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Abstract

Chronic toxicity evaluations of nanotechnology-based drugs are essential to support initiation of
clinical trials. ldeally such evaluations should address the dosing strategy in human applications
and provide sufficient information for long-term usage. Herein, we investigated one-year toxicity
of non-surface modified silica nanoparticles (SNPs) with variations in size and porosity (Stober
SNPs 46 + 4.9 and 432.0 £ 18.7 nm and mesoporous SNPs 466.0 + 86.0 nm) upon single dose
intravenous administration to female and male BALB/c mice (10 animal/sex/group) along with
their human blood compatibility. Our evidence of clinical observation and blood parameters
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showed no significant changes in body weight, cell blood count, nor plasma biomarker indices. No
significant changes were noted in post necropsy examination of internal organs and organ-to-body
weight ratio. However, microscopic examination revealed significant amount of liver inflammation
and aggregates of histiocytes with neutrophils within the spleen suggesting an ongoing or
resolving injury. The fast accumulation of these plain SNPs in the liver and spleen upon i.v.
administration and the duration needed for their clearance caused these injuries. There were also
subtle changes which were attributed to prior infarctions or resolved intravascular thrombosis and
included calcifications in pulmonary vessels, focal cardiac fibrosis with calcifications, and focal
renal injury. Most of the pathologic lesions were observed when large, non-porous SNPs were
administered. Statistically significant chronic toxicity was not observed for the small non-porous
particles and for the mesoporous particles. This one-year post-exposure evaluation indicate that
female and male BALB/c mice need up to one year to recover from acute tissue toxic effects of
silica nanoparticles upon single dose intravenous administration at their 10-day maximum
tolerated dose. Further, ex vivotesting with human blood and plasma revealed no hemolysis or
complement activation following incubation with these silica nanoparticles. These results can
inform the potential utility of silica nanoparticles in biomedical applications such as controlled
drug delivery where intravenous injection of the particles is intended.
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Introduction

The majority of research in nanotoxicology has been focused on short term toxicity
evaluation of nanoparticles.1# Long-term exposure to nanoparticles can have adverse
consequences that may not be observed in acute toxicity studies. When nanoparticles are
administered /n vivo, based on their body circulation time, biodistribution and the time
needed for their degradation and elimination from the body, persistence of adverse effects
can influence their long-term safety profile. For example, it has been shown that gold
content is still detectable in the urine and blood of subjects three months after single dose
inhalation of 5 and 30 nm gold nanoparticles.” It is clear that a specific dose of the drug
might decrease the disease symptoms without major toxicity in a short period of time, but
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adverse effects associated with chronic exposure is one of the main reasons for withdrawal
of pharmaceuticals from the market.® Regulatory guidelines outline safety evaluation of
medicinal products from 6 up to 12 months, based on duration and route of exposure and
type of animal, before approval and marketing.”- 8 For example, chronic toxicity testing on
juvenile animals should address the carcinogenicity and developmental concerns of drug
products before pediatric clinical trials.® Long-term or delayed toxicities such as
genotoxicity, developmental toxicity, and carcinogenesis might take months to years to
appear. Potential carcinogenicity of organic and inorganic nanoparticles such as carbon
nanotubes, titanium oxide and crystalline silica nanoparticles over time has been reported.®
For example, Lu X. et al. have reported 120 days after single dose pulmonary exposure to
multi-walled carbon nanotubes induced significant chronic inflammation and enhanced
breast tumor angiogenesis leading to lung metastasis in female BALB/c mice.10

Inorganic nanoparticles have been used for different biomedical applications including
controlled release and in vivo imaging.11-16 The subchronic and chronic Jn vivotoxicity of
inorganic nanoparticles have been reviewed recently.1’ It has been reported that persistent
exposure or long time post-exposure to inorganic nanoparticles correlate with inflammation,
fibrosis,18-23 immunotoxicity,24 neurotoxicity,25-27 carcinogenesis,28 29 and vascular
diseases,” in animal and human models. The potential long-term toxicity of inorganic
nanoparticles can be related to a number of factors including their physiochemical
properties, route, dose and frequency of administration, the animal species in which the
studies are conducted, and sex of the animals.1’

Silica-based nanoparticles are inorganic nanoparticles with potential in biomedical
applications such as controlled drug delivery and as imaging agents or theranostics.14 30 31
Various compositions of Cornell prime dots (C’-dots) for example are in clinical trials for
the diagnosis of brain, breast, head and neck and colorectal cancer.32 33 Targeted SNPs
(fluorescent cRGDY-PEG-Cy5.5-C dots) have been used for real-time image-guided
intraoperative mapping of nodal metastasis. 89Zr-DFO-cRGDY-PEG-Cy5-C’ dots and
64CUNOTA-PSMAI-PEG-Cy5.5-C” dots have also been investigated in human clinical trials
for imaging of brain and prostate cancers, respectively. There have been efforts for using
12411abeled cRGDY silica nanomolecular particle tracers for imaging of patients with
melanoma and malignant brain tumors as well. Other ongoing clinical trials where silica
nanoparticles are used include treatment of periodontal intrabony defects, Ridge deficiency,
dental fluorosis, tooth discoloration, and acute diarrhea.3* 35 Despite these advances, there
is limited information on acute (less than 24 hours), subacute (within one month),
subchronic (within 1-3 months) and chronic (after 3 or more months) toxicity of silica
nanoparticles as a function of their physicochemical properties.1” The /n vivo subacute
toxicities of silica nanostructures including 14 days toxicity study of hollow mesoporous
silica nanoparticles (HMSNP),36 and non-porous and mesoporous SNPs with different sizes
and aspect ratios3’~40 upon single and repeated dose intravenous administration have been
reported. Subchronic toxicity of different silica nanoparticles 45 days,*! 56 days,*2 and up to
60 days*3 upon 1V injection has also been evaluated. There have been some efforts to
understand the subchronic (28-84 days) safety of colloidal and mesoporous** and synthetic
amorphous silica nanoparticles?? upon intraperitoneal?2 and oral** administrations as well.
Altogether, these reports indicate that based on the type, size, and porosity of silica
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nanoparticles, and clinical usage design (the dose, route, frequency, and duration of
administration), these nanoparticles manifest different subchronic toxicity patterns.

To date, the majority of long-term toxicity studies on inorganic nanoparticles have been
performed for the duration of up to 13-14 weeks after administration. There are a few
studies which extend evaluation to more than 90-days and even fewer that are extended up to
one-year.*> Kolonsjaj and coworkers showed that the gold part of gold/iron oxide
nancheterostructures can persist in female C57/BI6 mice liver and spleen up to one year
upon intravenous (V) administration.® The coating of these nanoparticles influences their
biodistribution, degradation and clearance, where amphiphilic polymer (poly(maleic
anhydride alt-1-octadecene))-coated gold/iron oxide nanoparticles showed lower
degradability compared to poly(ethylene glycol) (PEG)-coated ones.*6 Clearly there
continues to be a critical need to understand the chronic toxicity of inorganic nanoparticles
including silica nanoparticles.

Previously, we investigated the effects of porosity, size, geometry and surface characteristics
of amorphous silica nanoparticles on their /7 vivo biodistribution and short-term toxicity in
CD-1 mice upon single dose IV injection, as well as on /n vitro toxicity in mouse
macrophage cell lines.37: 38. 47-53 Recently, we reported acute and subchronic (10 days, 60
days, and 180 days) toxicity of silica nanoparticles with different sizes and porosities
(SNPs50, SNP500, MSNP500) upon single dose IV administration in male and female
BALB/c mice.# Our data showed size-, porosity-, and sex-dependent acute toxicity of SNPs
where smaller and porous nanoparticles had lower maximum tolerated dose (MTD) and
male mice showed less tolerance (lower MTD) to injected mesoporous SNPs compared to
nonporous particles of the same size.* In our studies, we found silica content in the mouse
tissues (liver, spleen, and rarely lung) up to 60 days post single dose IV injection. This
accumulation caused reticuloendothelial organ injuries where most of the lesions were a
result of obstruction of blood capillaries after acute exposure to SNPs upon IV
administration and then the body’s effort to heal the damaged tissue ensued which resulted
in subchronic inflammation.# In this manuscript, we report the results of the extension of
this study on the same particles to one-year. The effect of SNP size and porosity upon single
dose IV injection to female and male BALB/c mice at their 10-day maximum tolerated dose
over one year is reported.

Due to their size, IV administration of drug products containing nanomaterials is common.>*
Understanding nanoparticle-blood interaction is critical before a meaningful translation for
clinical practice. Numerous nanoparticles including silica nanoparticles have been found to
have concentration-, size- and geometry-dependent hemocompatibility.>> Here, we have
further evaluated the hemolytic and complement activation of silica hanoparticles in human
blood as a function of aforementioned physicochemical properties.

Materials and Methods

1.1. Silica nanoparticle synthesis and physiochemical characterization

SNPs were synthesized using the Stéber method and characterized as described previously.
4,47 In brief, size and morphology were determined by Transmission Electron Microscopy
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(TEM) ) with a JEOL JEM 1400 microscope (JEOL Ltd., Tokyo, Japan) operating at 120 kV.
Hydrodynamic size and zeta potential were measured by dynamic light scattering (DLS)
using a Zetasizer Nano ZS (Malvern Instruments Ltd., Worcestershire, U.K.). The
nanoparticles were determined to be clinically endotoxin free through photometric
quantification of endotoxin lipopolysaccharide (LPS) by using Pierce™ Chromogenic
Endotoxin Quant Kit (Thermo Scientific Inc., Waltham, MA, U.S.A.). We used the exact
same nanoparticles for this study as we did for the acute and subchronic toxicity studies
reported previously.* These were three different silica nanoparticles in two sizes, namely,
Stober silica nanoparticles (432 + 18.7 nm (Stéber SNPs500) and 46 + 4.9 nm (Stober
SNPs50)), and mesoporous silica nanoparticles (466 + 86 nm (MSNPs500)) comparable in
size to the larger Stober SNPs (Figure S1 and Table S1).

1.2. Animals and nanoparticle administration

All animal procedures were approved by The University of Utah Institutional Animal Care
and Use Committee (IACUC). 43-49 days old female and male inbred immune intact
BALB/c mice were obtained from Charles River Laboratories (strain code #28). The animal
groups (5 mice/cage) were acclimated to 12 h light/dark cycle with free access to water and
food under 20% humidity and 72-74°F temperature for two weeks prior to injection. The
cages were randomly assigned to control and treatment groups with 10 animal/group/sex.
Mice were dosed with freshly prepared SNPs in 0.9% saline solution through tail vein
intravenous administration at their 10-day MTD (100 mg kg~ for SNP50 and MSNP500
and 300 mg kg~ for SNP500)(Table S1)# in 150 pL suspension (Table S2) using 28G
syringes (BD, VWR, Radnor, PA). It should be mentioned that MTD for MSNPs were
different in both sexes (100 mg kg~ in female and 40 mg kg~ in male). Same dose of
MSNPs (100 mg kg~1) was injected to both female and male mice to see the long-term effect
at equal dose (Table S2). The general behavior and body weight changes of mice were
monitored and recorded daily up to 10 days, 2 times/week up to two months, weekly up to
six months, and once per month until one year.

1.3. Necropsy and organ weight measurement

The animals were sacrificed one-year after administration by exsanguination following
inhalation of 5% isoflurane using vaporizer (Vetequip, CA, USA). Following necropsy, main
vital organs (liver, lung, spleen, brain, kidney, heart, stomach, intestine and reproductive
organs) were extracted and weighted freshly using Mettler-Toledo XP204 balance
(Columbus, OH, USA). The collected tissues were preserved in 10% neutral buffered
formalin (VWR, Radnor, PA) for further histological examination.

1.4. Hematology and blood chemistry

Upon animal anesthesia, blood was collected into sodium heparin and K2- EDTA (3.6 mg)
tubes (BD, VWR, PA, USA) from heart using 31 G syringes. Cell blood count and
hematology parameters were determined by Heska CBC-HTS5 instrument (Loveland, CO,
USA). Plasma of the blood samples was obtained by centrifuging at 3,000 Xg for 15 min
and the blood chemistry parameters were determined using a Heska DRI-CHEM veterinary
blood chemistry analyzer (Loveland, CO, USA).
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1.5. Histopathological examination

1.6.

1.7.

The dissected organs during necropsy including lung, liver, brain, heart, intestine and
genitourinary organs, were fixed in formalin for three days and then transferred to an ethanol
solution (70%). Tissue samples were submitted in tissue embedding cassettes (Simport,
Canada), processed by Tissue-Tek VIP 6 Vacuum Infiltration Processor (Sakura Finetek,
CA, USA) at ARUP Laboratories (Salt Lake City, Utah). The sections were obtained from
the prepared tissue blocks using Leica Microm RM55 Rotary Microtome (IL, USA) and
placed on glass slides, later stained with Hematoxylin and Eosin on Tissue-Tek Prisma
Automated Slide Stainer (Sakura Finetek, CA, USA). Slides were scanned with Aperio
digital pathology slide scanner (Leica Biosystems, IL, USA) and analyzed with Image Scope
software (Leica Biosystems, IL, USA).

Blood collection and plasma preparation

The human blood samples were used based on approved procedures of The University of
Utah Institutional Review Board (IRB). Venous blood of eight healthy volunteers who were
medication- (non-prescribed and birth control medications not included) and alcohol-free for
72 hours was collected following the NCI Nanotechnology Characterization Laboratory
(NCL) protocol.?® Both ABO and Rh type were determined for each donor using an
Eldoncard blood typing kit (Eldon Biological, Denmark) and compatible plasma was pooled.
The first 10 mL of blood was discarded.

Complete blood count (CBC) analysis of whole blood was subsequently preformed using a
Heska Element HT5 (Heska Corp., Loveland, CO, U.S.A.) to evaluate overall health of each
donor. SNP concentrations for all blood studies were selected based on relevant injected
doses in mice and theoretical plasma concentrations in human doses as described previously.
57 The samples tested were SNPs500, MSNPs500, SNPs50 at final concentrations of 0.005,
0.05, 0.1, and 0.3 mg mL~1 in 0.9% normal saline.

Hemolysis assay

SNPs were mixed with diluted whole blood (contain 10 + 2 mg mL ™ total blood
hemoglobin) and incubated at 37°C for 3 hours. Stable form of hemoglobin, CMH reagent
(Drabkin’s solution containing cyanide) was detected spectrophotometrically at 540nm
using Spectra Max M2 spectrophotometer (Molecular Devices, Sunnyvale, CA). The amount
of released hemoglobin upon hemolysis was analyzed by using a calibration curve of
Drabkin’s reagent and Brij (Sigma Aldrich, MO, USA) and quality controls from
commercially available human hemoglobin (Sigma Aldrich, MO, USA) as described before.
58,59 Triton X-100 (Acros Organic, NJ, USA ) was used as a positive control.

1.8. Complement activation assay

Plasma was prepared by centrifugation of fresh whole blood at 2500 X g for 10 minutes.
Equal volumes of plasma, Veronal buffer (Boston Bioproducts, MA, USA) and the samples
were mixed together and incubated at 37°C for 30 min. The samples were stored in —80°C
before use. The amount of iC3b was detected by Quidel iC3b ELISA Immunoassay (EIA)
MicroVue Complement kit (Thermo-Scientific, Pittsburgh, PA) following manufacturer’s
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protocol. Cremophor (EMD Millipore, MA, USA) and 0.9% saline solution were used as
positive and negative controls, respectively.

1.9. Statistical analysis

Results

GraphPad Prism 8 software (CA, USA) was used to perform statistical analysis. Results are
presented as mean + standard deviation. The difference between values was considered
significant at the level of p < 0.05.

During the one-year study, all the mice showed no statistically significant difference in
growth rate from the saline injected control group (Figure 1). The female and male mice had
some loss of hair on the muzzle, neck and two sides of their body as described below. Three
out of 10 males in the control group, 5 out of 10 males that received Stéber SNPs50, and 2
out of 10 males in both Stéber SNPs500 and MSNPs500 group showed hair loss. In females,
one animal in the control group and four out of 10 in both Stéber SNPs500 and Stéber
SNPs50 groups showed hair loss. The earliest time for the hair loss occurred on day 49 after
injection and continued for several weeks until hair grew back. Some clinical morbidity
including shortness of breath and weakness in back hind leg was observed in two female
mice that received Stoéber SNPs500 (on day 5 and day 301) which lasted for a week. In the
same group, one other animal lost weight on day 301 and was found dead 364 days after
injection. A female animal in the control group also became sick on day 329 with signs of
loss of weight, rigid tail, shortness of breath and black eye and veins, and died on day 339.
In addition to these three animals, one male in control group was found dead on day 211
without any clinical abnormality. Thus, 4 out of 80 mice died during the one-year study
(Figure 1, inset).

At the end time point, the surviving animals were sacrificed. No gross tissue injuries were
found in any injected female and male mice. The weight to body ratio percent of various
vital organs were not significantly different in comparison to saline injected control groups
as shown in Figure 2.

The different blood cells were counted in blood withdrawn from heart of sacrificed animals.
As Figure 3 shows, the number of platelets, red blood cells, the different types of white
blood cells (basophil, lymphocyte, eosinophil, monocyte, neutrophil), other blood
parameters such as hemoglobin, hematocrit, red blood cell distribution, mean cell
hemoglobin concentration and mean cell volume in SNP administered animals were the
same as those of the control group and all were in the normal range.

The levels of glucose, total protein, aspartate amino transferase (AST), alkaline phosphatase
(ALP), alanine aminotransferase (ALT), and blood urea nitrogen (BUN) were measured in
the surviving one-year animals. Female and male BALB/c mice that received Stober
SNPs500, SNPs50 and MSNPs500 had normal levels of indicated plasma biochemical
indices (Figure 4).
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Histology evaluation showed evidence of tissue injury one-year after SNPs IV single
administration. One male and one female animal that received SNPs500 and SNP50,
respectively, showed foci of scarring within the heart, pericardial calcifications or
myocardial calcification (Figure 5A). Two female mice previously injected with SNPs500
and SNPs50 had focal calcifications in pulmonary vasculature (Figure 5B). Examined
kidneys of three male mice that received large SNPs had mild chronic lymphocytic
inflammation within the interstitial space along with focal tubular injury (Figure C and D)
and luminal casts composed of white blood cells debris. Notably, there were also two male
mice with focal renal interstitial fibrosis and hemosiderin deposition in the control group;
however, neither tubular injury nor ongoing parenchymal damage was observed in those
animals. Several lesions were observed in the liver tissue microscopically. There was one
animal with subcapsular hepatic fibrosis and calcification, previously injected with SNPs50.
Seven of the twelve treated animals (58%) showed inflammation within the liver tissue
consisting of scattered aggregates of mostly lymphocytes with admixed histocytes or
pigment laden macrophages (Figure 5F). This inflammation was largely located within the
hepatic lobules or perivascular spaces. There was also minimal to mild macrovesicular
steatosis (1% - 15%) (Figure 5E) noted in multiple animals from both treated and control
groups. One saline injected female mouse showed significant (90%) microvesicular steatosis
(Figure 5G), which was an unexpected finding not seen in other samples. Focal hemosiderin
deposition within the spleen was noted in multiple animals from both the treated and control
groups (Figure 5J). The fast accumulation of these plain SNPs in the liver and spleen upon
i.v. administration and the duration needed for the clearance of the particles, probably
caused these injuries. Four animals injected with SNPs500 showed aggregates of histocytes
with neutrophils or necrosis within the splenic white pulp (Figure 5I). Brain and
reproductive organs of all studied animals (4 animals for each treatment group) did not show
remarkable pathology alterations. The observed pathologic lesions were mostly in the
animals that were injected with large, non-porous SNPs compared to small non-porous SNPs
and mesoporous SNPs.

To further understand the potential mechanisms underlying silica nanoparticle effects on
blood components, hemolysis and complement activation were evaluated. Since in vitro
analysis of rodents’ blood is known to be insensitive to these toxicities, we used human
blood. This choice is supported by the literature reports suggesting that human blood assays
correlate with clinical findings in patients and represent a sensitive model as opposed to in
vitro rat or mouse blood assays (reviewed in 7). Furthermore, the complement activation is
known to underlie both short-term (e.g., anaphylactoid reactions) and long-term (e.g., the
induction of adaptive immunity through activation of T- and B-cell responses) effects.50: 61
Figure 6 shows relative hemolytic activity and activation of complement pathway in the
presence of SNPs500, SNPs50 and MSNPs500 at the different tested concentrations.
Although, the assay positive control, Triton X-100, induced about 100% hemolysis, we did
not see any significant hemolysis in any of the SNP samples (0.05 — 0.3 mg mL~1) compared
to negative control (0.9% saline solution). We also observed that none of the tested samples
promoted complement when normalized to saline control.
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Discussion

There continues to be a growing interest in detailed evaluation of safety of inorganic
nanoparticles. Despite significant studies on /7 vitro and in vivo acute toxicity of inorganic
nanoparticles, the long-term monitoring of potential risk of these materials is limited.
Having the knowledge of what might happen over months after nanoparticle administration,
relative to dose and physiochemical properties, helps the medical community to be alert,
predict and potentially prevent and cure the side effects resulting from intended or
unintended exposure to inorganic nanoparticles. In this study, we examined the toxicity of
silica nanoparticles with different sizes and porosities one-year post single dose intravenous
injection in two sexes of BALB/c mice. Our findings show that exposures to different silica
nanoparticles (Stéber SNPs50 and SNPs500, and MSNPs500) were tolerated without
statistically significant changes in morbidity and body weight changes (Figure 1) and
hematological profile including cell blood count and blood biomarker indices (Figures 3 and
4). Two female mice that were injected with non-porous SNPs500, showed clinically
significant symptoms 10 months after 1V injection at MTD (300 mg kg™1). The observed
clinical abnormalities (e.g., weakness in the back hind leg and weight loss) were the same as
those we observed upon injection of the same particles at high dose (more than MTD)
during 10-day toxicity study. This mortality is not significant since two animals (one female
and one male) from control group died during the year as well. Hair and whisker loss were
observed in all groups during the one-year study for both female and male BALB/c mice. It
has been reported that barbering, which is a social behavior of fur/whisker trimming, is a
common behavior in laboratory rodent animals (2.5-4 months old).62-64 We believe this
observation is related to the aging of the animals or long-term group housing. Further long-
term phenotype evaluation of BALB/c mice is needed to address this issue.

Previously, our acute toxicity study revealed that brain, heart, lung, liver, kidney and spleen
were the target organs upon 1V bolus administration of the same silica nanoparticles
(SNPs50 and SNPs500, and MSNPs500) to female and male BALB/c mice at the doses
greater than 10-day MTD.# Further, subchronic toxicity evaluation of the same particles
demonstrated that even though the silica nanoparticles were cleared from the
reticuloendothelial organs (liver, spleen, and lung) during 60 to 180 days after single IV
injection (Figure S2), still there were increased inflammatory signals (up to 60 days) and
significant lesions in liver, lung, and spleen (up to 180 days) after injection at MTD.* The
representative one-year histopathological examination on the same particles showed a few
animals still had clinically significant pathologic lesions without organ weight changes
(Figures 2 and 5). There were calcifications within the pulmonary vessels observed in two
animals (female SNPs500, male SNPs50) from our cohort. These changes are likely to
represent sites of prior intravascular thrombi that have since resorbed (Figure 5). Vascular
calcifications are known to occur in pulmonary thrombosis or inflammation.55: 66
Proinflammatory cytokines, have been observed upon subchronic exposure to SNPs,# and
macrophage release products that promote deposition of calcium in vessels.%6 Vascular
insufficiency is also a common cause of chronic renal and heart failure.8” There were two
female animals receiving SNPs500 that had kidneys showing interstitial inflammation,
tubular injury, and luminal casts one-year after injection. There were also two animals
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showing fibrosis and calcifications within the heart after one year (Figure 5). We
hypothesize that these changes have resulted from compromised vascular supply or outflow,
through particles induced obstruction. More experimental evidence is needed to confirm this
hypothesis.

Liver is one of the organs where nanoparticles are known to accumulate following IV
administration.58 Two female mice which received large non-porous SNPs500 in our study
showed numerous aggregates of lymphocytes with admixed histocytes within their livers.
The degree of inflammation varied but was noted in up to 58% of all treated animals. There
was no significant liver fibrosis or cirrhosis noted on H and E stained slides apart from one
sample (female who recovered from SNP50) which showed focal fibrosis with calcifications
limited to subcapsular region (Figure 5). Overall, data suggest that the observed
inflammation likely resulted from the remote administration of nanoparticles because similar
changes were not seen in the control animals. Inflammatory infiltrates may take time to
resolve completely. Therefore, the observed inflammation could indicate resolving or
ongoing injury as well. Another microscopic alteration observed in multiple liver samples
was macrovesicular steatosis involving 1% to 15% of all hepatocytes, minimal to mild in
severity. These changes were observed in the treated animals as well as the control groups.
Therefore, it is difficult to be certain about causation. However, diet, amount of exercise and
body mass index influences accumulation of fat in the liver. Drugs and toxins are also known
to cause liver steatosis clinicaly.®® Therefore the association between steatosis and
nanoparticles cannot be completely excluded. Of note is that there was one female from the
control group that showed more than 90% microvesicular steatosis. This was an unexpected
finding not seen in other control samples. Microvesicular steatosis as seen in this case, may
have been influenced by diet or other process causing deranged mitochondrial beta
oxidation.”% 71 Commonly considered etiologies include metabolic diseases and drug/toxin
effects. These latter causes are unlikely because metabolic diseases are very rare in
experimental animals, there was no uncontrolled drug or toxin administration, and the mice
were housed with the same sex animals precluding pregnancy.

Four animals injected with SNPs500 (two females and two males) showed accumulation of
histocytes with neutrophils or necrosis within the splenic white pulp, which was interpreted
to represent splenic macrophages taking up SNPs prior to further clearance or
granulomatous drug reaction. Another lesion found in the spleen was focal hemosiderin
deposition which was observed in treated animals (all males and also in females (SNPs500
injected)) and samples from control groups, that could be age associated change, unrelated
to nanoparticles.

Overall, it can be concluded that most of the pathologic lesions were observed in the animals
that were injected with large, non-porous SNPs. The MTD of these SNPs was higher, which
means more SNPs500 (300 mg kg™1) were injected into the animals compared to the other
studied SNPs (100 mg kg™1). Thus, the body needed more time to clear and heal from the
injected silica. Second, we have shown that porosity of silica nanoparticles changes their /n
vitro degradation and excretion from the body.#® MSNPs (100 nm) were shown to degrade
much faster than the same size Stober SNPs in different simulated body fluids and in RAW
246.7 macrophages.*® In addition, 28-day excretion study of MSNPs showed 53% of silicon
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content in the urine compared to about 27% in non-porous SNPs following 1V
administration to female CD-1 mice at the same dose.*8 We have shown MSNPs500 degrade
50-80% in simulated lysosomal fluid (pH 4.5), simulated intestinal fluid (pH 6.5), simulated
body fluid (pH 7.4), and in deionized (DI) water pH 6 after 28 days. In addition to surface
area and porosity, it has been shown that MSNP’s hydrolytic susceptibility and stability is
dependent on the silica network connectivity and degree of condensation. Méller and Bein
observed that synthesis conditions and particle composition determine degradability by
varying the degree of condensation.” MSNPs synthesized under basic conditions resulted in
lower network connectivity and more rapid dissolution kinetics when compared to MSNPs
synthesized in acidic conditions.”? Therefore, faster clearance of MSNPs along with their
lower dose of injection may be the reason for the observed safety profile of these NPs and
delayed tissue repair for Stéber SNPs in our one-year study. The nanoparticle size may
influence the long-term toxicity in that smaller porous SNPs may have different behavior
compared to nonporous SNPs; such comparison needs to be investigated in the future within
the context of specific applications

One concern regarding intravenously administered nanoparticles is the lysis of red blood
cells and immunotoxicity upon interaction with blood cells and plasma proteins.”3
Experiments conducted in this study did not reveal any detectible hemolysis upon three
hours incubation of fresh human whole blood with SNPs50 and SNPs500, and MSNPs500
(Figure 6a). Although, earlier studies suggested SNPs have hemolytic activity which
correlate with their porosity and geometry.4® The data here emphasize that this effect is
associated with the concentration of nanoparticles, number of exposed red blood cells, and
incubation condition. Also, it has been reported that opsonization of complement protein on
the surface of nanoparticles causes immunogenicity’# 7> which is physiochemical
properties-dependent.8: 76. 77 Human complement component proteins have been found on
the surface of silica nanoparticles with various sizes ( 20, 30, 100 nm) where the size was
critical for the type and amount of this protein corona.”® Complement proteins including
complement C4, C4 isoform X2, and complement factor I, H, and B precursor, are dominant
in the protein corona around SNPs50, SNPs500 and MSNP500 nanoparticles.” Our data
here revealed, however, that none of the studied SNPs at the indicated concentrations
(0.005-0.3 mg mL 1) promote complement activation through increasing iC3b protein level
(Figure 6b). Previous studies with silica nano- and microparticles (180 nm and more than
1um) have indicated that they do not activate intracellular complement.”® These data show
that the relevant human maximum tolerated dose of SNPs does not induce hemolysis and
immunotoxicity upon activation of complement pathway in human blood. Further studies on
platelet aggregation and plasma coagulation in the presence of SNPs at MTD are needed to
establish the hemocompatibility of these nanoparticles.

Safety evaluation of silica nanoparticles with variations in physicochemical properties
following intravenous administration has been reported. Liu ef a/. reported that 110 nm
hollow mesoporous SNPs accumulated in liver and the particles had LC50 at the dose more
than 1 g kg™ in ICR mice upon single dose intravenous administration, and that daily
repeated IV administration for 14 days at 20-80 mg kg1 of the same particles did not result
in death.38 It has been reported that male BALB/c mice tolerated different doses (1-300 mg
kg™1) of single intravenously administered SNPs (150 nm) for 14 days without any
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significant blood and tissue toxic effects.39 In addition, 45-day subchronic pulmonary
inflammation with accumulation of collagen was observed in male ICR mice upon receiving
20 mg kg™t amorphous SNPs (62 nm) through tail vein injection once per three days.4!
Eight-week toxicity testing of 10 nm negatively charged SNPs (5 mg kg™1) upon weekly IV
administration to female BALB/c mice demonstrated an increase in pro-inflammatory
cytokines in serum along with liver inflammation.#2 Subchronic hepatotoxicity of different
sizes of silica nanoparticles (20, 70, 80, 300 and 1000 nm) was also reported upon 1V
injection.”®: 80 These studies clearly establish the fact that short- and long-term toxicity of
SNPs upon IV injection depends on their physiochemical properties, dose and frequency of
administration. The detailed mechanisms of the toxicity of SNPs needs to be established.
Our studies on acute and subchronic® and this report of chronic toxicity of the same silica
nanoparticles as a function of size and porosity on female and male BALB/c mice suggest
the possible mechanisms of toxicity and the ensuing healing outcomes that are summarized
in Figure 7.

Single dose IV injection of silica nanoparticles in female and male BALB/c mice, causes
blood vein obstruction which could be caused by aggregation upon injection. Infarction and
thrombosis then ensue especially in the main accumulated organs, lung, spleen and liver.
The tissue lesions remained sub-chronical (60-180 days upon injections) with increasing
inflammation and aggregation of macrophages and neutrophils, and calcification to heal the
injured organs.* On the other hand, acute and subchronic blood toxicity which appeared to
decrease WBC happens upon administration of silica nanoparticles which might be a result
of direct toxicity of particles to macrophages and possibly reversible bone marrow
suppression which continued up to 60 days after injection (Figure S3). Therefore, Stober
SNPs 46 + 4.9, Stéber SNPs 432.0 + 18.7 nm, and mesoporous SNPs 466.0 + 86.0 nm at
their 10-day maximum tolerated doses cause acute and slight subchronic toxicity in female
and male BALB/c mice. The animals needed six months to one year to recover from induced
acute toxicity of silica nanoparticles upon single dose intravenous administration. This
recovery time was porosity-and size-dependent. Most of the lesions we observed upon IV
injection were the result of blood obstruction probably due to the aggregation of SNPs under
physiological conditions. Therefore, stabilizing silica NPs to decrease aggregation/
agglomeration such as surface functionalization with poly(ethylene glycol)®® in addition to
decreasing the dose of injection and increasing the dosing frequency might potentially
reduce the long-term tissue toxic effects of these nanoparticles.

It is clear that the toxicity of SNPs relates to the amount of delivered SNPs that in turn,
depends on the cargo to be delivered, the loading capacity of the carrier, and frequency of
administration. The size, charge and porosity of MSNPs defines their loading capacity for
different applications such as cancer therapy.82 Shen et al., for example, found the maximum
loading capacity of 120 nm MSNPs with pore volume of 0.32 cm3 g~ to be 306 mg
doxorubicin (DOX) per 1g MSNPs.83 The mass of DOX dose for a standard dose of clinical
treatment (75 mg m~2 IV q21 Days) would be 136.88 mg in the average human adult
(weight of 70 kg and height of 1.72 m). Therefore, based on the reported loading capacity of
MSNPs,83 the mass of MSNPs needed for a single injection would be 0.45 g. The relevant
MTD of MSNP500 we observed was 0.57 g in humans. Thus, a single dose administration
of DOX loaded MSNP500 will be close to MTD and may result in acute and subchronic
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toxicity.* However 21 days repeated dose administration might cause significant silica
related toxicities since this duration is not enough for recovery. However, the theoretical
loading capacity of MSNP500 might be less than MSNP 120 nm due to smaller surface area.
Other approaches such as use of hollow mesoporous nanoparticles can reduce the amount of
silica to be administered while maximizing loading capacity. Having the knowledge of the
long-term effects of SNPs at a specific dose upon IV injection along with detailed
understanding of their degradation and elimination profile, dosing frequency, drug potency
and other parameters can inform the rational design of the type and dose of SNPs for
specific controlled release applications. Our data clearly shows that the long-term toxicity of
silica nanoparticles is physiochemical properties dependent. Any changes in the surface
functionalization of these nanoparticles such as attachment of poly(ethylene glycol) will
likely change the long-term toxicity profile as well. The data reported here emphasizes the
importance of long-term toxicity evaluation of nanoparticles which needs to be done on a
case by case basis depending on the context in which they are being used.

Conclusions

Altogether, our one-year toxicity evaluation of SNPs indicates that non-surface modified
Stober SNPs 46 + 4.9 nm, Stober SNPs 432.0 £ 18.7 nm, and mesoporous SNPs 466.0 +
86.0 nm do not cause chronic toxicity in female and male BALB/c mice following single
dose intravenous bolus administration at their 10-day maximum tolerated dose. We observed
only a few animals with microscopic lesions in liver, kidney, spleen or lungs which could
have resulted from previous intravascular thrombosis, or focal resolving or ongoing
inflammatory response. The observed pathologic lesions were mostly in the animals that
were injected with large, non-porous SNPs. No statistically significant chronic toxicity was
observed for the small non-porous SNPs and for the MSNPs. Relevant MTD of small, large
and mesoporous SNPs did not induce hemolysis or activate the complement pathway in
human blood sample ex vivo. This study provides information for safe and effective design
of SNPs in controlled delivery applications. It must be stated that depending on dose,
frequency of administration and physicochemical properties of SNPs the toxicity profile of
SNPs will change.
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Figure 1.
Body weight changes of BALB/c mice over one-year post IV administration of various

SNPs at indicated doses. The increasing body weight rate of injected female and male
BALB/c mice was the same as relevant sex of saline injected control groups. /nset: Body
weight changes of dead mice during one year. Four out of 80 animals died during the one-
year study two of which were saline injected mice (female and male) and two were females
that received large Stober silica nanoparticles (SNPs500).
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Figure 2.
Normalized organ-to-body weight ratio percentages of female and male BALB/c mice that

were administered intravenously with different silica NPs and survived for a year.
Significant differences in organ-to-body weight ratio percentages between nanoparticle
treated groups and control groups were not observed. Abbreviations: brain (BN), lung (LN),
reproductive organs (RO), heart (HT), spleen (SP), stomach (ST), intestine (IN), kidney
(KD) right (R) and left (L).
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Figure 3.

Hematological values of female and male BALB/c mice injected with various SNPs at
indicated doses. The first and last columns are the minimum and maximum average normal
range in both sexes. Significant blood level changes were not observed in any of the cohorts
studied.

J Control Release. Author manuscript; available in PMC 2021 August 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mohammadpour et al.

Page 23

Blood Urea Nitrogen

T T T T T ITIII

Normal high range
@ S-500nm (304.04+= 11.51 mg/kg)

& M-500nm (98.2+ 3.5 mg/kg)
£ M-500nm (99.65+ 2 mg/kg)

& S-50nm (99.9+ 3.8mglkg)
£ S-50nm (100.63+ 4.42 mg/kg) I —

& Controt
2 ControH Ty
Normal low range —g
I T T T 1
0 10 20 30 40
BUN (mg/dl)

Glucose

Normal high range Z2ZZ2ZZ2Z2222222222222222222222

& S-500nm (304.04x 11.51 mg/kg)-SESSSSSEEECECCCCCCCNY———
£ S-500nm (332.92+ 1.38mg/kg)
M-500nm (98.2+ 3.5 mg/kg)

£ M-500nm (99.65+ 2 M@/Kg ) —FIIIIIIIIIIIN
2 o 50 S S

2 S-50nm (100.63= 4.42 mg/kg) I

J Controt
% ControHE TR e T e e

Normal low range ==

0 100 200 300

Glucose (mg/dl)

Alanine Aminotransferas

Normal high range
& S-500nm (304.04+ 11.51 mg/kg)

& M-500nm (98.2+ 3.5 mg/kg)
£ M-500nm (99.65+ 2 mg/kg)

@ S-50nm (99.9+ 3.8mg/kg)
£ 8-50nm (100.63+ 4.42 mg/kg)—{IIIITH

Total Protein

Normal high range 22222222727 277272222227272272
#S-500nm (304.04+ 11.51 mg/kg)-ESSSSSSSSSSSSSSSSSSH——
£ S-500nm (332.92+ 1.38mg/kg) ~Z22
AM-500nm (98.2+ 3.5 mg/kg) =
9 M-500nm (99.65+ 2 mg/kg)
& S-50nm (99.9+ 3.8mg/kg)
2 8-50nm (100.63+ 4.42 mg/kg) I IO

' ControH=—=¥} d" Controt
£ ControHEzama+ 2 ControH
Normal low range-F | | i ; Normal low range
0 50 100 150 200! 0 2 4 é é
ALT (U/L) Protein (gr/dL)
Alkaline Phosphatas Aspartate Aminotransferase
Normal high range (2222227777777 2272272227774 Normal high range 2222222222 27222222222222222221
@ S-500nm (304.04:+ 11.51 mg/kg)-{SSSS— & S-500nm (304.04+ 11.51 mg/kg)-SNSSSSSSY—
£ S-500nm (332.92+ 1.38mg/kg) & £ S$-500nm (332.92+ 1.38mgl/kg)
'M-500nm (98.2+ 3.5 mg/kg) @ M-500nm (98.2+ 3.5 mg/kg)
£ M-500nm (99.65+ 2 mg/kg) £ M-500nm (99.65+ 2 mg/kg)
& S-50nm (99.9+ 3.8mg/kg) *S-50nm (99.9+ 3.8mg/kg)
£ 8-50nm (100.63+ 4.42 mg/kg) 2 $-50nm (100.63+ 4.42 mg/kg) (I
& Contro & ControH——-
£ Contro-EE=sses) £ ControHEEeemg-
Normal low range Normal low range-ﬂ
T T 1 I 1 1 T 1
0 100 200 300| 0 100 200 300 400
ALP (U/L) AST (U/L)

Figure 4.

Plasma biochemistry values of surviving one-year mice administered SNPs intravenously at
indicated doses. The results show there is no significant difference in alanine
aminotransferase (ALT), aspartate amino transferase (AST), alkaline phosphatase (ALP),
blood urea nitrogen (BUN) total protein, and glucose of treated animals.
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Figure 5.
20x H and E microscopic images of histologic changes one-year post SNPs IV injection (A-

F and H-J) identified in various organs including focal myocardial calcification(s), likely
intravascular (A), calcification within the pulmonary vessels (B), focal lymphocytic infiltrate
within the renal interstitium (C), focal white blood cell casts in renal tubule (D), minimal to
mild macrovesicular steatosis, without ballooning or Mallory hyaline (E), focal
inflammation within the liver tissue mostly composed of lymphocytes with admixed pigment
laden macrophages (F), marked microvesicular steatosis in one of the control animals (G),

J Control Release. Author manuscript; available in PMC 2021 August 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mohammadpour et al.

Page 25

liver tissue with subcapsular fibrosis and calcifications (H), aggregates of histocytes and
neutrophils within the white pulp (1), and splenic hemosiderin deposition (J).
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a) Relative iC3b concentration in human plasma incubated with SNPs50, SNP500 and
MSNPs500 to saline control. Data plotted as mean + standard deviation of three repeats. b)
Percent hemolysis of human blood following 3 hours incubation with SNPs50, SNPs500 and

MSNPs500.
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Figure 7.
Possible healing outcomes induced by silica NPs during acute, subchronic and chronic

evaluation following single dose intravenous administration.
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