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Abstract

Porous silicon has been used for the delivery of therapeutic and imaging agents in several
biomedical applications. Here, mesoporous silicon nanoconstructs (SiMPs) with a discoidal shape
and a sub-micrometer size (1,000 x 400 nm) have been conjugated with gadolinium-
tetraazacyclododecane tetraacetic acid Gd(DOTA) molecules and proposed as contrast agents for
Magnetic Resonance Imaging. The surface of the SiMPs with different porosities — small pore
(SP: ~ 5 nm) and huge pore (HP: ~ 40 nm) — and of bulk, non-porous silica beads (1,000 nm in
diameter) have been modified with covalently attached (3-aminopropyl)triethoxysilane (APTES)
groups, conjugated with DOTA molecules, and reacted with an aqueous solution of GdClIs. The
resulting Gd(DOTA) molecules confined within the small pores of the Gd-SiMPs achieve
longitudinal relaxivities rq of ~ 17 (mM-s)~1, which is 4 times greater than for free Gd(DOTA).
This enhancement is ascribed to the confinement and stable chelation of Gd(DOTA) molecules
within the SiMP mesoporous matrix. The resulting nanoconstructs possess no cytotoxicity and
accumulate in ovarian tumors up to 2% of the injected dose per gram tissue, upon tail vein
injection. All together this data suggests that Gd-SiMPs could be efficiently used for MR vascular
imaging in cancer and other diseases.
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1. Introduction

The use of nanoscale systems for the intravascular delivery of therapeutic and imaging
agents has already had an impact in medicine.[1; 2; 3] Examples are given by the liposomal
formulation of doxorubicin approved for the treatment of ovarian cancer, Kaposi sarcoma
and multiple myeloma,[4] albumin-bound paclitaxel particles used for metastatic pancreatic
cancer, non-small cell lung cancer and breast cancer,[5] and the albumin-bound gadolinium-
tetraazacyclododecane tetraacetic acid (Gd-DOTA) complex approved for magnetic
resonance angiography.[6] In addition, several other types of nanoscale systems are
currently under development in clinical trials.[7] The nanoscale reformulation of therapeutic
molecules and contrast agents has improved the circulation half-life, specific accumulation
at the diseased site, with comparable or lower side effects to the original compound. The
main advantage of nanoscale delivery systems is in their ability to be engineered and in their
multifunctionality. Nanoparticles can be engineered with different sizes, shapes, and surface
properties to enhance their in vivo performance [8; 9] and can simultaneously deliver
multiple agents — both therapeutic and imaging agents — enabling the development of truly
theranostic systems.[10; 11]

The main paradigm in the design of nanoparticles for cancer relies on the observation that
the tumor blood vessels are discontinuous and present openings (fenestrations) as large as a
few hundreds of microns.[12] Therefore, nanoparticles with a size of 100 — 200 nm could
passively accumulate within the tumor tissue, mostly in a perivascular location, by crossing
these endothelial fenestrations. However, in addition to the occurrence of vascular openings,
tumors have more tortuous blood vessels and lack a well-developed lymphatic system, when
compared to healthy tissue. This leads to an overall lower mean blood velocity (1 — 10 pm/
sec) and high interstitial fluid pressure.[12; 13; 14] Taking advantage of these additional
differences, we have engineered 1,000 x 400 nm discoidal mesoporous silicon particles
(SiMPs) that will not cross the fenestrations but rather lodge within the tumor vasculature by
adhering to the blood vessel walls. The SiMPs are comparable in size to platelets and, as
such, tend to be pushed laterally by fast moving red blood cells[15], while the discoidal
shape and sub-micrometer size of the SiMPs result in stable adhesion to the vessel walls in
regions of low blood velocity.[9; 16; 17; 18] In healthy vessels, with more intense blood
flow, the hydrodynamic dislodging forces tend to wash away the SiMPs preventing non-
specific vascular adhesion. The authors have shown in two different tumor models,
melanoma and orthotopic breast cancers, that such SiMPs accumulate up to 5% of the
injected dose per gram tumor (% ID/g). [16; 19] Moreover, only SiMPs with a characteristic
size larger than a few microns (> 2.0 um) have been observed to massively accumulate
within the microvasculature of the lungs.[20]

The mesoporous structure of the SiMPs has been efficiently loaded with several agents for
cancer treatment and imaging. For instance, paclitaxel-containing polymer micelles and
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nanoliposomes carrying siRNAs have been successfully encapsulated into SiMPs and used
for the treatment of breast cancer.[21; 22; 23] Also, the mesoporous structure of the SiMPs
has been loaded with gadolinium-(diethylene triamine pentaacetic acid) Gd(DTPA)
molecules for MR imaging.[24; 25] In this case, the authors have shown that the geometrical
confinement of Gd(DTPA) into the silicon mesopores enhances the MRI properties of the
nanoconstructs leading to approximately a four-fold increase in longitudinal relaxivity rq, as
compared to clinically-available Gd-based contrast agents. Such an enhancement is
associated with a decrease in water molecule mobility and rotational diffusivity of the
Gd(DTPA) molecules. In this approach, however, the Gd(DTPA) molecules were non-
specifically adsorbed on the walls of the silicon mesoporous matrix and, thus, were prone to
be washed away upon systemic injection.

In this work, Gd3*-ions have been covalently linked to the mesoporous silicon structure of
the SiMPs by reacting Gd(DOTA) molecules with the amine groups on the (3-
aminopropyl)triethoxysilane APTES-modified silicon surface both inside of pores and on
the outer particle surface. Two different porous structures have been considered for the
SiMPs: small pores (SiMP(SP)), where the average pore size is 5 nm and huge pores
(SiMP(HP)), where the average pore size is larger than 40 nm. The amount of Gd3*-ions per
particle and the resulting MRI properties have been quantified for the two SIMP
configurations and compared with those of conventional nonporous silica microspheres
(SiMs) conjugated with Gd(DOTA) molecules only on the outer surface and not inside
pores. Finally, the biological behavior of the Gd-SiMPs have been tested in vitro and in vivo
upon systemic injection in mice bearing ovarian cancer.

2. Materials and Methods

2.1 Silicon particles

Discoidal porous silicon particles were fabricated by modification of our previously reported
protocols.[24] The porous structures of the particles are tuned by adjusting electrochemical
etching parameters while the particle dimensions are defined by photolithography. For this
study, 1,000 nm (diameter) x 400 nm (thickness) porous silicon disks with two different
pore sizes, specifically, 5-10 nm (small pore, SiIMP(SP)), and ~ 40 nm (huge pore,
SiMP(HP)), were fabricated. Briefly, starting with heavily doped p++ type (100) silicon
wafers with resistivity of 0.005 ohm-cm (Silicon Quest, Inc, Santa Clara, CA) as the silicon
source, 400 nm SP or HP layers was formed by anodic etching in hydrogen fluoride (HF)
ethanolic solution. The 400 nm SP layer was etched by applying 2.3 mA/cm? current for 270
sec in a 3:7 HF (49%):ethanol solution, followed by applying 100 mA/cm? current for 8 sec
to form the release layer. The etch condition for 400 HP layer was 7 mA/cm? current for 125
sec in a 1:3 HF (49%):ethanol solution. Following the formation of 400 nm SP, and HP
layers, an 80 nm SiO, layer was deposited by Low Pressure Chemical Vapor Deposition at
400°C. Standard photolithography was used to pattern array of 1 um circles on the SiO,
layer using a contact aligner (K.Suss MA6 mask aligner) and NR9-500P photoresist
(Futurrex Franklin, NJ, USA). The pattern was transferred into the porous silicon layer by
reactive ion etching (RIE) in CF4 plasma. The RIE system is a Plasmatherm 790, and the
CF,4 flow conditions are: flow rate of 15 sccm; pressure of 100 mTorr; and RF power of 200
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W. After stripping the capping SiO; layer in a ethanol solution (HF), the monodisperse
particles were released from the substrate by sonication in isopropyl alcohol (IPA). The
particles were treated with 35% H,0, at 100°C for 2 hour to oxidize the surface, and then
treated in 1IN HNO3 solution to increase the density of surface hydroxyl group. All the
particles are fabricated in the Microelectronics Research Center at The University of Texas
at Austin by a combination of standard photolithography and electrochemical etching.
Volumetric particle size, size distribution and count were obtained using a Multisizer 4
Coulter® Particle Counter (Beckman Coulter, Fullerton, CA, USA).

2.2 Conjugation of the silicon particles with Gd(DOTA) molecules

The external surface of SiMPs was functionalized with Gd(DOTA) utilizing APTES
chemistry. 1.0x10° SiMPs (HP or SP) were dispersed by brief sonication in 1 mL of v/v
isopropyl alcohol/water (95/5) solution and 0.06 mL of (3-aminopropyl)trimethoxysilane
(APTES) (97%, Alfa Aesar, MA, USA) were added. Reaction occurred in a shaker at 800
rpm and 50°C for 24 h. Then, SiMPs were centrifuged in water multiple times to remove
unreacted APTES. The resulting APTES functionalized SiMPs were further reacted for 48h
at room temperature with 60 mg DOTA (Sigma-Aldrich, USA) in the presence of 30 mg
hydroxybenzotriazole (HOBt) and 60 mg of 1-ethyl-3-(3-
dimethylaminopropyl)corbodiimide (EDC) as catalyst in 1 mL of 6 % MES buffer with the
final pH adjusted to 6.1. At the end of the reaction, SiMPs where purified by centrifugation
and redispersion in water multiple times. To coordinate Gd3*-ions to the DOTA moiety on
the surface of the SiMPs, the DOTA-conjugated SiMPs were exposed to 1 mL of 0.1 M
aqueous GdCl3 (Sigma-Aldrich, USA) solution and left to react under shaking conditions
(400 rpm) for 24h at 24 °C. The resulting Gd-SiMPs nanoconstructs were purified multiple
times via centrifugation from aqueous solution and used for the following characterizations.
Non-porous silica microspheres 1.5 + 0.08 um (Polyscience, Inc., PA, USA) were
functionalized following the same approach.

2.3 Physico-chemical characterization of the silicon particles

The Gd-SiMPs were characterized using transmission electron microscope (TEM) equipped
with energy dispersive spectroscopy (EDS) to provide evidence of the present Gd3*-ions on
the surface of the Gd-SiMPs. For this, 10 pL of sample solution were dried on a TEM
sample holder (Ted Pella, Inc., lacey formvar/carbon, 400 mesh Cu). The amount of
coordinated Gd3*-ions to the DOTA moieties of the Gd-SiMPs and Gd-SiMs nanoconstructs
were assessed via inductively-coupled plasma optical emission spectrometry (ICP-OES)
analysis. For this, the sample solution was first digested in 200 uL 99.99 % trace metals
basis 1 M NaOH at 24 °C and then in 0.5 — 1 mL of 26% HCIO3 at 130 °C until dryness and
reconstituted in 5 mL of 2 % HNO3. The Gd-SiMPs were characterized with a scanning
electron microscope (SEM) JEOL 6500F to assess structural changes before and after the
end of the close to physiological condition challenge. For this, 20 pL of the sample solution
was dried on the aluminum SEM specimen mount stubs (Electron Microscopy Sciences, PA,
USA). The relaxivity properties of the Gd-SiMPs particles were characterized using a
Bruker Minispec mqg 60 benchtop relaxometer operating at 1.41 T and 37 °C with a 200 pL
aqueous solution of sample contained in a 5 mm probe. MRI images were obtained for
particles embedded in 1 % agarose gel using 3 T clinical MRI scanner (Philips Ingenia®).
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2.4 Biological characterization of the silicon particles

To assess the stability of the Gd-SiMPs, under physiologically relevant conditions, 1X
phosphate buffered saline (PBS) challenge was performed at pH = 7.4 under constant
shaking (100 rpm) for up to 24 h at 37 °C. At each time point, particles were centrifuged and
the concentration of the Gd3*-ions was determined using ICP-OES in both the precipitate
and the supernatant. To assess the in vitro cytotoxicity of the Gd-SiMPs, first HeLa cell lines
were maintained at 37°C in water with low-glucose DMEM containing 10 % fetal calf
serum, I-glutamine (2.9 mg/mL), streptomycin (1 mg/mL), penicillin (1000 units/mL), and
saturated with air supplemented with 5 % CO,. Cells were seeded in a 96-well cell plate and
incubated for 24 h at 37 °C and 5 % CO,. The cells were then incubated in fresh medium
with different cell-to-nanoconstruct ratios. At the end of each time point, cytotoxicity was
determined using an MTT assay.

2.5 Animal model and in vivo biodistribution analysis

3. Results

In vivo biodistribution of the Gd-SiMPs were performed on a tumor-bearing mice model via
tail vein injection of the 100 ul 5E8 Gd-SiMPs by count in 1X PBS solution. To evaluate the
biodistribution of the Gd-SiMPs, mice were sacrificed 6 h post injection, organs were
harvested, freeze-dried overnight, and digested in concentrated HNO3 and 26 % HCIO3 with
heat for Gd3* analysis via the inductively-coupled plasma mass spectrometry (ICP-MS).

Female athymic nude mice were purchased from Charles River. The animals were
maintained in cages with paper filter covers under controlled atmospheric conditions. Cages,
covers, bedding, food, and water were changed and sterilized weekly. Animals were handled
in a sterile manner in a laminar down-flow hood. All experimental procedures for animal
studies were performed in accordance with regulation in the Houston Methodist Research
Institute for the care and use of laboratory animals. HeyA8 cells (1x106) were injected intra-
peritoneally into 6-week old female athymic nude mice. Tumor nodules in abdomen cavity
were palpable 3 weeks post inoculation inoculation. These mice received a single dose of
1x10° Gd-SiMPs by tail vein injection. They were sacrificed 6 hours later, and major organs
including liver, kidney, spleen and tumor nodules were collected.

and Discussions

Based on the favorable biodistribution behavior observed in previous studies [8; 19], here
1,000 x 400 nm discoidal mesoporous silicon particles (SiMPs) were considered with two
different pore sizes, namely the small (SP) and huge pore (HP) SiMPs with an average pore
diameter of ~ 5 nm and larger than 40 nm respectively and a commercially-available non-
porous silica bead (SiO5) with a diameter of 1,000 nm. As described in the Materials and
Methods, the surface of these three nanoconstructs was first modified with (3-
aminopropyl)trimethoxysilane (APTES) groups, then covalently conjugated with DOTA
molecules, and eventually reacted with an aqueous solution of GdCl3 to coordinate Gd3*-
ions with the DOTA moieties. The physico-chemical characterization of the SiMPs
conjugates with Gd3*-ions (Gd-SiMPs) is presented in Figure.1. The chemical structure of
the SiMP and SiO, surface is depicted in Figure.la, showing the Gd(DOTA) molecules
directly bound to the APTES groups deposited over the nanoconstruct surfaces. In the TEM-
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EDS spectrum illustrated in Figure.1b, characteristic peaks can be readily seen
corresponding to Gd at 1 — 2 and 6 keV. The elemental spatial mapping for Si and Gd is
presented in Figure.1c, demonstrating that the Gd3*-ions are quite uniformly distributed
over the mesoporous SiMP surface (Gd: red dots; Si: white dots).

A bench top relaxometer (Bruker Minispec, 1.41 T) was used to quantify the variation in
longitudinal relaxation Tq, with respect to bulk water Ty, associated with the presence of the
Gd3*-ions on the surface of the silicon nanoconstructs. Then, ICP-OES was used to quantify
the total amount of Gd3*-ions per nanoconstruct. Thus, using the well-known relationship rq
= (U/T1-U/Tp)/[Gd], the longitudinal relaxivity rq of the three nanoconstructs was determined
for the Gd*3-ion concentration [Gd]. The data are presented in Figure.2a for the three
different nanoconstructs: SiMPs(HP) with huge pores (HP), SiMPs(SP) with small pores
(SP) and the nonporous SiMs. It was observed that the Gd concentration per nanoconstruct
increased going from the Gd-SiMPs(SP) (67+1.4 fM/particle), to Gd-SiMPs(HP) (121+4.2
fM/particle), and eventually to Gd-SiMs (171+60 fM/particle). On the contrary, the
longitudinal relaxivity rq increased in the opposite direction being 8.09+2.1 (mM-s)~1 for the
Gd-SiMs, 13.7+0.6 (mM:-s)~1 for the Gd-SiMPs(HP), and reaching its maximum value of
16.8+1.9 (mM-s)~1 for the Gd-SiMPs(SP). Phantom images generated in a clinical 3T MRI
scanner (Figure.2b) confirmed the significant higher relaxivity associated with the Gd-
SiMPs than with the Gd-free SiMPs. In bulk solution, the Gd(DOTA) molecule presents a ry
of ~4 (mM-s)~1 at 37° C and 1.41 T, whereas this relaxivity value grows up to ~ 17
(mM:-s)~1 in a geometrically-confined configuration inside the SiMP pores.[26] This 4-fold
enhancement in longitudinal relaxivity (r1) is most likely associated with an increase of both
the rotational correlation time (tg) for the Gd(DOTA) molecules (inner-sphere effect) and
the diffusion correlation time (tp) for the water molecules (outer-sphere effect within the
pores).[27] For the present Gd-SiO,, the Gd(DOTA) molecules are not geometrically
confined in any pore, thus the enhancement in relaxivity is mostly associated with an
increase in tg leading to a r; of ~ 8 (MM-s)~1 (only 2-fold increase over free Gd(DOTA)
molecules). For the Gd-SiMPs(HP), a 3-fold enhancement in relaxivity is observed with rq ~
14 (mM-s)~1, which is most likely due to both an increase in g and tp. This effect is even
more evident with the Gd-SiMPs(SP), which are characterized by a smaller pore size (~ 5
nm), as compared to the Gd-SiMPs(HP), and provide a 4-fold increase in relaxivity (ry ~ 17
(mM-s)71). [24; 25]

Given the significant enhancement in relaxivity with the Gd-SiMP(SP), these nanoconstructs
were tested in a biologically relevant environment for their degradation over time, stability
of the Gd3*-ions conjugation to the silica surface, and cytotoxicity. For the degradation and
stability tests, the Gd-SiMP(SP) were exposed to 1X phosphate buffered saline (PBS)
solution, at pH = 7.4 and 37 °C, with constant shaking (100 rpm) for up to 24 h. Figure.3a
shows scanning electron micrographs of Gd-SiMP(SP) at 0 and 24h post incubation. At 24h,
the external rim of the Gd-SiMP(SP) is significantly remodeled, confirming that the
mesoporous silicon particle degrades over time. This degradation process can be modulated
by proper surface modification and the APTES layer deposited over the SiMP surface tend
to decrease degradation rate and increase stability under physiological conditions.[28] Also,
the progressive degradation is responsible for the release of any payload encapsulated within
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the mesoporous structure, including the Gd(DOTA) molecules firmly conjugated to the
surface undergoing slow erosion. As documented by the data presented in Figure.3b, almost
40% of the initial loading of Gd3*-ions is released in the surrounding media after 24h of
incubation. Importantly, no appreciable loss of Gd3*-ions is observed within the first 6h post
exposure to physiological conditions. SiMPs were also incubated with HeLa cell, as shown
in Figure.3c. The darker dots in the bright field image represent Gd-SiMPs(SP) that have
been uptaken by the HeLa cells at 24h post incubation. For the same cell line, a standard
MTT assay was performed to assess potential cytotoxicity associated with the SiMPs and
their Gd cargo. SiMPs were incubated with HeLa cells at different cell to particle ratios,
ranging from 10 to 200, and at different time points, namely 24, 48, and 72 h (Figure.3d).
No cell cytotoxicity was observed even for the lowest cell:nanoconstruct ratios (1:200) and
for the longer incubation time (72h).

Finally, the in vivo biodistribution of the Gd-SiMPs were determined in mice bearing
orthotopic ovarian tumors (Figure.4). Animals were injected via the tail vein with 1.0 x 109
Gd-SiMPs and sacrificed at 6h post injection. Previous studies have shown that SiMPs have
a blood circulation half-life of the order of 1h [8], therefore the 6h time point is
representative of the actual biodistribution of the particles, without incurring in any
significant degradation and loss of Gd3*-ions from the mesoporous matrix. The organ
accumulation of Gd-SiMPs was quantified using ICP-MS and determining the concentration
of Gd in the organs of the reticulo-endothelial system (RES) — liver, spleen, and kidney —
and in the tumor (Figure.4a). As expected for all systemically injected particles, most of the
Gd-SiMPs were observed to accumulate in the liver up to ~ 60% 1D/g, followed by the
spleen up to ~ 15% ID/g and kidneys up to ~ 5% ID/g. The accumulation in the neoplastic
tissue was ~ 2% ID/g, which is comparable to several other systemically-injected
nanoparticles. Figure.4b shows images of an ovarian tumor comprising several nodules,
with a characteristic size ranging from a few millimiters to ~ 1 centimeter. In this image,
especially the smaller nodules appear moderately perfused and this could justify the lower
tumor accumulation observed for the Gd-SiMPs, as compared to previous data derived in
more perfused breast cancer and melanoma models.

In conclusion, the high longitudinal relaxivity (r; ~17 (m-Ms)™1), the favorable tumor
accumulation, and the stability under physiologically-relevant conditions of the present Gd-
SiMPs represent a unique set of properties which can be capitalized upon development of
the future effective and safe nanoconstructs for the Magnetic Resonance Imaging. Moreover,
Gd-SiMPs are designed to lodge with the tumor vasculature and could provide information
that are complementary to those offered by macromolecular imaging agents and small
nanoparticles which, differently, are designed to directly target the tumor cells by crossing
the fenestrated tumor vasculature.
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Figure 1. Physico-chemical analysis of the Gd-SiMPs
a) Schematic representation of the surface chemistry for the Gd-SiMPs. b) TEM-EDS

spectra of Gd-SiMPs compared to Gd-free SiMPs. The Gd peaks appear at ~ 1 — 2 keV and
6 keV. c) TEM image and elemental mapping for Si and Gd of the Gd-SiMPs.
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Figure 2. Characterizations of the Gd-SiMPs for magnetic resonance imaging

a,b) Longitudinal relaxivity (r1) and concentration of Gd3*-ions for the three different
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nanoconstructs, namely the Gd-SiMPs(HP) with huge pores; Gd-SiMPs(SP) with small
pores; and the Gd-SiMs nonporous silica microspheres. c) Tq-weighted phantom images of
SiMPs and Gd-SiMPs sample solutions obtained in a clinical 3T MRI scanner.

Cancer Lett. Author manuscript; available in PMC 2015 September 28.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gizzatov et al.

40 -
30 -
20 -
10

Gd*> % release

500 nm
I

Gd-SiMPs 24h 0h

6h

Page 13

24 h

Cytotoxicity by MTT

150 1

% Viability
[y
(=3
>

5 24 hr.
=3 48 hr.
B3 72he

|

S
W 2

Cell: Gd-SiMPs

Figure 3. Biological characterization of the Gd-SiMPs

a) SEM images of the Gd-SiMPs before and after 24h incubation in PBS under constant
shaking. b) Percentage release of Gd3*-ions from the Gd-SiMP matrix upon incubation in
PBS under constant shaking. ¢) Bright field microscopy images of HeL a cells and Gd-
SiMPs (dark dots, scale bar = 10 um). d) HeLa cell viability upon incubation with different

concentrations of Gd-SiMPs, assessed via MTT assay at different time points.
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liver spleen kidney tumor

Figure 4. In vivo characterization of Gd-SiMPs
a) Biodisitrubtion of the Gd-SiMP nanoconstructs at 6h post injection in mice bearing

ovarian cancer. The organ specific accumulation is expressed in percentage of the injected
dose per gram organ (% injected dose/g of organ). (n = 5). b) Image of a nodular ovarian
tumor with total weight of 1.54 g, showing multiple small nodules with moderately low
perfusion (scale bar = 1 cm).
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