figure 3c and Figure S1b. Higher labeling
temperature (80 °C) was demonstrated to be unfavorable for labeling as shown in Figure 3b
and Figure S2b. It was hypothesized that this was due to the rapid oxidation of *As(l11)
oxidation to *As(V) at higher temperature, shown Figure 2b. As shown in Figure S1b, the
fraction of pentavalent arsenic species remains largely unchanged over the course of the
labeling experiment, implying that *As(V) does not label thiol-modified MSN. This was
further confirmed through an experiment attempting to label 480 nmol (-SH)/mL of MSN(3
nm pores)-SH with fully oxidized nca *AsO(OH)3 at pH 9 (Figure 3d and Figure S3b) and
5.5 (Figure S3a) as a function of time. This clearly shows the negligible labeling yield of
thiol-modified MSN with pentavalent radioarsenic. These results with nca radioarsenic are
in good agreement with recent radioarsenic studies*>46 and the well-established properties
of bulk trivalent and pentavalent arsenic, as recently reviewed in the context of their protein
binding properties,*” which demonstrate high thiol binding for As(I11) and negligible
binding for As(V).

The concentration dependence of *As-MSN labeling was further examined by comparison
of the labeling yield of 30, 60, 120, 240, 490, and 590 nmol (-SH)/mL MSN(3 nm pores)—
SH with nca *As(OH)3 at pH 9 as a function of time as shown in Figure 4. The radioarsenic
labeling rate and yield after 24 h were found to be highly dependent on MSN (3 nm pores)-
SH concentration, with higher concentrations correlating to higher labeling rates and 22 h
labeling yields in the 70-80% range.

Labeling yields determined by radio-TLC were in good agreement with those obtained by
radioactivity counting of the MSN pellet and supernatant following centrifugation and
decantation. Radioarsenic labeling yields of thiol-modified dSiO, and MSN(5 nm pores)
agreed well with the MSN(3 nm pores)-SH results. Optimal labeling yields of 80-90% were
achieved under the most concentrated solutions achievable by directly reconstituting a
centrifugation/decantation-isolated nanoparticle pellet in the *As(OH)3 in 1 M HEPES, 0.5
M HA, 25 mM EDTA solution. Taken all together, we demonstrated the specific labeling of
*As(I11) to thiol-modified silica nanoparticles.

In Vitro and in Vivo Stability of Radioarsenic-MSN Bond

The in vitro stability of the binding of nca *As(OH)3 to thiolated silica was probed by
incubation of *As-MSN(3 nm pores) in whole mouse serum for 18 h at room temperature
followed by 96 h at 37 °C with periodic monitoring of the radioarsenic speciation by radio-
TLC with results shown in Figure 5. These results show a good stability of the *As—thiol—
silica bond with greater than 80% of radioarsenic remaining bound to the nanoparticle over
the 18 h of room temperature and first 2 days of 37 °C incubation.

The in vivo stability of radioarsenic binding to thiolated silica nanoparticles was monitored
by comparison of the biodistribution of free *As with that of *As-MSN (3 nm pores)
following intravenous (iv) injection in healthy mice as monitored by serial PET imaging.
Characteristic maximum intensity projection (MIP) PET images are shown in Figures 6a and
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6b, clearly demonstrating the marked difference in the biodistribution of these two
radioarsenic preparations. Given the facts that highly negatively charged silica nanoparticles
such as those used in this work are rapidly sequestered and retained for 7 days or longer by
the liver and spleen,!® that the nanoparticle size is larger than the renal clearance threshold
of ~5 nm,*8 and the result that the majority of free radioarsenic is rapidly renally excreted
(Figures 6a and 7a), the radiostability of the arsenic—thiol-silica bond can be monitored
through the retention of radiotracer in the liver and the amount of radiotracer detected in the
bladder. The PET-quantified percent injected dose per gram (%I1D/g) measured for regions of
interest (ROIs) surrounding the liver, spleen, and bladder for free *As and *As-MSN (3 nm
pores) are shown in Table S2 and plotted in Figure 7b,c (red lines). The biodistribution of
*As-MSN (3 nm pores) shows the rapid hepatic sequestration of the radioarsenic, persisting
without significant change up to 3 days postinjection (Figure 7b, red line), in good
agreement with those previously reported for 89Zr—-MSN.18 At five and 7 days post injection,
the PET signal in the liver appears to begin to drop, albeit not significantly (Figure 7b, red
line) at all time points post injection. The quantified PET signal in the bladder was a
consistent 4-5%ID/g (Figure 7c, red line). This result clearly demonstrates the good /in vivo
stability of the radioarsenic-thiolated MSN bond.

The /n vivo stability of the *As-thiol-silica bond was further probed by comparing the
biodistribution of *As-MSN(3 nm pores) with *As-dSiO, and *As-MSN(5 nm pores),
which principally vary in their porosity, and therefore surface area and thiol density.
Representative serial MIP PET images of *As-dSiO, and *As-MSN(5 nm pores) are shown
in Figures 6¢ and 6d, respectively. ROI-based quantification of the %I1D/g for these data are
summarized in Table S2 and plotted in Figures 7b and 7c. The biodistribution of *As-dSiO,
and *As-MSN(5 nm pores) at the time point immediately following injection are largely the
same as *As-MSN(3 nm pores) with a large fraction (25-35%I1D/g) of the dose immediately
sequestered by the liver. However, one significant difference is that for *As-dSiO, a high
activity fraction (>15%ID/g) was found in the bladder during the first two time points. While
this high bladder uptake in *As-dSiO5 is marked by a high interanimal standard deviation, it
is indicative of a larger renal clearance rate of radioarsenic from the *As-dSiO, preparation.
Because the size of the *As-dSiO, nanoparticles themselves are above the renal clearance
size threshold, this uptake is attributable to desorbed free *As being rapidly renally excreted,
as expected from the results in Figure 7a. Further evidence of the slow dearsenylation of
*As-dSiOs is found in the steady and significant decrease in liver uptake (Figure 7b, blue
line) over time since injection. In contrast to these results, *As-MSN(3 nm pores) and *As-
MSN(5 nm pores) show very low (<5%ID/g) uptake in the bladder for all time points and no
observable decline in liver retention over at least 3 days postinjection. After 3 days
postinjection, some decline in the *As-MSN(3 nm pores) liver uptake may be observed
(Figure 7b, red line), while *As-MSN(5 nm pores) uptake increases (Figure 7b, yellow line).
These results indicate a significant trend in stability toward dearsenylation, with the arsenic—
thiol-silica bond stability progressing from the least stable *As-dSiO, to *As-MSN(3 nm
pores) to *As-MSN(5 nm pores) as most stable. Several factors may be causing this trend in
in vivo stability. One factor could be the larger mesoporosity fraction, as defined by the
percent of overall nanoparticle volume that is the mesoporous channels, as calculated from
BET pore volume and TEM radius and an assumed silica density of 2.2 g/mL to be 12% for
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*As-dSiOy, 51% for *As-MSN(3 nm pores), and 74% for *As-MSN(5 nm pores). It is
possible that having a larger fraction of the nanoparticle surface area present inside the
mesoporous channels would result in a higher fraction of the surfacebound *As within the
mesoporous structure and therefore less accessible to dearsenylation as a result of trans-
chelation with thiol-containing molecules and proteins /in vivo. A second factor that may
contribute to this trend in stability is the difference in surface thiol density, which is
measured to be 71 thiol/nm? for *As-dSiO,, 160 thiol/nm? for *As-MSN(3 nm pores), and
300 thiol/nm? for *As-MSN(5 nm pores). Thiol density likely plays a role in i vivo stability
as a higher thiol density would result in a higher likelihood that a given surface *As would
be bound by two or three thiols, thereby increasing its stability toward dearsenylation. £Ex
vivo biodistribution studies were performed following the final serial PET scan, with results
shown in Figure 7d and Table S3. Comparison of the final scan’s PET-quantified %1D/g with
the ex vivo biodistribution resulted in good agreement, giving validity to the quantitative
uptake values of the longitudinal, noninvasive PET imaging technique.

Arsenic Trioxide Loading Capacity of MSN

Recently, various forms of MSN have been investigated for use as drug delivery vehicles for
the inorganic arsenic chemotherapeutic ATO,3738 including two utilizing thiolated
MSN.36:39 |t is important to highlight that ATO, when dissolved in aqueous solution, takes
an identical chemical form as the *As(OH)3 produced in the radiochemical isolation
procedure described above. To examine the overall capacity of the thiolated mesoporous
silica used in this work for binding macroscopic quantities of ATO, 200 g of MSN(5 nm
pores) was incubated with 1076-1073 g of "As,03. The fraction of arsenic bound to MSN
was then quantified using microwave-plasma atomic emission spectroscopy for the detection
of elemental arsenic and silicon. The results of three arsenic loading capacity experiments
are shown in Figure 8 plotting the concentration of silica-bound arsenic as milligrams of
ATO per gram of MSN versus the concentration of nonbound arsenic as milligrams ATO per
milliliter of labeling solution. This Langmuir-type plot is useful in determining the overall
capacity of MSN for ATO loading, as when adsorption data are plotted linearly it appears as
a rising curve reaching a plateau at the loading capacity. Thus, the ATO loading capacity for
the MSN(5 nm pores) prepared in this work is ~20 mg/g. Comparison of this value with the
number of thiols per gram of thiolated MSN(5 nm pores) (0.4 mmol of —-SH/g) shows that
this corresponds to a 1:2 molar ratio of As:thiols, implying that at full capacity two
sulfhydryl groups are binding to each arsenic atom. This ATO loading capacity is also
notably lower than that reported by Wu et al. of 120 mg/g3® and Muhammad et al. of 46
mg/g36 for other thiolated MSN preparations, likely as a result of a lower surface area (580
m2/g vs 1021 m2/g for Wu et al. and 728 m2/g for Muhammad et al.) and thiol content (0.4
mmol of —SH/g vs 1.1 —-SH/g for Wu et al.) of the MSN used in this work. Despite this, a
loading capacity of 20 mg of ATO per gram of MSN is sufficient to deliver therapeutic
quantities of 0.1-1 mg of ATO/kg with MSN doses of <50 mg of MSN/kg, which have been
shown to be safe in murine models.#® This shows the potential of [*As]ATO-MSN to
combine chemotherapeutic properties of ATO with the diagnostic imaging properties of
radioarsenic and the low toxicity, highly biocompatible drug delivery properties of MSN as a
well tolerated image-guided drug delivery tool with high therapeutic index.
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CONCLUSION

The radiolabeling of thiolated silica nanoparticles has been thoroughly investigated and
shown to be a result of specific binding between *As(111) and thiol group surface
modifications of the silica nanoparticles. Through the use of serial PET imaging, comparison
of the /n vivo murine biodistribution of three different *As-labeled thiolated silica
nanoparticle morphologies was accomplished. It was concluded that the nanoparticles’ in
vivo stability toward dearsenylation is directly proportional to mesoporocity, likely as a
result of the increased surface thiol density and higher fraction of internalized surface area.
The /n vivo stability observed for all thiolated silica nanoparticles was exceptionally good,
with a large fraction of the radioarsenic remaining bound to the nanoparticle for days to
weeks postinjection. This is a significant result as previous radioarsenic labeling strategies
such as the direct labeling cysteine thiols of monoclonal antibodies have shown inadequately
poor in vivo stability.21 The high stability of radioarsenic binding to thiolated MSN, along
with the facility of MSN toward additional modifications to improve blood retention and
allow for passive and active targeting of solid tumors, makes this a very promising
radiolabeling method for the production of radioarsenic-based theranostic pharmaceuticals.
Additionally, the thiolated silica nanoparticles shown with the highest /n vivo stability were
investigated for macroscopic arsenic loading capacity using the chemotherapeutic ATO and
shown to have a loading capacity of 20 mg of ATO per gram of nanoparticle. This shows the
great potential of radioarsenic-labeled thiolated mesoporous silica for the development of a
PET-guided ATO-based drug delivery strategy for improving the therapeutic efficacy of this
versatile chemotherapeutic.

EXPERIMENTAL PROCEDURES

Materials

Unless otherwise stated, reagents were obtained from commercial vendors and used as
received. Argon (industrial grade) and hydrogen gases (research grade, 99.9999% purity)
were used.

Synthesis and Characterization of Dense and Mesoporous Silica Nanoparticles

Dense silica nanoparticles were synthesized using a modified Stéber method according to
literature procedures.!® Briefly, a solution of 35.7 mL of absolute ethanol, 5 mL of water,
and 0.8 mL of ammonia was stirred at room temperature. Following the addition of 1 mL of
tetraethyl orthosilicate (TEOS), the mixture was allowed to react for 1 h. The dSiO5 were
then washed through three cycles of 10 min, 14 krpm centrifugation followed by decantation
and reconstitution in ethanol before resuspension in 20 mL of pure water.

Mesoporous silica nanoparticles with 2-3 nm mesopores were synthesized using a procedure
adapted from the literature.1! Briefly, 1 g of hexadecyltrimethylammonium chloride (CTAC)
and 40 mg of triethylamine (TEA) were dissolved in 40 mL of water and stirred at room
temperature for 1 h. Then, while stirring the mixture at 85 °C, 2 mL of TEOS was added at
0.33 mL/min, followed by 1 h of reaction at 90-95 °C. After the reaction, the MSN were
collected by centrifugation at 12500¢ for 10 min, followed by decantation. The pellet was

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ellison et al.

Page 9

then reconstituted and stirred in 60 mL of 140 mM NaCl in methanol for 24 h, followed by
pellet isolation through centrifugation and decantation. Repeating this NaCl/methanol
washing process a total of three times has been shown to effectively removed the bulk of
CTAC, as determined through the complete disappearance of the characteristic 2850 and
2921 cm~1 C-H peaks using Fourier transform infrared spectroscopy.!!

Mesoporous silica nanoparticles with 5 nm pores were synthesized using a modified biphase
stratification approach according to literature procedures.18 Briefly, 24 mL of 25 wt %
CTAC solution, 0.18 g of TEA, and 36 mL of water were stirred at 60 °C for 3 h. Then,
following the careful addition of 20 mL of 20% v/v TEQOS in cyclohexane, the solution was
stirred at 125 rpm at 60 °C for 12 h. After the reaction, CTAC was removed from the MSN
as described above.

Silica nanoparticles were surface modified to exhibit thiol or amine functional groups
through reaction with (3-mercaptopropyl)-trimethoxysilane and (3-
aminopropyl)trimethoxysilane, respectively, in absolute ethanol at 90 °C for 24-72 h.

Reaction with Ellman’s reagent or 5,5’ -dithiobis(2-nitrobenoic acid (DTNB) was used to
quantify solution thiol concentration relative to freshly prepared 10-500 ¢M L-cysteine
standards. 625 wL of reaction buffer (0.1 M NayHPO,4, 1 mM EDTA, pH 8), 13 xL of 10 mM
DTNB, and 125 /i of standard or unknown were reacted for 15 min at room temperature,
followed by absorbance measurement at 412 nm. A calibration curve based on the
absorbance of L-cysteine standards was used.

Production and Isolation of [*As]As(OH)3

No-carrier-added [*As]As(OH)3 was produced using previously published methods.?!
Briefly, natural isotopic enrichment germanium metal was irradiated with 16 MeV protons
using a GE PETtrace cyclotron. The irradiated metal was then dissolved in aqua regia while
heating to 130 °C under a flow of argon. The solution was distilled to dryness, followed by
the twice subsequent addition and distillation of 10 M HCI, 0.6% H,0,, effectively distilling
the germanium target material as GeCly. The dried *As was then reconstituted in 10 M HCI
and isolated from trace germanium and 7Ga impurities through anion exchange (AX)
chromatography. After AX purification, the *As, in its pentavalent As(V) oxidation state in
~10 mL of 10 M HCI, was reduced to trivalent *AsCl3 through the addition of CuCl or Kl
and isolated in a small volume, neutral pH aqueous solution through liquid-liquid extraction
(LLE) into cyclohexane or solid phase extraction (SPE) using a polystyrene-divinylbenzene
(PS-DVB) resin (Chromabond HR-P). In the LLE procedure, the *AsCl3 was twice
extracted into an equal volume of cyclohexane, followed by the back-extraction of
*As(OH)3 into 500 24 of 0.1 M HEPES, 0.5 M HA, 25 mM EDTA at pH 7. In the SPE
procedure, the *AsCl3 was trapped on a 100 mg column of PS-DVB resin, followed by
rinsing with 10 mL of 10 M HCI and eluted with 0.3-1 mL of 1 M HEPES, pH 9. After
elution, NaOH, HA, and EDTA were added to bring the final formulation of *As(OH)3 to
contain 0.5 M HA, 25 mM EDTA at pH 7. The oxidation state of radioarsenic throughout
and after the radiochemical procedure was assessed using autoradiography-visualized SiO,
radio-TLC using 3:1::0.01 M sodium tartrate:methanol as mobile phase,> with *As(111)
migrating to a retention factor (/) of 0.6-0.8 and *As(V) to a /5 of 0.9-1. Trace metal
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analysis was performed using microwave plasma atomic emission spectroscopy (MP-AES,
MP-4200, Agilent Technologies) with limits of detection for arsenic, germanium, and
copper in the final *As(OH)3 preparation of 10 ppm, 1 ppm, and 10 ppb, respectively.

Radioarsenic Labeling of MSN

Radioarsenic labeling of surface-modified silica nanoparticles was performed in room
temperature, buffered aqueous solutions. First, dSiO,, MSN(3 nm pores), or MSN(5 nm
pores) (0.05-15 mg Si, 40-200 nmol of —SH or —-NH,) were isolated by centrifugation at 14
krpm for 10 min followed by decantation. The pellet was then reconstituted in 0.4-180 MBq
of freshly LLE- or SPE-prepared *As(OH)3 in 0.1-1 M HEPES containing 70-500 mM HA,
3-25 mM EDTA at pH 5.5, 7.5, or 9. Progression of the radiolabeling was longitudinally
assessed using the above-described radio-TLC procedure, with the As-MSN demonstrating a
R; of 0. At the end of the labeling study, the labeling efficacy was also determined by dose
calibrator (CRC-15, Capintec, Inc.) measurement of the *As-MSN pellet and free *As(l11)/
*As(V) in the supernatant following 10 min 14 000 rpm centrifugation and decantation.

In Vitro and in Vivo Stability of Radioarsenic-MSN Bond

The in vitro stability of the binding of radioarsenic to thiolated silica nanoparticles was
assessed by incubation of *As-MSN(3 nm pores) in whole mouse serum for 18 h at room
temperature, followed by 4 days at 37 °C. Radiolabeled *As-MSN(3 nm pores) were twice
washed with water by repeated centrifugation and decantation and then reconstituted in
whole mouse serum. This and a control vial containing free *As in whole mouse serum and
12 mM EDTA, 0.25 M HA, and 50 mM HEPES, pH 7.5 were incubated and monitored for
silica-bound radioarsenic fraction using the above-described radio-TLC procedure.

The /n vivo stability of the binding of radioarsenic to thiolated silica nanoparticles was
assessed through serial PET imaging of mice following the injection of nca *As, *As-dSiO»,
*As-MSN(3 nm pores), and *As-MSN(5 nm pores). For nanoparticle labeling, dSiO, (16
mg of Si, 75 nmol of thiol), MSN(3 nm pores) (2.8 mg of Si, 180 nmol of thiol), or MSN(5
nm pores) (2.1 mg of Si, 620 nmol of thiol) were isolated by 14k centrifugation and
decantation and combined with 300-650 zi_ of freshly LLE- or SPE-prepared nca *As(OH)3
in 0.1-1 M HEPES, 0.12-0.5 M HA, 6-25 mM EDTA and incubated at room temperature
overnight, giving a radiolabeling yield of 40-90%. The resulting radiolabeled nanoparticles
were isolated by centrifugation and decantation, followed by washing twice with 500 zL of
water through subsequent sonication-assisted reconstitution, recentrifugation, and
decantation with the final pellet reconstituted in 0.4-1.5 mL of phosphate-buffered saline for
injection. Free *As was prepared immediately before injection by dilution of LLE-prepared
nca *As(OH)3 in phosphate buffered saline, giving a final concentration of 7 mM HEPES,
30 MM HA, and 2 mM EDTA.

Twelve healthy BALB/c mice (three per radioarsenic preparation) were tail-vein-injected
each with nca *As (200 4L, 10 MBq), *As-dSiO, (200 /L, 2.8-3.0 MBq, 3.2 mg of SiO,),
*As-MSN(3 nm pores) (95-170 /L, 2.5-4.4 MBq, 0.6-1.0 mg of SiO5), or *As-MSN(5 nm
pores) (120-200 /i, 5.9-10 MBgq, 0.1-0.2 mg of SiOy). Prior to injection, the radioactivity
in each injected dose was measured in a dose calibrator (CRC-15, Capintec, Inc., Ramsey,
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NJ) with setting #970.21 Additionally, a 10 £ aliquot from each injected dose was measured
using efficiency-calibrated high purity germanium (HPGe) gamma spectroscopy (Canberra
Industries, Inc., Meridian, CT) to determine the radioarsenic isotopic distribution. While this
radio-isotopic purity is found to be >99% 72As for radioarsenic produced using isotopically
enriched 72Ge target material 21 when natural-enrichment germanium target material was
utilized, it was found to be a mixture of positron-emitting isotopes at the time of injection
with ~80% 72As (26.0 h, 88% f+), ~10% "*As (17.8 d, 29% p+), 2-3% "1As (65.3 h, 27.9%
B+ emission), and ~9% the electron-emitting isotope 76As (26.4 h). Following injection,
serial PET images were obtained at various times from 0.5 to 189 h postinjection using an
Inveon microPET scanner (Siemens Medical Solutions USA, Inc., Malvern, PA) at the
University of Wisconsin Carbone Cancer Center Small Animal Imaging Facility. The images
were reconstructed with an OSEM3D algorithm with neither attenuation nor scatter
correction. For each PET scan, three-dimensional ROIs were drawn over the liver, spleen,
and bladder using vendor software (Inveon Research Workshop). With an assumed tissue
density of 1 g/mL, the raw PET data were converted to MBq/g using a conversion factor that
was predetermined by PET quantification of a 50 mL cylinder containing a known quantity
of *As solution. This value was then divided by the total injected decay- and positron-
branching-ratio-corrected radioactivity as measured by dose calibrator and HPGe
measurements to determine the PET-image derived %ID/g.

Ex vivo biodistribution studies were performed following each final serial PET scan. All
major organs were collected, wet-weighed and assayed using a well-type gamma counter
(PerkinElmer, Waltham, MA). One representative sample was also assayed by efficiency-
calibrated HPGe gamma spectroscopy to determine the absolute efficiency calibration of the
well-type gamma counter for the mixture of radioarsenic isotopes.

Arsenic Trioxide Loading Capacity of MSN

The loading capacity of MSN(5 nm pores) for macroscopic natural abundance arsenic was
evaluated through a series of ATO binding assays. Thiol-modified MSN(5 nm pores) was
thrice washed with water, reconstituted in 200-500 ¢ of 0.05-0.1 M HEPES buffer, pH 7-9
containing 3 1g-1 mg of ATO, and incubated at room temperature for 3-11 days. After
incubation, ATO-MSN(5 nm pores) were isolated by centrifugation/decantation and washed
once with 0.1 M HEPES. The ATO-MSN(5 nm pores) pellet was reconstituted in 0.1 M
HEPES, and microwave plasma atomic emission spectroscopy was performed on the
reconstituted pellet, the first supernatant (labeling solution), second supernatant (wash
solution), and 10x dilutions of the reconstituted pellet and labeling solution, quantifying
arsenic and silicon mass. The quantified masses of arsenic and silicon in each solution were
used to calculate the concentration of silica-bound arsenic as milligrams of ATO per gram of
MSN and the concentration of nonbound arsenic remaining in the labeling and wash
solutions as milligrams of ATO per milliliter of labeling solution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Transmission electron microscopy images of three types of silica nanoparticles used for

radioarsenic labeling and affinity studies.
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Stability of *As(l11) oxidation state toward auto-oxidation to *As(V) in 0.1 M HEPES, 0.5
M HA, 25 mM EDTA at various pH, temperatures. Plots show the changes of percent of
*As(111) (blue squares) and *As(V) (red circles) in solutions at pH 5.5 (solid lines), pH 7.5
(dotted lines), and pH 9 (dashed lines) at (a) 21 °C and (b) 80 °C. While uncertainties were
not quantified in these radio-TLC studies, the methods resulted in high uncertainty estimated
to be ~15% in solutions containing nearly 0% *As(I11) and nearly 100% *As(V).
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Figure 3.
Representative labeling results of MSN(3 nm pores)-SH (600 nmol [-SH]/mL) and MSN(3

nm pores)-NH> (520 nmol [-NH,]/mL) with *As(OH)3 in 0.1 M HEPES, 70 mM HA, 3
mM EDTA solutions. (a) Labeling temperature was set to be 21 °C. (b) Labeling
temperature was set to be 80 °C. (c) Labeling results of MSN(3 nm pores)-SH (600 nmol [-
SH]/mL) with *As(OH)3 in 0.1 M HEPES, 70 mM HA, 3 mM EDTA solutions, under varied
pH conditions, pH 5.5, 7.5, and 9, at 21 °C. (d) Labeling results of 490 nmol (-SH)/mL
MSN(3 nm pores)-SH with *AsO(OH)3 in 0.1 M HEPES, 0.14 M HA, 7 mM EDTA
solutions at pH 7.5, 21 °C. While uncertainties were not quantified in these radio-TLC
studies, the methods resulted in high uncertainty estimated to be ~15% in solutions
containing nearly 0% *As(I11) or *As-MSN or 100% *As(V).
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Labeling results of various concentrations of MSN(3 nm pores)-SH with *As(OH)3 in 0.1

M HEPES, 70 mM HA, 3 mM EDTA solutions at pH 9. While uncertainties were not
quantified in these radio-TLC studies, the methods resulted in high uncertainty estimated to
be ~15% in solutions containing nearly 0% *As-MSN.
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Figure 5.
Stability of centrifugation/decantation-isolated *As-MSN (3 nm pores) reformulated in

whole mouse serum and incubated at 21 and 37 °C. While uncertainties were not quantified
in these radio-TLC studies, the methods resulted in high uncertainty estimated to be ~15% in
solutions containing nearly 0% *As(111)/*As(V) and nearly 100% *As-MSN (3 nm pores).
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Figure 6.

Serial MIP PET images of healthy BALB/c mice following iv administration of (a) free *As,
(b) *As-MSN (3 nm pores), (c) *As-dSiO», and (d) *As-MSN (5 nm pores).
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Average PET-quantified percent injected dose per gram (%ID/g) in healthy mice (= 3) of iv
administered free *As (a), *As-MSN(3 nm pores), *As-dSiO,, and *As-MSN(5 nm pores)
in the liver and bladder (b, c) as a function of time postinjection. (d) £x vivo biodistribution
of *As-dSiO,, *As-MSN(3 nm pores), and *As-MSN(5 nm pores) 7 days postinjection in

healthy mice (7= 3).
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Figure 8.
Results of ATO loading capacity experiments plotted as equilibrium ATO mass bound to

MSN(5 nm pores) in mg ATO per g of MSN as a function of ATO mass left unbound in
solution in mg ATO per mL of solution. Uncertainties in [ATOJeq msn quantified from
triplicate MP-AES measurements were measured to be less than or equal to ~1 mg/g. Line
drawn to guide the eye.
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