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ABSTRACT: Because of its biocompatibility and ability to accommodate a variety of payloads
from poorly soluble drugs to biomolecules, porous silicon (PSi) is a lucrative material for the
development of carriers for particle-mediated drug delivery. We report a successful direct one-
step '°F-radiolabeling of three types of PSi microparticles, thermally hydrocarbonized THCPSi,
thermally oxidized TOPSi, and thermally carbonized TCPSi for the investigation of their
biodistribution in vivo with positron emission tomography as part of their evaluation as carriers

F reactions at surface

PSi particle

for particle-mediated drug delivery. FTIR and XPS characterization of the PSi materials after carrier-added '*F/'*F-radiolabeling
reveals that depending on the material the ®F-labeling is likely to be accomplished elther by substitution for surface silyl hydrogen or
silyl fluoride or by nucleophilic attack of **F~ to Si—O—Si bridges. With the selected *F-radiolabeling method, good to excellent in
vitro radiolabel stability in simulated gastric and intestinal fluids and in plasma is achieved for all the particle types studied. Finally, a

preliminary evaluation of '*E-THCPSi mlcropartlcle biodistribution in the rat gastrointestinal tract after oral administration is
reported, illustrating the utility of using '®F-radiolabeled PSi as imaging probes for PSi-based drug delivery carrier distribution

in vivo.
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1. INTRODUCTION

Molecular imaging methods, such as positron emission tomo-
graphy (PET), can greatly facilitate the development of novel
carriers for particle-mediated drug delivery, as they can be
employed in essentially all the steps of targeted delivery system
evaluation: from carrier material in vivo characterization to target
validation and evaluation of drug target engagement."* Porous
silicon materials are a promising platform for the design of novel
nano- and microscaled devices for targeted drug delivery and
controlled drug release. Successful loading into and release from
PSi partlcles has been shown in vitro for several drugs and
biomolecules®® and magnetic and fluorescent secondary nano-
particle payloads.”'® In vivo, successful delivery of therapeutic
peptides,'' siRNA'* and anticancer agent doxorubicin'® has been
reported. Improved dissolution of poorly soluble drugs and
favorable release kinetics after loading into PSi microparticles
have been demonstrated, rendering the approach a promising
option to increase drug bioavailability after oral administration.”

PSi is predominantly produced by electrochemical etching
with hydrofluoric acid, where material porosity, pore diameter
and volume can be controlled by the etching conditions. As all of
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these are important factors for loading and delivery of the
payload as well as material biocompatibility, the possibility to
fine control these sets PSi apart from most other materials
currently in use for particle-mediated drug delivery.”'*'> The
freshly prepared hydrogen-terminated PSi surface easily oxidizes
at ambient air and is therefore usually removed or replaced using
thermal or chemical treatment. Common surface modifications
include oxidation, hydrosilylation and thermal carbonization.
Additionally, the particles can be coated with polymers or
biomolecules in order to prolong circulation time by masking
them from the uptake by the reticuloendothelial system (RES), the
main obstacle in systemic particle-mediated drug delivery.”"> 16

A unique feature of PSiis its biocompatibility, specifically the effect
of porosity and pore size thereupon.'” Several studies have confirmed
the biocompatibility of PSi implants in the eye and particles after
acute intravenous and subcutaneous administration.""'*"® PSi is

Received:  April 1, 2011
Accepted:  August 29, 2011
Revised: August 11, 2011

Published: August 29, 2011

1799 dx.doi.org/10.1021/mp2001654 | Mol. Pharmaceutics 2011, 8, 1799-1806



Molecular Pharmaceutics

largely deemed biodegradable with the main degradation pro-
duct being orthosilicic acid that is excreted in urine. Biodegrad-
ability and the rate of degradation can be affected greatly by the
porosity, pore size distribution and surface chemistry of the
material.**>*' The cytotoxicity and cellular association of PSi
particles have been intensively studied in vitro. Recent reports
have shown a dependence of cytotoxic effects including reduced
cell viability and intracellular ROS and TNF-a production of
particle size and surface chemistry.”>>®

Many porous silicon materials exhibit intrinsic luminescence
that conveniently allows for their direct detection in cell preparations,
in excised organs and in vivo in small laboratory animals.'****®
Therefore, primarily luminescence and fluorescence imaging
methods have been employed in in vivo and in vitro studies of
PSi particle biodistribution, biocompatibility, elimination and
cellular association.”'***?***® However, the development of
nuclear imaging methods such as PET to study PSi behavior
in vivo is necessitated by the limited quantitativeness and
translationality of the above-mentioned imaging modalities from
laboratory rodents to humans. Fluorine-18 is a short-lived
positron emitter used in a plethora of radiopharmaceuticals for
PET because of its favorable imaging properties and the possi-
bility for multistep syntheses and transport of the finished tracer
allowed by the 109.8 min half-life of the isotope. Additionally, the
high specific radioactivity of cyclotron-produced '*F (typically
around 185 GBq umol ') enables the use of a tracer amount
of the isotope in the labeling reaction resulting in often negli-
gible change in particle properties and, consequently, in vivo
behavior.”>*’

The high bond energy of the silicon—fluoride bond has made
the use of Si—'°F labeling synthons a lucrative synthetic approach
in '*F-radiochemistry, because, due to the high affinity of fluorine
to silicon, a silyl hydrogen can be readily replaced by *F .
Different '*F-fluorosilane prosthetic groups have been success-
fully employed for facile one-step radiolabeling of peptides under
mild conditions with organoethoxysilane and '*F-di-tert-butyl-
phenylfluorosilane precursors.”® > Interestingly, '*F-radio-
labeling methods have been recently developed for lanthanide
nanoparticles33'34 as well as nanodiamonds.>® Here, we have em-
ployed a direct synthetic strategy to introduce the '*F label on the
PSi surface by substitution of °F for oxygen in Si—O—Si bridges
and possible residual silyl hydrogens on the surface. The studied
surface modifications of PSi were thermal hydrocarbonization
(THCPSi, Si—C—H,,), thermal oxidation (TOPSi, Si—0,,), and
thermal carbonization (TCPSi, Si—C,). Carrier-added '*F-radi-
olabeling of PSi particles and free-standing films was used to
investigate the incorporation of fluorine to the materials in the
radiolabeling reaction. Radiolabel stability was determined in
buffer solutions at physiological pH range, in simulated gastric
and intestinal fluids and in human plasma, and finally a biodis-
tribution study with orally administered '*F-THCPSi micropar-
ticles was carried out in rats to demonstrate the feasibility of using
"®F-radiolabeling to follow the passage of the particles in the
gastrointestinal (GI) tract.

2. MATERIALS AND METHODS

2.1. Fabrication of PSi Microparticles. The preparation and
characterization of PSi microparticles has been described in detail
previously.>®*>3 Briefly, free-standing PSi films were fabricated
by electrochemically anodizing monocrystalline Si(100) wafers
in a 1:1 (v/v) hydrofluoric acid (38%)—ethanol solution with a

Table 1. Characterization Data of the PSi Microparticles

specific surface area” pore vol” av pore diam”
material (m*>g ") (em®*g ™) (nm)
THCPSi 311 1.036 13.0
TCPSi 262 1.099 16.8
TOPSi 260 1.100 16.3

“ Characterization data calculated from the desorption branch of the
nitrogen sorption isotherm using the BJH theory.

constant current density of 50 mA cm ™~ . The silicon wafers were
p+-type, boron-doped with a resistivity of 0.01—0.02 € cm. The
porosified layer was separated from the wafer by abruptly
increasing the etching current to the electropolishing region.
Microparticles were prepared by milling the PSi films with a high
energy ball mill (Pulverisette 7, Fritsch GmbH) in an agate
grinding jar. The particles were dry and wet sieved in ethanol in
order to obtain the desired size fraction of 1—38 um or 1—
10 um, for radiolabeling synthesis development and biodistribu-
tion studies, respectively. Thermally oxidized PSi (TOPSi) was
prepared by placing the particles into a furnace at 300 °C for two
hours in ambient air. Prior to the thermal carbonization or
hydrocarbonization treatments the PSi films and microparticles
were immersed into HF —ethanol solution to remove the natural
oxide layer and refresh the surface hydride species. After the
immersion the PSi were dried at 65 °C for several hours. Thermally
hydrocarbonized PSi (THCPSi) were prepared as described
earlier,®® with 15 min treatment at 500 °C under constant N,:
acetylene flush. Thermally carbonized PSi (TCPSi) was prepared
by using a two-step carbonization method described in detail by
Salonen et al.®> The initial step in the treatment is as for the
thermal hydrocarbonization, followed by additional treatment at
820 °C under N, flush for 10 min.

The properties of the PSi microparticles were characterized
with nitrogen sorption at 77 K using TriStar 3000 gas sorption
apparatus (Micromeritics Inc.). The specific surface area, pore
volume and average pore diameter were calculated from the desorp-
tion branch of the measured isotherm using Barrett—Joyner—
Halenda (BJH) theory. Characterization data for the particles is
given in Table 1.

2.2. "8F-Radiolabeling of the Microparticles. '°F was pro-
duced on an IBA Cyclone 10/5 cyclotron in an "*O(p,n)'°F
reaction. '’F~ was trapped in an anion exchange cartridge
(Waters Sep-Pak QMA Light Plus, Waters Corporation) and
eluted as '*F/ (Kryptofix 2.2.2)/ K" complex. Initial radioactiv-
ity used in the labeling experiments at the start of synthesis
ranged typically from 0.5 to 1.0 GBq. The complex was dried
azeotropically at +120 °C with argon flow (45 mL min~ ') on a
semiautomated synthesis unit (DM Automation), cooled to
room temperature and dissolved in the solvent under study.
The solution was transferred to a vial containing 1 mg of the dry
PSi microparticles and mixed with shaking. The vial was placed
on the preheated reactor on the synthesis unit and heated for the
desired time.

Particles were separated from the reaction mixture with
filtration through a 0.1 um hydrophilic PTFE membrane filter
(Omnipore, Millipore Corporation) and washed with 2 mL of
DMF and 8 mL of absolute ethanol (Altia Oyj). Particles were
eluted from the filter with 2 mL of ethanol and 4 mL of 1x PBS
(phosphate buffered saline), pH 7.41. The solution was mixed
with shaking and incubated at room temperature for 20 min to
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Table 2. Decay-Corrected RCY (n = 1—3 =+ SD) of Selected
18 . -
F-Labeling Reactions

acetic acid RCY total synthesis

particle solvent T (°C) (uL) (%) time” (min)
E.THCPSi DMSO 100 20 54
CH,;CN 50 20 30
DMF 50 20 40 £ 15
100 20 80+ 8
120 0 8142 55.9—61.3
120 20 73+ 10
BE.TOPSi  DMSO 100 20 60
CH,CN 50 20 34
DMF 50 20 35417
100 20 21+ 4
120 0 5545 56.7—58.7
120 20 3747
BE.TCPSi  DMSO 100 20 39
CH;CN 50 20 31
DMF 50 20 3941
100 20 45+7
120 0 7943 52.4-55.5
120 20 48+7

? Total synthesis time from the end of bombardment (EOB) consists of
elution and drying of the K*/(Kryptofix 2.2.2)/'*F~ complex (15 min),
reaction (10 min), cooling (S min), first filtration and elution (S min),
incubation in (1x PBS)—EtOH (20 min) and second filtration and
elution (S min). Times given in parentheses are approximate.

release free "*F label from the pores of the microparticles.

Particles were again collected by filtration on a 0.1 ym hydro-
philic PTFE membrane, washed with ultrapure water and ethanol
and released from the filter with 4 mL of ultrapure water.
Radioactivity of both the filter and filtrate together with the
residual activities retained on both after each step was measured
with a dose calibrator (CRC-210, Capintec Inc.) and decay-
corrected to the start of synthesis. For the biodistribution study
"E-THCPSi microparticles were formulated into 1x PBS to a
final concentration of 8.0—11.7 MBqmL ™. Finally, a drop of the
microparticle solution was applied to Whatman 1 chromatogra-
phy paper (Millipore Corporation) and developed with ultrapure
water for detection of residual free "*F in the final particle
product. Paper chromatographs were exposed to a digital ima-
ging plate (Fujifilm TR202S5) and scanned on a Fujifilm FLA-
5100 scanner. The digital autoradiographs were analyzed on
ATDA 2.0 imaging software (Raytest Isotopenmessgerate GmbH).

2.3. In Vitro Label Stability Tests. The stability of the '°F
label was investigated with incubations in buffer solutions at
three pH values, 2.33 (10 mM H;PO,), 7.41 (10 mM NaH,PO,)
and 8.70 (10 mM Tris-HCI), in simulated gastric fluid (sGF,
2.0 gL' NaCland 3.2 g L™ " porcine pepsin, pH 1.2), in fasted-
state simulated intestinal fluid (FaSSIF, prepared according to
ref 37) and in human plasma. Plasma was anonymous donor
plasma from the Finnish Red Cross Blood Service (ethical
permissions 55/2008 and 25/2011). Purified '*F-labeled PSi
microparticles were suspended in ultrapure water and divided
into conical polypropylene tubes with the selected buffer or
plasma (400 uL of particle solution to 4 mL of buffer or plasma)
and mixed with shaking. Samples were incubated for 15, 30, 60,
120, 180, and 240 min. The pH stability tests were done at room

temperature, whereas incubations in plasma and the simulated
fluids were carried out at 36 &= 1.5 °C in a temperature-controlled
water bath with continuous shaking at 200 rpm. Samples were
mixed once more just prior to terminating the reaction by
filtration of the particles out of the solution with a 0.45 um
hydrophilic mixed cellulose ester membrane (Millipore HA) and
washing with 4 mL of the buffer under study or with 1x PBS in
the case of the simulated fluid and plasma incubations. Both the
filter and filtrate were measured on a dose calibrator to determine
the fraction of radioactivity retained on the particles.

2.4.FTIR and XPS Spectroscopy. Free-standing PSi films and
microparticles were labeled with carrier-added "*F (0.172 mmol
of potassium fluoride and 0.172 mmol of Kryptofix 2.2.2 added to
the QMA eluate prior to the azeotropic distillation) using the
above-mentioned protocol. Free-standing films were heated in a
closed beaker in a temperature-controlled oil bath due to their
larger size. Particles were purified as described above, but
absolute ethanol was used instead of ultrapure water in the last
step to release the particles. Particles were dried under an argon
flow, and drying was continued under vacuum for two hours. The
free-standing films were purified by sequential 10 min sonica-
tions in absolute ethanol, in ultrapure water and again in absolute
ethanol (10 mL each) and allowed to dry at room temperature.

Transmission and attenuated total reflectance (ATR) FTIR
spectra were obtained from the free-standing PSi films using
PerkinElmer Spectrum BX spectrometer. The scan area was from
4000 to 550 cm ™" with a resolution of 4 cm ™', The results are the
average of 32 scans. The ATR accessory used was a single
reflection MIRacleATR (Pike Technologies, Inc.) equipped
with a diamond crystal. All the spectra are baseline corrected.
The THCPSi spectra was obtained in transmission mode
while the TCPSi and TOPSi spectra were obtained with the
ATR-FTIR due to the high IR absorbance of the films below
1200 cm ™',

The XPS measurements were carried out using PHI 5400
ESCA spectrometer (PerkinElmer Corporation) with a mono-
chromated Mg Ka X-ray source (hv = 1253.6 eV) using a 45°
takeoft angle and 35.75 eV pass energy. The PSi microparticle
samples were pressed on adhesive double-sided carbon tape
before placement into vacuum under 10~ ® mbar. The spectra
were charge corrected by calibrating the binding energy of lattice
silicon Si (2p) peak to 99.4 eV.

2.5. Biodistribution of '®F-THCPSi Particles in the Rat Gl
Tract. All experimental procedures were approved by the Na-
tional Committee for Animal Experimentation in Finland (State
Provincial Office of Southern Finland, Himeenlinna).'"*F-THCPSi
microparticles in 1x PBS, pH 7.41 were administered to two
male Wistar rats (weighing 254 and 293 g, Laboratory Animal
Centre, University of Helsinki, Finland) by intragastric gavage,
and the animals were sacrificed at 2 and 4 h, respectively, after
administration by CO, asphyxiation and cervical dislocation.
Two control animals (248 and 272 g) were given free '’F as
'"$F-NaF in the vehicle. Animals were single-housed after admin-
istration with tap water and food (Global Diet 2016, Harlan
Teklad) available ad libitum. The GI tract of the animals was
excised and divided into segments based on anatomical identi-
fication for radioactivity measurements. The excised parts were
stomach, duodenum, jejunum, ileum and ascending, transverse
and descending colon. Sample from the skull was taken to
measure '°F accumulation in bone. Samples were weighed, and
their radioactivity was counted on an automated gamma counter
(Wizard 3, Perkin-Elmer) for 60 s.
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Figure 1. FTIR spectra of TOPSi (a), THCPSi (b) and TCPSi (c),
before (dashed line) and after (solid line) carrier-added '®F-radiolabel-
ing. The spectra are baseline corrected and shifted vertically for clarity.

3. RESULTS AND DISCUSSION

3.1. "8F-Radiolabeling of PSi Microparticles. *F-radiolabel-
ing of PSi microparticles was carried out using activated nucleo-
philic 188 _fluoride as *F/ (Kryptoﬁx 2.22)/K" complex with
acetic acid as an additive. The most successful reaction condi-
tions investigated and the corresponding decay-corrected radio-
chemical yields (RCY) are given in Table 2. For THCPSi and
TCPS;, the highest RCYs were obtained in DMF at temperatures
above +100 °C. For TOPSi, DMSO yielded equally good results.
Reactions in acetonitrile generally failed to give RCYs higher

Scheme 1. Plausible Sites for '*F Incorporation on PSi
Surfaces
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than 349%. Total synthesis times with particle purification typi-
cally ranged from 52 to 61 min, indicating that further surface
modification of the '*F-labeled particles would still be possible
without compromising end product yield. Paper chromatogra-
phy of the final '*F-labeled PSi products confirmed that all the
particle preparations were void of residual free '"*F~ at the end of
radiosynthesis. Representative digital autoradiographs of the
chromatography papers are given in Figure S1 in the Supporting
Information.

We found that the radiolabeling yield was not improved by the
addition of acetic acid for any of the garticle types studied, as has
been suggested for the labeling of '*F-fluorosilanes with hydro-
gen as a leaving group.” Radiolabeling yield for THCPSi was
largely unaffected by the addition of acetic acid, whereas lower
yields were observed for TOPSi and TCPSi, analogous to what
has been reported previously for some sterically hindered silicon
compounds.®® The thermally oxidized surface of TOPSi is
covered by Si—O—Si species which could serve as a good target
for the nucleophilic attack of fluoride. Substitution of oxygen
with fluoride should be promoted in acidic conditions that
enhance the leaving group ability of oxygen. However, this was
not observed in our study. Interestingly, XPS analysis of the
TOPSi microparticles revealed relatively high initial fluorine
content of the starting material (0.66 mass %). This fluorine
may be carried over from the etching process and precarboniza-
tion treatment of the particles.>® As isotopic exchange of silyl
fluoride with "*F~ can be achieved easily to a sterically hindered
position even at room temperature,” it is possible that a Si—F to
Si—"®F exchange takes place.

3.2. FTIR and XPS Characterization of '®F-Labeled PSi
Films and Microparticles. Due to high specific radioactivity of
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"SE~ conventional surface characterization methods are not
sensitive enough to detect the newly formed Si—'®F bonds.
Therefore, we radiolabeled free-standing PSi films and micro-
particles for FTIR and XPS studies, respectively, in the presence
of added fluorine carrier (0.172 mmol of '°F). Analysis of
'®E/"E-THCPSi microparticles showed an expected increase
in the XPS signal for fluorine (F 1s), from 0.39 to 1.15 mass %
after carrier-added radiolabeling. For '"E_TCPSi, the increase
was only modest (from 0.36 to 0.42). Elemental analysis of the
'®F/"F-labeled PSi microparticles is given in Table SI in the
Supporting Information. Both THCPSi and TCPSi particles
are fabricated by acetylene treatment at 500 °C, and at this
stage some residual hydrogen terminated silicon can still be
seen in FTIR spectra. However, the further processing of
TCPSi at 820 °C removes the remaining hydrogens from the
surface, leaving a thin silicon oxide layer on top of the Si—C,
structure. The subtle increase in fluorine content after carrier-
added labeling may be due to saturation of the possible
fluorination sites, because in the carrier added conditions
over 30000-fold excess of fluoride was used in contrast to the
tracer conditions. Because of the high initial fluorine content
of TOPSi particles, we were not able to see a detectable
increase in the fluorine signal after the carrier-added labeling
in the XPS analysis. Furthermore, if the primary mechanism
for labeling the particles is via the proposed isotopic exchange
of the residual silyl fluorides to '*F~ on the surface, we would
not expect to observe any increase in the fluorine content after
radiolabeling.

The FTIR spectra obtained from THCPSi and TCPSi free-
standing films both indicate negligible changes in the structure
after the carrier-added labeling, as degicted in Figure 1. Ob-
viously in order to successfully use the '°F-labeled microparticles
as a tracer for unlabeled PSi, one expects not to find detectable
changes in the physicochemical properties of the material after
radiolabeling, as illustrated here with FTIR spectroscopy. The
CH,, stretching vibrations around 2900 cm ' and the vibrations
of various alkyl structures between 1200 and 1500 cm ™" char-
acteristic for THCPSi remain unchanged after the labeling.
Similar results are obtained with TCPSi, where little change
occurs after the labeling. The appearance of small peaks in
labeled TCPSi related to CH, stretching can be assigned as
residual DMF from the labeling process. In TOPSi films
(Figure 1), the back-bond oxidized O,Si—H,, stretching bands
between 2150 cm ' and 2300 cm™ ' and the corresponding
deformation modes at 870 cm ™' disappear after the labeling and
features related to oxidation are emphasized, suggesting that the
labeling strategy is not optimal for TOPSi. This can be observed
from the strengthenin% of the symmetric Si—O—Si stretching
vibrations at 800 cm™ , and it is also detectable from the XPS
signal for Si (2p) as an increase in the intensity of Si—O peak
related to the Si—Si peak. Similar but minor oxidation can be
observed from the Si (2p) signals of both TCPSi and THCPSi
after labeling ( Figure S2 in the Supporting Information). This
may indicate that, during the radiolabeling, the immediate surface
layers are oxidized and subsequently exposed to fluorine sub-
stitution. Detailed analysis of the XPS spectra is given in the
Supporting Information. Possible Si—F vibrations in the FTIR
spectra are difficult to detect in any of the labeled PSi films, as the
characteristic peaks reside at lower wavenumbers. Also the far
stronger silicon oxide related features in the spectra mask the
possible stretching vibrations of Si—F, at 972 cm™ . Further-
more, storage in ambient conditions may eventually have
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Figure 2. '®F-label stability at different pH values for (a) "*F-THCPS;,
(b) "*F-TOPSi, and (c) **F-TCPSi. Markers denote mean %+ SD (n =2).

hydrolyzed the formed Si—F structures, leaving the Si—O—Si
structures behind.

Based on these findings we postulate that the '*F binding to
modified PSi surfaces can proceed depending on the material
either by substitution for silyl hydrogens, by nucleophilic attack
to Si—O—Si bridges or by isotopic exchange to residual silyl
fluoride. Plausible sites for '*F attachment to THCPSi, TCPSi
and TOPSi surfaces are summarized in Scheme 1.

3.3. Radiolabel Stability. The hydrolytic stability of the
synthesized Si—'®F bonds under physiological conditions has
been shown to be impacted stron%ly by the substituents to the Si
atom bearing the radioisotope.”**° Steric hindrance shielding the
Siatom has been found to be especially important for stability of
the bond. For example, the presence of bulky fert-butyl and aryl
groups adjacent to the Si atom bearing the '*F-label results in
increased label stability toward hydrolysis and decreased cleavage
rate of the label in vivo. Label instability is a key issue in the
design of radiopharmaceuticals as the radiolabeled tracer and
free radiolabel cannot be distinguished from one another once
the image is obtained. Released '*F~ accumulates in the bone
increasing radiation burden to the subject and possibly interfering
with the imaging in cases where the region of interest is located in
close proximity of bone, such as in the central nervous system.

Here, label stability was investigated at three physiologically
relevant pH values (2.33, 7.41 and 8.70) and in simulated gastric
and intestinal fluids and in human plasma at +37 °C. The stability
curves are given in Figures 2 and 3. '*E-THCPSi and '*F-TCPSi
demonstrated excellent (>90% of '*F bound to particles) stabi-
lity of the radiolabel in all the pH values studied for up to four
hours. Furthermore, all the particle types exhibited very high
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Figure 3. '*F-label stability in simulated gastric (sGF) and fasted-state intestinal fluids (FaSSIF), and in human plasma at +37 °C: (a) '*F-THCPSi, (b)

BE-TOPSi, and (c) "*E-TCPSi (n = 1).

label stability in biophysically relevant fluids sGF and FaSSIF,
indicating that they could be used to study particle biodistribu-
tion in vivo after oral administration within the 6 to 8 h time
frame allowed for by the half-life of '*F. Both "*F-THCPSi and
"E-TCPSi also demonstrated sufficiently high label plasma
stability for systemic administration. On the contrary, the
stability of thermally oxidized "*F-TOPSi is reduced at pH values
above 7.41 and the instability is augmented in plasma under the
experimental conditions studied. The hydrolytic instability of the
radiolabeled TOPSi can be accounted for by the high hydro-
philicity of the material, which allows OH ™ ions to penetrate
closer to the particle surface and hydrolyze the Si—'°F bond. In
addition, the surface of TOPSi is relatively unstable at basic
conditions (pH 8.70), and label is released due to dissolution of
the particles over time. Nevertheless, as the duodenal pH will
reside closer to neutral pH (as in FaSSIF) by the mixing of acidic
stomach contents with duodenal fluid, oral administration of
'8E_TOPSi s also feasible. However, the observed fast decline in
plasma stability over time indicates otherwise poorer in vivo
imaging characteristics for this particle type.

3.4. Biodistribution of '8F-THCPSi Microparticles in the
Rat Gastrointestinal Tract. In order to evaluate the stability of
the label and biodistribution of '*F-labeled PSi microparticles in
the GI tract after oral administration, "*E-THCPSi microparticles
were forwarded to a biodistribution study in rats. For simulation
of the in vivo distribution of detached radiolabel, the biodistribution
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of free "®F " in the rat gastrointestinal tract was assessed with oral
administration of '*F-NaF in the vehicle. The passage of orally
administered '*F-THCPSi microparticles in the rat GI tract was
markedly slower than the passage of '*F-NaF in control animals
(Figure 4). At the two-hour time point the bulk of the radio-
activity for the particle-dosed animal resided in the stomach,
whereas in the control it had reached the ileum, the most distal
part of the small intestine. Four hours after administration, the
particles had migrated to the ileum. By then free '"F~ had
reached the descending colon in the control animal. Additionally,
significantly higher absorption of '®F~ from the GI tract and
subsequent uptake in bone was seen in control animals (Figure S),
whereas the accumulation of '*F~ released from '*F-THCPSi
microparticles to bone was only on the order of 0.5% ID/g.
Although the observed high stability might be deleterious in
terms of THCPS:i particle biodegradability after systemic admin-
istration, it could serve as a unique approach to oral drug delivery
by an inert vehicle that is excreted after payload release. Our
previous studies have demonstrated that THCPSi particles are
strongly associated with Caco-2 cell monolayers (a cell culture
model for the study of intestinal permeability), but extensive
permeation of the particles across the monolayer was not observed,
rendering the concept of payload release without particle permea-
tion feasible.”” Furthermore, the high stability of THCPSi particles is
certainly an advantage with respect to the possibility of accommo-
dating a wide array of both sensitive and reactive payloads.

dx.doi.org/10.1021/mp2001654 |Mol. Pharmaceutics 2011, 8, 1799-1806
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Figure 4. Distribution of radioactivity in the GI tract of rats dosed orally
with '*F-labeled THCPSi microparticles 2 and 4 h after administration,
from left to right respectively. Control animals received free "*F~ in the
vehicle.
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Figure S. Distribution of radioactivity in the bone of rats dosed orally
with '®F-labeled THCPSi microparticles 2 and 4 h after administration.
Control animals received free '*F~ in the vehicle.

4. CONCLUSION

In conclusion, we have successfully labeled PSi microparticles
with 'F for the investigation of their biodistribution and
performance as oral drug delivery carriers in vivo. For all
?article types studied, direct nucleophilic fluorination with
F was achieved, but the yield of the radiolabeling was
impacted by the initial surface modifications of the materials.
Highest decay-corrected radiochemical yields were obtained
in anhydrous dimethyl formamide at +120 °C. In these
conditions, the radiolabeling proceeds likely by direct sub-
stitution of Si—'°F for residual Si—H groups or for oxygen
in Si—O—Si structures on the modified porous silicon sur-
face. The '®F-labeled thermally hydrocarbonized and ther-
mally carbonized microparticles exhibited high hydrolytic
stability at physiological pH range and excellent stability in
simulated gastric and intestinal fluids and in human plasma,
confirming that they could be used to track microparticle
biodistribution after both oral and intravenous administra-
tion. The biodistribution study with orally administered
""E-THCPSi microparticles highlighted the utility of using
an '®F-radiolabel to investigate PSi particle passage in the GI
tract over time and corroborated the observed in vitro
radiolabel stability in vivo. The results demonstrate that
'®F-labeled PSi are suitable probes for the investigation of
PSi biodistribution, encouraging further studies on their
in vivo behavior with PET.

B ASSOCIATED CONTENT

© Ssupporting Information. Elemental analysis and XPS
spectra of the carrier-added '®F-labeled PSi materials with further
discussion. Digital autoradiography for determination of free "*F~
content in '*F-labeled PSi. This material is available free of charge
via the Internet at http://pubs.acs.org,
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