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Despite potentially serious adverse effects of engineered nanoparticles on maternal health and fetal development, little is
known about their transport across the placenta. Human and animal studies are primarily limited to ex vivo approaches;
the lack of a real-time, minimally invasive tool to study transplacental transport is clear. We have developed functionalized
mesoporous silica nanoparticles (MSN) for use in magnetic resonance, ultrasound, and fluorescent imaging. This material
is designed as a model for, or a carrier of, environmental toxicants, allowing for in vivo evaluation. To establish a baseline
of biocompatibility, we present data describing MSN tolerance using in vitro and in vivo models. In cultured cells, MSN
were tolerated to a dose of 125 ug/mL with minimal effect on viability and doubling time. For the 42 day duration of
the study, none of the mice exhibited behaviors usually indicative of distress (lethargy, anemia, loss of appetite, etc.).
In gravid mice, the body and organ weights of MSN-exposed dams were equivalent to those of control dams. Embryos
exposed to MSN during early gestation were underweight by a small degree, while embryos exposed during late gestation
were of a slightly larger weight. The rate of spontaneous fetal resorptions were equivalent in exposed and control mice.
Maternal livers and sera were screened for a complement of cytokines/chemokines and reactive oxygen/nitrogen species
(ROS/RNS). Only granulocyte-colony stimulating factor was elevated in mice exposed to MSN during late gestation, while
ROS/RNS levels were elevated in mice exposed during early/mid gestation. These findings may usher future experiments
investigating environmental toxicants using real-time assessment of transport across the placenta.

KEYWORDS: Mesoporous Silica Nanoparticles, Placenta, Maternal-Fetal Medicine, Biocompatibility, Magnetic Resonance Imaging,
Reactive Oxygen Species.

INTRODUCTION

Given recent increases in production of consumer goods
with nanomaterial components, the likelihood of envi-
ronmental exposure to engineered nanoparticles (NPs) is
on the rise. Mesoporous silica nanoparticles (MSN) are
becoming more widespread in both industrial! and medical
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applications.>* MSN and other metal oxides are of inter-
est to human health because they often have unique prop-
erties not present in their bulk state. For instance, the
extremely high surface area-to-volume ratio of MSN make
them favorable for drug delivery applications®* while also
providing a high energy surface that may generate inflam-
mation. Thus, there is a need to evaluate the toxicology
of these engineered materials, preferably prior to their
widespread use.

In order for toxicity to occur, the NPs must cross one
or more of the biological barriers. Many NPs are readily
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absorbed percutaneously,’ while others are inhaled.® Once
NPs have entered the bloodstream, they may encounter
an additional barrier in the placenta.”'® Despite the sus-
ceptibility of pregnant women and developing fetuses to
environmental particulate contamination, relatively little is
known about the effects of NP exposure, and specifically
MSN during pregnancy on either mother or fetus.

Inhalation of NPs during pregnancy may induce acute
placental inflammation'' associated with inadequate pla-
cental perfusion and a decrease in transplacental nutrient
exchange.'? Several studies found that inhaled or injected
NPs enter the systemic circulation and can migrate to kid-
neys, liver, heart, brain and bone.'*'* Silica NPs with a
diameter < 100 nm were absorbed through the nasal cav-
ity after intranasal instillation and distributed into liver
and brain.® There is a possibility that inhaled or injected
NPs can reach the placenta or even pass through the pla-
centa to the fetus. However, few studies have investigated
transport of nanomaterials to the placenta and their effects
on the fetus.”® An ex vivo study of the barrier capac-
ity of human placenta found that polystyrene particles
(50-300 nm) were taken up by the placenta and were able
to cross the placental barrier,'® while an in vivo study
in mice showed that quantum dots crossed the placental
barrier.® There might also be indirect effects of prenatal
inhalation exposure to NPs on the developing fetus: injec-
tion of chromium cobalt NPs in mice during pregnancy
led to a ~2.5-fold increase in DNA damage in neonatal
blood, even though there were no other pathologic changes
observed.'

Modes of particle exposure other than inhalation are
important as well, including translocation of NPs to fetus
and the effects of NPs on the developing fetus after
i.v.1316 or subcutaneous'® administration. Silica and tita-
nium dioxide NPs (with primary diameters of 70 and
35 nm, respectively) were found in the placenta, fetal liver
and brain after i.v. administration.'® Regardless of expo-
sure model, techniques for evaluating exposure are sim-
ilar, typically involving assays of whole blood for the
particle or related metabolites, or microscopy (a com-
bination of light, confocal, and/or electron microscopy)
on sections from tissues of interest. Whole blood assays
generate useful information about the amount of parti-
cles in circulation at any given time, without terminat-
ing the experiment. However, these assays cannot show in
which tissue the particles are accumulating. Conversely,
histopathological assays can reveal the accumulation of
particles in specific organs, but require necropsy. In addi-
tion, the use of electron microscopy to detect NPs in
tissues is time-consuming and costly, and some forms
of NPs are more difficult to detect than others. Thus,
there exists an opportunity to improve upon this paradigm.
If nanoparticle-based therapeutic interventions are consid-
ered for maternal-fetal health, it is appropriate to determine
the limiting factors, best presentation and timeliness of the
exposure.
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Our group has developed a novel nanoparticle based
on mesoporous silica that has been functionalized for
multimodal imaging, using a combination of fluorescence,
MRI, CT and/or ultrasound. The particle has a mean diam-
eter of 50 nm in its simplest configuration to 187 nm
in its largest form (depending on the particle composi-
tion) and a hexagonal array of pores 2.4 nm in diameter.
Due to their structural properties (particle size, morphol-
ogy, and porosity), MSN are very versatile tools for many
applications such as bioimaging,'” '8 drug release,* ' envi-
ronmental remediation' (for removing heavy metals from
water), and development of sensors and energy transfer
devices.?® Although others have developed MSN for use in
bioimaging, our MSN are the first with this configuration.
We hypothesize that MSN may be used to provide addi-
tional information about in vivo nanoparticle trafficking in
a way that does not necessitate microscopy or terminal
experiments. Rather, particles are tracked non-invasively
in a living animal over time, and when the experiment is
terminated, fluorescent microscopy is used to determine
particle accumulation. In these initial studies, our twofold
goals are to demonstrate the tolerance of cells in culture
and mice to MSN and the ability to track cells in vivo
non-invasively. In addition, these studies will pave the way
for future efforts to track the transplacental transport of
nanoparticles in a gravid mouse model and non-invasive
evaluation of fetal life.

MATERIALS AND METHODS

Particle Synthesis and Characterization
Mesoporous silica nanoparticles functionalized with
Gd,O; and fluorophore (fluorescein or tetramethyl rho-
damine isothiocyanate) (FITC-Gd,0,-MSN) were manu-
factured following a previously reported synthesis*' and
stored at room temperature. An aliquot of this synthe-
sis, which yielded over 1 gram of dried MSN, was fur-
ther functionalized with trifluoropyl moieties by grafting
(3, 3, 3) trifluoropropyl trimethoxysilane onto the surface
under reflux with toluene. Similarly, MSN with fluo-
rophore only (FITC-MSN) and MSN with other metals
(Fe;0,-FITC-MSN; Bi,0;-FITC-MSN; Au-FITC-MSN)
were synthesized. Size and morphology homogeneity were
characterized by X-ray diffraction (XRD), using a Rigaku
Ultima IV diffractometer, nitrogen sorption analysis in
a Micromeritics ASAP 2020 surface area and porosity
analyzer using the Brunauer-Emmett-Teller (BET) equa-
tion to calculate surface area and pore volume and the
Barrett-Joyner-Halenda (BJH) equation to calculate the
pore size distribution. Dynamic light scattering (DLS) was
used to obtain particle size distribution and zeta poten-
tial data, using the Malvern Zetasizer Nano ZS instru-
ment (University of lowa, Department of Chemistry). The
materials were also visualized by transmission electron
microscopy (TEM) by supporting samples on copper grids
in a JEOL JEM 1230 microscope operating at 40-120 kV
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(University of Iowa, Central

Facility).

Microscopy Research

In Vitro Biocompatibility

In order to evaluate the tolerance of cultured cells to
MSN, initial experiments were conducted to determine
the highest dose tolerated. Cells tested include human
bone marrow-derived mesenchymal stem cells (hMSCs)
and murine induced pluripotent stem cells (iPSCs), MB49
murine bladder cancer cells, NIH3T3 murine embryonic
fibroblasts, and H4IIE rat hepatoma cells (obtained from
ATCC). Cells were seeded at 10° cells/cm? in a 24-well
tissue culture plate, and exposed to MSN species at
concentrations ranging from 0 to 1000 wg/mL. Subse-
quent experiments were carried out using between 100
and 125 pg/mL concentrations. Stock solutions of MSN
species were created by suspending 5 mg MSN in 500 uL
Dulbecco’s phosphate buffered saline (DPBS, Life Tech-
nologies, Madison, WI). The suspension was sonicated
using an ultrasonic water bath operating at 42 kHz and
35 W for 5 min, then 100 ug MSNs were added to
each of the wells of mesenchymal cells seeded previously.
DLS testing indicated that a minimum of 5 minutes of
sonication under these conditions ensured maximal dis-
persion of particles. Further confirmation of dispersibil-
ity was obtained by performing random sampling of the
aliquots following sonication regimens. To visualize parti-
cle uptake by cells in real-time, the 6-well plate containing
FITC-MSN was imaged using the Olympus® IX70 fluo-
rescence microscope at 494 nm with an attached DP70
digital camera and software. Images were obtained at 1, 7
and 26 h following addition of the particles. After 27 h,
particles that were not engulfed were rinsed from the cul-
ture using DPBS, and images were acquired for 10 addi-
tional days. Non-adherent iPSCs were characterized for
viability using trypan blue exclusion dye and a hema-
cytometer, and labeling efficiency was measured using
flow cytometry. Cells were washed with DPBS and fixed
with 2% Paraformaldehyde prior to acquisition through a
BD LSR II Violet Instrument (Becton Dickinson, Franklin
Lakes, NJ). The collected data were analyzed with FlowJo
software (FlowJo, Ashland, OR).

In Vivo Biocompatibility

The in vivo tolerance of intravenously injected MSN
was assessed in two different mouse models: (1) mouse
model for bone marrow transplant and (2) gravid mouse
model. All animals were purchased from Jackson Labo-
ratories (Bar Harbor, ME). In a mouse model for bone
marrow transplant, 129 SvJ mice (females, on Balb/c
background) were housed at the vivarium located in the
Veteran Affairs Medical Center, Iowa City, IA. In a gravid
mouse model, C57Bl/6 (males 6 wks old and females
8 wks old) were housed in an AAALAC-accredited vivar-
ium, in polypropylene, fiber-covered cages in HEPA-
filtered Thoren caging units (Hazelton, PA). They were
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acclimatized for 10 days after their arrival and were main-
tained on a 12-hr light/dark cycle with ad libitum access
to food and water. To establish timed pregnancies, 2 nulli-
parous females were mated with one mature male for three
days. The presence of a vaginal plug was assessed each
morning and if found, this day was considered as gestation
day (GD) 1. All procedures were approved by the Insti-
tutional Animal Care and Use Committee (IACUC) and
performed according to NIH guidelines.

Mode of Injection

In bone marrow transplant studies, adult mice were irra-
diated at least 24 h prior to injection with 700-800 cGy
of cesium split in two doses spaced 4 h apart. In
this study, 4-wk-old mice received an injection of 7.2 x
10° labeled CCE-hematopoietic progenitor cells (HPCs,
a mouse embryonic stem cell line derived from 129/Sv]
mice), plus 5% 10° cells from the bone marrow of a third
mouse to enhance engraftment of the HPC cells, retro-
orbital to the left eye. MRI images were acquired for up
to 22 days; animals remained in observation for adverse
reactions to the cells or particles for up to 6 weeks. Addi-
tional 129 SvJ mice were injected retro-orbitally with 1 mg
free PEG-CF;-TRITC-Gd,0;-MSN in 0.1 mL saline. Mice
were subsequently scanned in the Varian® Unity/INOVA
4.7 T small animal MRI scanner using a 25 mm gradient
coil. Before and at several time points after retro-orbital
injection of labeled cells, the mouse was anesthetized with
isoflurane (3% induction, 1.5% maintenance) and scanned
using fast spin echo (FSE) sequences (typical repetition
time 2100 ms, echo time 15 ms with an echo train length
of 8 and 5 averages per scan). Three scans were inter-
laced to yield images 256 x 512 pixels with 45 slices,
and a voxel size of 156 x 156 x 500 wm. Each of the
3 sequences had a scan time of 8 min, and an additional
T2*-weighted gradient echo scan was done for a total scan
time of about 45 min per mouse. In a gravid mouse model,
mice were given intravenous injections of 1 mg PEG-
CF;-TRITC-Gd,0;-MSN in 0.1 mL DPBS via tail vein
at varying stages in gestation: early/mid (7-9 days) and
late (15-17 days), with other mice receiving sham (DPBS)
injections. The gravid mice were scanned in MRI, and the
intensity of the maternal liver, placenta, and fetal liver,
heart, and brain measured. Reconstructed images were
saved as 16 bit TIF image stacks, which were opened with
MIPAV software for analysis. Volumes of interest (VOIs)
were either manually drawn or semi-automatically selected
using the “levelset VOI” tool. Images were normalized to
one another using a volume of fat adjacent to the kidneys.

Cytokine/Chemokine, ROS/RNS and
Biochemistry Parameters Analyses
After scanning, the mice were euthanized by over-
dose of isoflurane, whole blood was collected for later
serum or plasma analyses and the uteri were excised.
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Maternal organ weights, litter size/number of sponta-
neous resorptions, placenta weight, and average weight
and length of each pup were measured. Whole blood col-
lected for serum was kept at room temperature after col-
lection for about 2-3 hrs, then centrifuged at 1500x g for
10 min. Serum was then aliquoted and stored at —80 °C
until analyzed. Cytokines/chemokines (interleukin [IL]-
la, IL-18, IL-2, IL-3, IL-4, IL-5, IL-6, IL-10, IL-12/p40,
IL-12/p70, IL13, IL-17, eotaxin, granulocyte-colony stim-
ulating factor [G-CSF], granulocyte/macrophage-colony
stimulating factor [GM-CSF], interferon-gamma [IFN-vy],
keratinocyte chemoattractant [KC], monocyte chemoat-
tractant protein-1 [MCP-1], macrophage inflammatory
protein-1a [MIP-1a], macrophage inflammatory protein-
18 [MIP-18], RANTES, tumor necrosis factor-a [TNF-
a]) in serum of dams were analyzed using a multiplex
magnetic bead assay (Luminex 100, Bio-Rad Laborato-
ries, Inc.). Free radical species were measured in maternal
serum using Oxiselect in vitro ROS/RNS assay kits (Cell
Biolabs, Inc.). Oxidation reaction of ROS samples with
DCFH probe after 45 min incubation was measured fluoro-
metrically at 480 nm excitation/530 nm emission (Spectra-
Max M5, Molecular Devices). Whole blood collected for
plasma analyses was collected in lithium heparin plasma
separator microtainer tubes and centrifuged at 1500x g
for 10 min. The following biochemistry parameters were
measured in plasma: albumin, alkaline phosphatase (ALP),
alanine transaminase (ALT), aspartate transaminase (AST),
blood urea nitrogen (BUN), calcium (Ca), chloride (Cl),
cholesterol, creatinine, y-glutamyl transpeptidase (GGT),
globulin, glucose, phosphorus (P), potassium (K), sodium
(Na), total bilirubin and total protein (Catalyst DX Chem-
istry Analyzer, IDEXX, Westbrook, ME).

Histopathological Evaluation

Maternal livers and kidneys, as well as whole embryos
and placentas, were fixed in 10% formalin and embed-
ded in paraffin, then serially sectioned with a thickness of
4 pm. Sections were mounted on glass slides and stained
with hematoxylin/eosin, while adjacent sections were left
unstained for fluorescent microscopy. Histopathology of
the livers and kidneys was evaluated by a board-certified
veterinary pathologist (Comparative Pathology Laboratory,
University of Iowa).

Statistical Analysis

Experimental group sizes were determined from calcula-
tions of statistical power based on relevant past experi-
ments. We typically study the number of animals needed in
each group to yield a statistical power of 90% based upon
the means and standard errors of the outcome variables
assuming a two-sided test of the null hypothesis accepting
a 1% level of significance. For studies of nanomaterial-
induced effects, calculation of the sample size assuming
different means and unequal variances (treating each inter-
vention independently) typically yields a minimum sample
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size of 6 mice per group in order to have a 90% chance of
detecting a significant difference between the groups at the
p < 0.01 level. To account for mice that do not become
pregnant or are sacrificed during the study, we started with
25 mice per group. Statistical significance between pairs
of values was determined using Welch’s z-test for pop-
ulations of unequal variances, implemented in Microsoft
Excel software. Null hypotheses were rejected for p-values
less than 0.05.

RESULTS

Particle Characterization

To ensure repeatability of synthesis, particles were char-
acterized after each step. The core particle (FITC-Gd,0;-
MSN) was described previously?! in a synthesis which
yielded over 1 gram of dried powder. Powder XRD
analysis confirmed hexagonally arranged mesopores in
the diffraction pattern of the Gd,0;-MSN as evident by
intense d,,,, and well resolved d,,, and d,,, peaks char-
acteristic for MSN. To visualize the size and particle mor-
phology we performed TEM on the FITC-Gd,0;-MSN,
observing spheroidal particles from 100-300 nm in diam-
eter (Fig. 1(B)). The mesoporous structure was confirmed
at higher magnification (Fig. 1(C)). While some overlap
of particles occurred in the dry TEM sample, the particles
dispersed well in ethanol and aqueous solvents. In deion-
ized water, the FITC-Gd,05;-MSN had a {-potential of
—43.3 mV, becoming —7.12 mV after surface functional-
ization with trifluoropropyl groups. Further measurement
using nitrogen sorption analysis of the FITC-Gd,0;-MSN
exhibited a Type-IV isotherm (Fig. 1(E)), typical of meso-
porous materials, with a Brunauer-Emmett-Teller (BET)
surface area of 493 m2?g~!. The average pore diameter
for FITC-Gd,0,-MSN by Barrett-Joyner-Halenda (BJH)
calculation is 38 A. Using an aliquot of this synthesis,
the trifluoropropyl functional groups were grafted onto the
surface under reflux to use for ultrasound experiments.
Characterization of the size and dispersibility of the fully
synthesized CF;-FITC-Gd,0;-MSN was also confirmed
by dynamic light scattering (DLS); the median hydro-
dynamic diameter of the particles was determined to be
227.8 nm (Fig. 1(D)).

In Vitro Biocompatibility

Anchorage dependency is an important element of cell
survival. Under adverse conditions, detachment of cells is
considered a sign of toxicity.?? In this study, we demon-
strate that at concentrations relevant for imaging, we did
not observe a significant cell detachment of anchorage-
dependent cells. The external bilayer membrane of adher-
ent and non-adherent cells possess unique properties and
respond differently to exogenous toxicants.”> We investi-
gated the potential cytotoxic effect of non-adherent cells
(such as hematopoietic stem cells). In addition, due to
recent interest in the intracellular delivery of particles, we

J. Biomed. Nanotechnol. 13, 1-15, 2017
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Figure 1. Mesoporous silica nanoparticle (MSN) characterization. (A) Schematic of MSN functionalized with Gd,0,, a fluorophore
(FITC or TRITC), used for tissue culture studies, and subsequently grafted with trifluoropropyl moieties (CF;-FITC-Gd,0,;-MSN) to
provide ultrasound contrast for gravid mouse studies. (B—C) Transmission electron micrographs (TEMs) of MSN (left) and FITC-
Gd,0;-MSN (right, inset, C) indicating particle size and morphology. Scale bars equal 100 nm (B) and 50 nm (C). (D) Dynamic
light scattering of the particle in its final configuration (CF;-FITC-Gd,0,-MSN) shows a mean hydrodynamic diameter of 227.8 nm.
(E) Nitrogen sorption analysis of FITC-Gd,0,;-MSN. Adsorption (red) and desorption (blue) isotherms exhibit Type IV isotherms,
consistent with mesoporous particles. The Brunauer-Emmett-Teller (BET) surface area was calculated to be 493 m2g~' and the
average pore diameter for FITC-Gd,0;-MSN by Barrett-Joyner-Halenda (BJH) calculation is 38 A

paid particular attention to cellular translocation, vitality
of the cells and maintenance of homeostasis.

For example, we evaluated MSN uptake and viability
by anchorage-dependent and non-dependent cells. Because
of initial concerns with cell viability when exposed to
MSN, initial experiments determined the maximal MSN

dose tolerated by the cells relative to controls. A variety
of cultured cells (primary and cell lines) were exposed to
MSN materials. The MSN species included FITC-MSN,
FITC-MSN capped with gold or bismuth Fe;O,-FITC-
MSN, and Gd,O;-TRITC-MSN further functionalized
with poly(ethylene glycol). Consistently, cells were highly

Figure 2. Kinetics of FITC-MSN. (A-D) hMSC were photographed at varying times following addition of 125 ug/mL FITC-MSN to
the growth medium. Arrows indicate the daughter nuclei of a mitotic cell. (E) Cells grew in a manner consistent with unlabeled
cells, growing to confluence in about 10 days before reaching contact inhibition. Scale bars represent 10 um; error bars represent
standard deviation (n =4 for each data point).
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tolerant of concentrations between 100 and 125 ug/mL,
while at higher concentrations (about 250 ug/mL) we
observe a progressive deleterious effect on the cells. We
determined the optimum concentration for use in our
experiments to be 125 ug/mL, thus subsequent experi-
ments were carried out using concentrations of this mag-
nitude. One example of uptake and viability measurement,
using hMSCs and FITC-MSN, is shown (Figs. 2(A-D)).
The hMSCs labeled at this concentration were observed
over 16 days, with viable cells counted from multi-
ple micrographs taken of each well. During the expo-
nential growth phase, the cells had a doubling time
of about 2 days, comparable with that of non-labeled
cells (Fig. 2(E)).* Cells reached confluence and under-
went contact inhibition at the same rate as non-labeled
cells. The proportions of labeled cells and of parti-
cles within cells were also measured using fluorescent
micrographs.

A MATLAB image processing algorithm was devel-
oped to compare the quantity of fluorescent particles
inside versus outside the cells at each time point. After
7 hours, 70% of the particles were inside cells, increas-
ing to 95% by 27 hours. Once endocytosed, over 90%
of the particles remained in cells for the duration of the
study, indicating that exocytosis was minimal. In subse-
quent experimental days, the particles were seen to inte-
grate the cytoplasm and migrate towards the cell nuclei,
likely indicating that they were being compartmentalized,
most likely in endoplasmic vesicles.* Our observations
are consistent with those made by other groups studying
similar MSN; in fluorescent confocal images, the parti-
cles are co-localized to endosomes, escaping at different
times based on surface modifications.® Studies employing
TEM also describe mesoporous silica within endosomes
after 3—4 hours of exposure.’>?® Notably, dividing cells
were observed at 96 h (Fig. 2(C)), further supporting the
notion that the MSN are functionally non-toxic. As evi-
denced by fluorescence microscopy, we also observed that
an approximately equal amount of MSN was detected in
the cytoplasmic portion of each daughter cell. The same
patterns of internalization, compartmentalization and divi-
sion appeared with MSN bearing Gd,0O;, Fe;0,, bismuth,
and gold caps.

The labeling of non-adherent cell lines such as iPSCs
was tested as well. In the first labeling experiment,
1.4 %107 green fluorescent protein (GFP)* iPSCs were
incubated in an Eppendorf tube with PEG-CF;-FITC-
Gd,05-MSN at 125 pg/mL for 4 hours. Flow cytome-
try, fluorescent microscopy and Wright stains were used
to evaluate the cells (Figs. 3(A-D)). The Wright stain
revealed the vast majority of cells were mononuclear
with a very high ratio of nuclear to cytoplasmic volume,
suggestive of a progenitor cell morphology, which sug-
gest that the cells were not adversely affected by their
exposure to MSN. Subsequently, a second form of MSN

6

Figure 3. Biocompatibility of non-adherence-dependent
cells. Murine iPSCs were exposed to 125 ug/mL MSN for
4 hours. Under Wright stain (A), the vast majority of cells
are small with a high ratio of nuclear to cytoplasmic volume,
indicative of a progenitor phenotype (red arrows, while a
few cells have a lower nuclear to cytoplasmic ratio and
granular neutrophilic or eosinophilic cytoplasm (green arrow).
iPSCs in bright field (B), showing the same field under GFP
fluorescence in (C), with inset (red box) shown in (D). Clear
labeling can be observed in some cells (red arrows), while
other cells remain non-labeled (green arrow). Supplementing
with protamine sulfate (PS) improved iPSC viability (E) relative
to cells exposed to MSN alone. Error bars indicate standard
deviation. Scale bars represent 20 um.

with a rhodamine fluorophore (PEG-CF;-TRITC-Gd,0;-
MSN) was developed, and the cell culture medium was
supplemented with protamine sulfate to improve label-
ing to a maximum of 64%. Viability was reduced to
75% of control cells in MSN alone (Fig. 3(E)), rep-
resenting a significant decrease (p < 0.05); MSN sup-
plemented with protamine sulfate appeared to reduce
viability as well, but the difference was not statistically
significant.
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In Vivo Biocompatibility

Mouse Model for Bone Marrow Transplantation

While in vitro experiments test particle tolerance of
specific cell lines under highly controlled conditions,
ultimately, in vivo experiments provide definitive determi-
nation of toxicity and systemic responses to exposure to
tagged cells or particles alone. In a mouse model of bone
marrow transplantation, MRI images were acquired for up
to 22 days, though the mice remained in observation for
adverse reactions to the cells or particles for up to 6 wk.
In total, 11 mice were injected, with only one mouse pre-
senting with stroke-like symptoms and dying shortly after
the injection possibly due to aggregation of the particles in
the sample injected. Subsequent samples were thoroughly
sonicated and vortexed prior to injection. The remaining
10 mice that received sonicated particles and/or cells toler-
ated the injections quite well for the duration of the exper-
iment, with no appearance of adverse reactions (lethargy,
ocular pallor (anemia), loss of appetite, etc.).

All mice were scanned before the injection and again
3 h later, then the following day and 2-3 more times on
subsequent days, up to day 22. To measure the maximal
hypointensity in MRI caused by the tagged cells, the retro-
orbital space was analyzed first. Compared to the “before”
scan, considerable hypointensity could be observed in the
left eye relative to the right eye in the 3 h scan. Addition-
ally, the total volume of interest measured in this location
increased from an average of 5.4 uL at other time points
to 8.5 uL. In subsequent scans, the normalized values of
the two eyes were virtually identical.

Previously published works discuss renal clearance of
nanoparticles with similar sizes and compositions, while
larger nanoparticles have been reported to accumulate in
the liver.!®27 In this study, 3 h after injection of parti-
cles, the kidneys show an attenuation of the T2-weighted
signal, appearing dark relative to the surrounding tissue.
This signal persisted through the subsequent 1 day scan.
This area (Fig. 4(C)), arrows) is interpreted as most likely

Figure 4. T2-weighted magnetic resonance imaging signal changes are observed following retro-orbital injection of labeled CCE-
HPCs. MRI of retro-orbital injection site in a mouse before and at various time points following injection with 7 x 10° labeled
CCE-HPC cells (A). Injection was made in the left eye (green region), and the right eye (red region) was used as a control. The
plot (B) shows the average normalized signal change relative to the “before” scan, with error bars indicating standard deviation.
At 3 h, p < 0.2 when compared with zero (n = 10). In the kidney (C), the signal in the renal pelvis (arrows) attenuates following
injection, diminishing as the experiment continues. In the renal cortex where glomerular filtration takes place, no accumulation of
particles was detected. (D) Plot showing the average normalized MR value at each time point for 3 mice with error bars indicating
the standard deviation. *comparing the mean at 1 day and 9 days resulted in a significant difference (p <0.01; n =10).
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to be renal calyxes/pelvis where formed urine collects. No
accumulation of particles is detected in the renal cortex
where glomerular filtration takes place.

The T2 signal attenuation was equally distributed in
both kidneys, and the volume of interest increased from
898 voxels before the injection to 1449 voxels 3 h after
the injection, a 61% increase in volume. Comparing the
normalized mean signal at 1 day and 9 days resulted in
a significant difference (p < 0.01). These findings sup-
port the hypothesis that evacuation of MSN occurred
through glomerular filtration without detectable accumu-
lation (Fig. 4(C)). Of interest, when compared to retro-
orbital injections, the renal clearance was slower (9 days,
Fig. 4(A)). This observation supports the interpretation that
renal filtration is more expeditious due to the high blood
volume and pressure through the organ relative to the
retro-orbital space. Free floating MSN (even in its largest
form with a mean hydrodynamic diameter of 187 nm) were
cleared by the kidneys within 3 days based on the timing
of MRI intensity changes (Fig. 4(C)), while larger parti-
cles ultimately accumulated in the liver and spleen. No
acute renal toxicity was observed, and all exposed mice
survived the 42 day duration of the study. Thus the use of
MRI to evaluate particle accumulation allows for multiple
minimally invasive measurements to be made without the
need for dissection, catheterization, or the use of metabolic
cages to carry out clearance studies on very small volumes
of collected urine.!”-3!

Gravid Mouse Model

The placenta is one of the most critical barriers protect-
ing the vulnerable developing fetus, yet the parameters for
transport across the barrier are not well understood. In
the gravid mouse model, 26 animals were injected, with
two dying as a result of anesthesia overdose; the remain-
ing animals tolerated the injections for the duration of
the experiment. Animals were either injected in early/mid
gestation (day 9) or in late gestation (day 14). Maternal
weights were recorded at several points during gestation,
and normalized relative to their respective day 1 weight
(Fig. 5). The average body weight was slightly higher for
mice exposed to MSN than for controls, but the difference
was not statistically significant for any time point, or for
early versus late injection time. Mouse necropsies were
performed on GD 17-18, the maternal organs (uteri, livers,
lungs, brains, spleen, kidneys, and hearts) were weighed.
There were no statistically significant differences in the
average weight of each organ between MSN-exposed and
control mice (Table I). Spontaneous fetal resorptions were
observed in both MSN-exposed (12 resorptions among
7 uteri) and control mice (4 resorptions among 6 uteri).
While relatively uncommon in humans, murine sponta-
neous embryonic resorptions are commonly a result of
immune disturbances in the pregnant dam, and significant
increases in spontaneous resorptions can be a result of
stress.’> 33 When averaged, the litter sizes for exposed and
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Figure 5. Maternal weights normalized to GD 1 for normal
and MSN-exposed mice. Mice were injected with 1 mg PEG-
CF;-FITC-Gd,0;-MSN in 0.1 mL DPBS, or with DPBS alone, on
GD9. Error bars indicate standard deviations. No significant
differences were observed between MSN and control groups.

control mice were not significantly different, regardless of
injection time (Table II).

To account for the inherent weight and size difference
between laboratory mice, at the time of dissection, the
weight of each embryo and its placenta were recorded as
well as the dam they came from. Embryos and placentas of
MSN-exposed mice injected on GD 9 were slightly under-
weight relative to controls. However, the absolute weight
differences does not take into account the initial weight
of the dams prior to pregnancy, which were also slightly
lower in the mice eventually exposed to MSN (19.6+1.2 g
vs. 20.6 £ 1.5 g). When normalized by dam weight at GD
0, the differences in embryo and placenta weights at GD
9 are not statistically significant (Table II).

In addition, both the placentas and pups of MSN-
exposed mice injected on GD 14 were slightly elevated
compared to controls. Following normalization calcula-
tions taking into account dams’ weight at GD 0, the mean
embryo weight was only 20 mg larger, and that of the
placenta on average was 110 mg larger. These differences
were found to be statistically significant (p < 0.05). MRI
measurements were used to corroborate growth rates based

Table I. Maternal organ weights (grams), GD16, 7 days follow-
ing MSN exposure.

Control (n =6) MSN (n=7)
Uterus with embryos 5.779+0.656 5.014+0.985
Liver 1.491+0.110 1.509+0.117
Brain 0.445+0.025 0.438+0.023
Kidney 0.29140.021 0.302+0.012
Lungs 0.136+0.020 0.148+0.013
Spleen 0.103+0.020 0.137+0.033
Heart 0.107+0.012 0.109+0.007

Notes: Mean =+ standard deviation; p > 0.05 for all comparisons.
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Table Il. Fetal parameters, GD16.
Injection day Control MSN
Litter size GD9 7.75+1.26 7.43+0.53
(n=4) (n=7)
Normalized embryo GD9 0.19+0.01 0.18+0.01
weight (g) (n=29) (n=24)
GD14 0.17+0.03 0.20+0.01
(n=17) (n=31)*
Normalized placenta GD9 0.43+0.04 0.23+0.13
weight (g) (n=29) (n=24)
GD14 0.26+0.08 0.37+0.04
(n=17) (n=31)*
MRI measured fold GD9 156.32+0.29 17.32+3.54
growth, embryo (n=2) (n=2)
MRI measured fold GD9 76.8+46.7 71.8+£38.9
growth, placenta (n=2) (n=2)

Notes: Mean =+ standard deviation; *—p < 0.05; **—p < 0.01.

on scans acquired at GD 9 and 16 for 2 MSN-exposed
mice (16 total embryos) and 2 control mice (15 total
embryos). Here, growth was calculated as a fold change
of the GD 16 averages relative to the GD 9 averages. No
statistically significant differences in placenta and embryo
growth were observed.

Concentration of Cytokines/Chemokines,
ROS/RNS and Blood Chemistry Parameters

To assess the immune response of the adult mouse to
intravenous MSN 23 cytokines/chemokines were assayed.
No significant differences of any cytokines or blood
parameters were observed for mice exposed to MSN on
GD9 relative to controls (Fig. 6(A)). In mice exposed to
MSN on GD14, only granulocyte-colony stimulating fac-
tor (G-CSF) was produced at a significantly higher level
in MSN mice relative to controls (3,300 +370 pg/mL vs.
110+ 16 pg/mL; p < 0.01; Fig. 6(B)). The concentration
of IL-9 was below the lower limit of detection in all ana-
lyzed samples (54 pg/mL).

The ROS/RNS concentrations in maternal sera of mice
exposed to MSN on GD 9 were significantly higher than
controls (658.3+146.6 nM vs. 117.0+22.1 nM, p < 0.01,
Fig. 6(A)), but not significantly different from controls in
mice exposed on GD 14 (156.2+19.3 nM vs. 144.6 +
7.7 nM). In the plasma, chloride was slightly elevated in
MSN mice injected on GD 14 relative to controls (112.8+
1.6 mM vs. 109.3+£1.2 mM; p < 0.01) and glucose was
depressed in MSN mice injected on GD 14 relative to con-
trols (176.5+29.7 mg/dL vs. 221.7+19.0 mg/dL; p <
0.05). None of the other chemistry blood parameters eval-
uated were significantly different from controls.

Histopathological Evaluation of

Kidneys and Livers

To further evaluate the effect of intravenous MSN adminis-
tration on liver and kidneys, gravid mice exposed to MSN

J. Biomed. Nanotechnol. 13, 1-15, 2017

Figure 6. Cytokine/chemokine concentrations and reactive
oxygen/nitrogen species produced in response to MSN expo-
sure during pregnancy. Gravid mice were exposed to 1 mg
PEG-CF,-FITC-Gd,0,-MSN in 0.1 mL DPBS on GD 9 or 14,
while negative controls received sham (saline) injections.
Necropsies were performed on GD 16. No statistically sig-
nificant differences were observed in mice exposed on GD9
(n = 3) relative to controls (n =4) (A). In mice exposed on GD14
(n = 4), only G-CSF was significantly higher in exposed mice
than controls (n = 2) (B). Mice exposed on GD9, but not GD14,
had higher serum ROS/RNS than controls. Error bars indicate
standard deviation (**—p < 0.01).

or vehicle alone on GD9 or GD14 were necropsied on
GD16. No significant findings were noted by the pathol-
ogist in any of the kidney sections examined for either
MSN or control group. Findings in the liver varied from
mild to moderate microvesicular hepatocellular vacuola-
tion which was often most pronounced in the centrilob-
ular region (Fig. 7). In the MSN mice injected GD14,
the vacuolation was more prominent in the portal zones.
These findings were moderate and there were no major
differences between control animals and treated animals.

Figure 7. Histopathological findings on livers of gravid mice
exposed to MSN during pregnancy. Gravid mice were injected
on GD 9 or GD 14 with 0.1 mL saline alone (A) or with 1 mg
MSN in 0.1 mL saline (B), livers and kidneys were collected
at necropsies on GD16. Livers of gravid mice showed mild to
moderate microvesicular hepatocellular vacuolation (circles)
regardless of treatment group. Scale bar =100 um.



Biocompatibility of Multi-Imaging Engineered MSN: In Vitro and Adult and Fetal In Vivo Studies

Sweeney et al.

Generally, hepatocyte nuclear vacuolation is considered
benign, and in humans, is associated with non-alcohol-
related fatty liver disease,® or simply due to changes in
food intake.®

CONCLUSIONS

In this study, we systematically investigated the biocom-
patibility of novel MSN, first in adherent and non-adherent
tissue culture, followed by in vivo modeling. The purpose
of these investigations is to validate MSN as a minimally-
invasive, multimodal tool to model toxicant trafficking.
Currently, nanoscale particles are an integral component
of numerous engineered particles in industrial and con-
sumer goods. With the increasing exposure to nanopar-
ticles in daily life, it is important to learn more about
the potential risks to exposed persons. Following expo-
sure, particles that cross barriers of the skin, lungs, and/or
gastrointestinal tract, may gain access to systemic circula-
tion. Upon entering the circulation, because of their size
and chemical composition, nanoparticles have access to
all organs.>® A potentially high-vulnerability population
to toxicant exposure is pregnant women and developing
embryos/fetuses. A number of toxicants such as chemi-
cal pesticides, alcohol, narcotics, and the byproducts of
cigarette smoke, are known to cross the placental barrier
and affect fetal development.'®-36-38

Another important aspect is the ever-expanding list of
potential applications of nanoparticles as biomedical tools.
In the medical field, bioactive chemicals, contrast agents
and particulate antitumor agents are often used therapeuti-
cally, so expanded study of nanoparticles in the circulation
is warranted.”3® Current exposure studies in lab animals
typically involve organ and tissue sectioning and assays
at a number of time points, and lack real-time in vivo
analysis. In addition, while previously published works
describe the inflammatory response induced by inhaled sil-
ica nanoparticles,’® less is known about the particles when
injected systemically.

In advance of studies of toxicants carried in MSN, MSN
alone must first be well-characterized as to potential tox-
icity. The components of the particles have all been eval-
uated to varying degrees. Amorphous silica nanoparticles
have been shown to be biocompatible in cell culture*® and
have a lethal dose (murine i.v. LDs,) of over 250 mg/kg.*!
This equates to a dose over an order of magnitude higher
than any we have injected. Gadolinium chelates are widely
used clinically as MRI contrast agents except for patients
with renal disease, and gadolinium oxide nanoparticles
are well-tolerated in animals.!”** Poly(ethylene glycol) is
biocompatible* and used in the digestive system as a mild
laxative, and fluorophores such as FITC and TRITC are
used in vivo to highlight structures for surgical removal,
among other uses.** However, the combination of these
components into one material is novel, and not yet char-
acterized for biocompatibility. Thus, we demonstrated the
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biocompatibility of the particles by a number of in vitro
and in vivo analyses.

To evaluate toxicity and tagging capability of the par-
ticles on adherent and non-adherent cells, we tested var-
ious chemical configurations of MSN exposures to cells
with dissimilar growth requirements. For example, cell
lines tested include several adherence-dependent cell lines:
hMSCs,**4 NIH3T3 murine embryonic fibroblasts,*®
H4IIE murine hepatoma,* and MB49 murine bladder can-
cer cells.”® 3! In addition, non-adherent murine iPSCs were
tested.>? Initial studies used FITC-MSN, Fe;0,-MSN and
Fe;0,-FITC-MSN configurations; additional particle con-
figurations included MSN capped with Gd,O;, bismuth, or
gold. The uptake of FITC-MSN by hMSCs is shown. Con-
sistently, we observed a minimum adverse effect on cell
viability for MSN concentrations from 100-150 pg/mL
for each cell type and particle configuration. Other groups
have reported similar values for similar particles and cell
types.'”>* Thus, subsequent experiments were conducted
using a particle concentration of 125 pg/mL in growth
media.

The intracellular trafficking of particles was docu-
mented, first as particles became adherent to the cell
membranes, and ultimately as particles were engulfed and
compartmentalized in the cells over several days. In the
various conditions, particles did not elicit cell stress or
adversely affected cell function. The doubling time of nor-
mal cells is 2 days, non-labeled and labelled were compa-
rable to published results with similar cell types.*” Within
the first 1-2 days, nearly all the cells were labeled, and
very few free particles were observed outside the cells.
Thus, once the particles were in the cells, they were well-
tolerated during the experiment. Cell division continued
consistently until contact inhibition occurred at day 10.
Labeled cells that were passaged continued normal divi-
sion; with each subsequent division, the particles became
more dilute and difficult to detect above threshold fluores-
cence values.

Due to molecular differences in the composition of
the bilayer external membrane, compared to anchorage-
dependent cells, many non-adherent cells have less reac-
tive membranes and are therefore more difficult to label.>*
In our murine bone marrow transplantation studies, iPSCs
stimulated for bone marrow production®> were exposed
to PEG-CF;-TRITC-Gd,0;-MSN. Cell culture media was
supplemented with protamine sulfate to improve label-
ing; these polycationic supplements have long been used
to improve uptake for viral transduction.® Cell viabil-
ity appeared to be slightly hindered by MSN exposure,
while this effect was mitigated by protamine sulfate sup-
plementation. Wright stains on labeled and non-labeled
iPSCs showed a similar phenotype: the majority of cells
were found to be progenitors, as determined by their high
ratio of nuclear to cytoplasmic volume, while a few cells
were found to be more granulocytic in appearance, the
proportion of which did not significantly change after
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exposure to particles. Thus, binding and uptake with MSN
had no significant phenotypic effect on the cells. This is
further supported by the flow cytometry data; while it has
been observed that the GFP reporter gene grows dimmer
as iPSCs differentiate towards granulocytes,*® we did not
observe any shifts in the GFP intensity throughout our
exposure studies.

When evaluating the biocompatibility of the MSN, it is
important to address the mechanism of uptake in addition
to noting viability and phenotypic changes, as each uptake
pathway will have a different intracellular fate. These par-
ticles do not possess any specific receptor ligands, so the
mechanism is unlikely to be a form of receptor-mediated
endocytosis. Studies with similar particles have shown evi-
dence for non-specific pinocytosis,” while others describe
endocytosis via clathrin-coated pits.> The fact that pro-
tamine sulfate supplementation improves binding supports
the involvement of clathrin-coated pits.”” The intracellular
fate of pinocytosed or non-specifically endocytosed cells is
essentially the same: vesicle formation followed by fusion
with lysosomes as the cell attempts to clear the debris.
Other groups have provided evidence for fusion with lyso-
somes in similar particles, using the combined fluores-
cence of particles containing fluorophores and fluorescent
lysosome tracking reagents.** Future studies will investi-
gate the exploitation of specific receptor-mediated endocy-
tosis pathways through the functionalization of the particle
surface with ligands for known surface receptors on cells
of interest.

In addition to the demonstration of viability at the cel-
lular level, it is important to analyze systemic responses
to particulate exposure. Here, the mode of exposure has
a great effect on the systemic response. Similar silica
nanoparticles have been shown to induce inflammatory
cascades in an inhalation model,® while i.v.-injected par-
ticles are tolerated at very high doses.*! The former more
closely models an environmental exposure while the latter
represents a therapeutic route. Furthermore, while inhala-
tion is a good option for studies of the effects of partic-
ulates in the air, it has limitations. First, the amount of
material inhaled and transiting to the bloodstream is dif-
ficult to precisely measure. In addition, the quality of the
compounds may be altered at the pulmonary barrier prior
to uptake. After they cross the barrier, particles become
diluted and are difficult to trace in the absence of a moiety
that provides fluorescence or imaging contrast.

Therefore, in this study, we examined the effects of
MSN following systemic injection, using two models.
In the first, particles were injected systemically using a
retro-orbital approach in a murine model for bone marrow
transplant. This model is beneficial for studying biocom-
patibility because it is well-established,*? it allows for the
in vivo tracking of labeled cells in addition to free MSN,
and it represents another clinically relevant scenario in
which the MSN can be utilized. Hypointensities observed
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at the injection site and later in the kidney vasculature
indicate the MSN are cleared via renal pathways. Our
observations are consistent with similar studies involving
intravenous injection of NPs of various sizes. Some studies
have shown a slowing of renal clearance for particles as
small as 10 nm;>® however, this study was conducted using
quantum dots, which are known toxicants. Other studies
with well-characterized biocompatible particles show renal
clearance for sizes up to 100 nm,”” and hepatic/digestive
clearance for larger particles.®

Subsequently, we followed various parameters in the
injected mice, including signal changes in the spleen and
bone marrow, with no observed co-morbidity. MRI scans
were carried out for 21 days after tail vein injection, and
mice were observed for adverse reactions for 42 days after
injection. Of 10 total mice, 5 were sacrificed at day 21
and 4 were monitored until day 42, and one died during
the injection procedure. Despite sonication, agglomerated
MSN were observed in that sample; thus, extra care was
taken to ensure a monodisperse, small (less than 200 nm)
particle size prior to carrying out subsequent injections.
Furthermore, subsequent injections carried out in gravid
mice used a tail vein approach; this reduced the chance of
a particle aggregate traveling directly to the brain. Overall,
our observations are consistent with those that show a high
tolerance of silica-based particles in vivo.®

Despite the importance of the placenta in fetal devel-
opment, its total functions are not well-characterized.
Although it has long been known for the maternal-fetal
transfer of dissolved gases, nutrients, and other small
molecules, only recently has it been discovered to have
exocrine effects on the fetus, secreting a number of growth
factors and other hormones.®' Similarly, the trans-placental
transport of other, larger molecules and particles, includ-
ing toxicants, has not been well-characterized. In part,
this is due to the difficulty of studying the placenta in
real-time; although animal studies have been carried out,
access to human placenta is limited. In order to address
these issues, we have developed our MSN contrast agents
for multimodal, real-time quantification of trans-placental
trafficking.

To understand the effects of nanoparticles on fetal devel-
opment, gravid mice were injected with 1 mg PEG-CF;-
TRITC-Gd,05-MSN, or saline as a control, using a tail
vein approach for systemic injections at varying points
during gestation. The dose of 1 mg was chosen specifi-
cally because of its clinical relevance; this quantity is suf-
ficient to produce observable contrast in MRI, but orders
of magnitude below the known LDy, for amorphous sil-
ica in mice.*' The timing of the injections was chosen to
represent early/mid gestation (6-9 days), or late gestation
(15-16 days). Based on Carnegie staging, these injections
corresponded to 13-20 days and 54-58 days of human ges-
tation, respectively.®? During early/mid gestation, the prim-
itive heart and neural plate are developing, and somites
develop on day 8-9 in the mouse. By GD 16 in the mouse,

11



Biocompatibility of Multi-Imaging Engineered MSN: In Vitro and Adult and Fetal In Vivo Studies

Sweeney et al.

the embryo is nearly fully formed. In human gestation,
week 8 is considered the end of embryonic development
and the beginning of fetal development, as the organs and
tissues are present largely in their final morphology.

Throughout gestation, the maternal body weights were
monitored, and the fetuses and placentas were scanned
with MRI and ultrasound imaging. In similar animal stud-
ies, adverse reactions to toxicants present as poor weight
gain in the mothers, spontaneous resorptions and/or still-
born fetuses, and lower than normal weights in fetuses
were found.®® Here, we saw no significant differences in
maternal weight during gestation, or in maternal organs
after necropsy. A follow up post mortem investigation of
fetuses and placentas revealed that litter sizes and the num-
ber of spontaneous resorptions and underdeveloped fetuses
were similar in MSN-exposed mice and controls. Although
spontaneous embryo resorption is relatively uncommon in
humans, it has been documented as relatively common in
mice using high frequency ultrasound,® and in livestock
animals it has significant economic consequences. Gen-
erally, spontaneous embryo resorption reflects a complex
underlying mechanism including chromosomal anomalies,
placental insufficiency, and disturbances in the maternal-
fetal barrier.>?

Typically, studies of effects of toxicants on gestational
development are concerned with embryos having a lower
weight due to underdevelopment.®* However, changes in
embryonic weight alone are insufficient to determine the
adverse effect of a toxicant; as weight can vary greatly
among individual mice in a population regardless of
treatment.®® For example, animal studies of inhaled diesel
exhaust can be associated with either an increase®®® or
decrease® " in embryonic, placental, or neonatal body
weight. In our study, embryos and placentas exposed to
particles during early-mid gestation (GD 9) were slightly
underweight relative to controls, but not to a statistically
significant level (Table II). Conversely, the embryos and
placentas exposed to particles during late gestation (GD
14) were slightly above weight relative to their control
counterparts; the placentas were 42.3% larger (p < 0.01),
while the embryos were 17.6% larger (p < 0.05). If there
exists a causal link between late-gestational MSN expo-
sure and increased embryonic weight, the mechanism by
which this occurs is unclear. The aforementioned diesel
studies associate the increased embryonic weight with
increased production of inflammatory proteins, in addi-
tion to a much higher rate of spontaneous embryonic
resorptions and developmental issues®’ that we did not
observe in MSN-exposed pups that were carried to term.
To further support our hypothesis, maternal livers and sera
were collected at the time of necropsy and tested for an
array of inflammatory cytokines and ROS/RNS. Inflam-
matory reactions to injected particles typically involve the
interleukin (IL) family, interferon-gamma (IFN-v), and/or
tumor necrosis factor alpha (TNF-a).”! The only cytokine
which showed a significantly different concentration in
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MSN-exposed mice relative to controls was G-CSF, and
only in mice injected during late gestation. An elevated
level of G-CSF in MSN-exposed animals is expected, as
G-CSF is a known stimulator of the production of neu-
trophils, which clear various debris from tissue.”?> G-CSF
has also been found to have beneficial effects, including
neuroprotection;’? this, in conjunction with the fact that
more potent inflammatory cytokines (IL/IFN-y/TNF-a)
were not elevated, even in mice injected earlier in ges-
tation, allowing more time for a reaction to take place,
suggest a low level of maternal reaction to the MSN.

Interestingly, although pregnant mice exposed to MSN
during early gestation did not show elevated cytokine
levels, they did show elevated levels of ROS/RNS in
the maternal sera. Luo et al., showed a similar increase
by cultured macrophages 24-48 hours after exposure
to MSN, an effect which was mitigated by coating
the particles with biocompatible hydrogel, albumin, or
lysine.”" Typically, high levels of ROS can lead to chronic
inflammation,” though here the ROS/RNS increase does
not appear to be associated with an increase in interleukin
or interferon activity, and histopathology of liver showed
only mild accumulation of neutrophils, eosinophils, and
macrophages in both control and MSN-exposed mice. The
reason for this is unclear, though it may be related to the
timing of injections and necropsies. In another example of
chronic inflammation, a mouse model for colitis takes up
to 4 weeks between stimulation with non-steroidal anti-
inflammatory drug treatment and the onset of symptoms.’
Thus, the 7 days between injection and necropsy may be
too limited to observe a chronic inflammatory response.
Histopathology evaluation of kidneys found no significant
pathologies. The absence of pathology in livers was sup-
ported by no significant findings of major liver enzymes in
plasma of MSN-treated mice such as ALP, ALT, and AST.
Furthermore, normal kidney function was supported by a
lack of elevation of BUN, creatinine or total bilirubin in
the plasma of MSN-treated mice.

Data presented herein strongly confirm the relatively
inert nature of systemic MSN. In cultured cells no signifi-
cant adverse effects were seen on cell viability at concen-
trations in growth media up to 125 ug/mL, and in vivo
models demonstrated minimal acute responses. In addi-
tion, future studies will make use of the MSN as a bio-
compatible tool for non-invasive, real-time tracking of
cells or particles in live experiments. In the mouse model
for bone marrow transplant, we will use the particles to
label hematopoietic progenitor cells, using MRI to mea-
sure homing of cells to the bone marrow. Under the current
approach, the use of a GFP reporter gene to detect implan-
tation via chimerism in the blood takes up to 6 weeks.
With a novel approach using MRI detection of implanta-
tion, analysis delays can be reduced significantly. Addi-
tionally, the particles will be used in future studies of
transplacental transport, in order to gain insight into the
effect of size- and time-dependence on transport into the
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fetus. The unique ability to visualize the particles using
MR, including in the placenta, can be of great benefit to
the study of the as-yet unknown properties of the placenta.
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