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Silica nanoparticles (SiNPs) are used in consumer products, engineering and medical technologies.

Attractive properties of SiNPs (e.g. size/surface-modification) enhance usage and thus the likelihood of

environmental/human exposures. The assessment of health risks associated with exposures to SiNPs

requires information on their relative potencies and toxicity mechanisms. In this work, phagocytic J774

cells were exposed to amorphous pristine (15, 30, 75 nm) and surface-modified (–NH2, –C3COOH,

–C11COOH, –PEG) SiNP variants, and internalization was assessed by transmission electron microscopy

(TEM), while cellular ATP was measured as a cytotoxicity endpoint. Furthermore, mitochondrial fractions

from J774 cells were exposed to these SiNP variants (5, 15 μg mL−1), as well as two reference particles

(SiNP 12 nm and TiO2), and proteomic changes were analyzed by mass spectrometry. Ingenuity Pathway

Analysis was used to identify toxicity pathways. TEM analyses showed SiNP internalization and distribution

along with some changes in mitochondrial structure. SiNP size- and surface-modification and chemical

composition-related changes in mitochondrial proteins, including key proteins of the respiratory complex

and oxidative stress, were evident based on high content mass spectrometry data. In addition, the dose-

related decrease in cellular ATP levels in SiNP-exposed cells was consistent with related mitochondrial

protein profiles. These findings suggest that physicochemical properties can be determinants of SiNP

exposure-related mitochondrial effects, and mitochondrial exposures combined with proteomic analysis

can be valuable as a new approach methodology in the toxicity screening of SiNPs for risk assessment,

with added insight into related toxicity mechanisms.

Introduction

Amorphous silica nanoparticles (SiNPs) are engineered nano-
materials (ENM) used in a wide range of applications, and con-
sequently are produced on a large scale. The unique physical
and chemical properties of amorphous SiNPs such as their
hydrophilicity, biocompatibility and stability make them suit-
able candidates for a diverse array of consumer products includ-
ing electronics, paints, cosmetics, food, toothpaste and medical

applications including gene therapy, imaging, and photo-
dynamic therapy, or as excipients in dietary supplements.1–3

According to the Consumer Products Inventory (CPI) list, almost
a fifth of nano-based products claim to contain SiNPs.3 The
release of silica nanoparticles into the environment has been
reported.4 Increased production, use, and environmental
release of SiNPs raise concerns of potential exposure and
related environmental/human health risks.

Toxicity testing is important to assess the health risk associ-
ated with exposure to engineered nanomaterials. Nevertheless,
toxicological studies fall short, as opposed to studies on the
production and application of these materials. In general,
nanoparticle (NP) exposures can occur by various routes such
as inhalation, oral ingestion or dermal absorption. Besides,
there are various reports on nanoparticle exposures and
adverse effects at the cellular level as well as on the innate
immune system.5–7 Exposure to SiNPs in vitro or in vivo, and
corresponding cellular cytotoxicity as well as organ-level (e.g.
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respiratory, cardiovascular, immune and reproductive system)
toxicity and mitochondrial dysfunction, are known.8–15

Moreover, there are reports on NP exposures and oxidative
damage due to reactive oxygen species (ROS) formation, and
ROS formation has been suggested as one of the mechanisms
by which SiNPs could exert toxicity.16–21 Environmental pollu-
tant exposures can lead to cellular oxidative stress, which in
turn can adversely affect mitochondrial function. Cell metab-
olism and energy production is critical for cell health, and
thus examining mitochondrial integrity after NP exposures can
be useful in nanomaterial toxicity testing.

Of the various ENMs currently in commerce, nanosilica is
used/produced more, and yet existing knowledge gaps in tox-
icity information on these materials require more work to
generate these data. Although many reports on the toxicity of
nanosilica are on mesoporous SiNPs, toxicity data for amor-
phous SiNPs are limited. Amorphous silica nanomaterials are
among the ENMs in commerce in Canada and in the Domestic
Substances List (DSL) that require toxicity information for
assessment of the health risk associated with these materials.
Furthermore, toxicity studies reported thus far on amorphous
SiNPs are on different sizes of NPs, but not on nanoforms of
amorphous SiNPs. In addition, amorphous SiNP exposure-
related toxicity mechanisms are less clear. Moreover, there are
relatively many reports on the application of high-
content approaches such as genomic/transcriptomic analysis
in chemical exposure-related toxicity testing for risk assess-
ment, including nanotoxicology.22 However, the use of proteo-
mic analysis in the same context that can provide phenotypic
information is in its early stages. High-content molecular-level
analyses in addition to relative cytotoxic potency estimation
can provide mechanistic insight into the toxicity of environ-
mental chemicals, and is of emerging interest in NP toxicity
testing.

The objective of this work was to develop an in vitro toxicity
screening approach based on high-content mass spectrometry-
based proteomic analysis of mitochondrial fractions to test for
the relative toxicities of amorphous SiNP nanoforms. As a part
of this effort, TEM analysis examined the internalization of
SiNP nanoforms by J774 cells. In addition, cellular ATP levels
in J774 cells exposed to these SiNP nanoforms were measured
to assess the cytotoxicity. Also, mitochondrial fractions derived
from J774 cells were exposed to different SiNP nanoforms and
protein-level changes were analysed using mass spectrometry.
Pathway analysis based on proteomic changes provided infor-
mation on toxicity mechanisms. Moreover, the relationships
between the relative potencies of SiNP nanoforms and their
physicochemical properties were tested to identify potency
determinants.

Materials and methods
Materials

Dulbecco’s modified Eagle’s medium (phenol red-free) and
with phenol red, fetal bovine serum (FBS), phosphate buffered

saline (10×), Mitochondria Isolation Kit for Cultured Cells,
Halt™ Protease Inhibitor Cocktail, EDTA-Free (100×), Trypan
Blue Solution 0.4%, and molecular-weight cut-off filters were
purchased from Thermo Scientific (Nepean, ON, Canada).
Karnovsky fixative reagent grade and Sorensen’s phosphate
buffer were from Electron Microscopy Sciences (Hatfield, PA,
USA). Ammonium acetate (NH4OAc), calcium chloride, trifluor-
oacetic acid, HPLC grade (TFA), formic acid (FA), acetonitrile
(ACN) and ultrapure water were from Sigma-Aldrich (Oakville,
ON, Canada). Trypsin/Lys C Mix, mass spec grade and
ProteaseMAX™ were from Promega (Madison, WI, USA).
α-Cyano-4-hydroxycinnamic acid was purchased from Bruker
Daltonics (Bremen, Germany). Nanoparticles: Custom-
synthesized pristine amorphous silica nanoparticles (SiNPs) of
different sizes (15, 30, 75 nm) and the 15 nm surface-modified
(–C3–COOH, –C11–COOH, –NH2, and –PEG) SiNPs were
obtained from Advanced Quantum Materials Inc (AQM,
Edmonton, AB, Canada). Here, pristine amorphous non-
porous SiNPs were synthesized by a modified Stöber method
as reported previously,23 with a calcination process as a step.
Reference particles (SRM-154b titanium dioxide, TiO2)
included in this study were from the National Institute of
Standards and Technology (Gaithersburg, MD, USA). Nano-
sized silica (12 nm) served as an additional reference particle
(cat. # 718483; Sigma Aldrich, Oakville, ON, Canada).

Characterization of physicochemical properties of SiNP
nanoforms

The size, surface area, functional groups, metal content, poly-
dispersity/aggregation and zeta potential of the SiNP nano-
forms in the dry state were analysed as previously described.23

Briefly, transmission electron microscopy (TEM) images for
size distribution of the SiNPs were performed by a JEOL 2010
TEM (with LaB6 electron gun). Brunauer–Emmett–Teller (BET)
surface area analysis was done by nitrogen absorption using
the ASAP 2020 instrument (Micromeritics, Norcross, GA, USA).
Fourier transform infrared (FT-IR) spectroscopic analyses and
thermogravimetric analysis (TGA) were performed for func-
tional group analysis using a Thermo Nicolet Magna 750 IR
spectrometer and a Mettler Toledo Star TGA/DSC system,
respectively. Quantitative nuclear magnetic resonance (NMR)
spectroscopy was done in solution state using a Bruker Avance
400 MHz spectrometer to determine the surface functional
groups. The metal contents of pristine SiNP samples were ana-
lyzed using inductively coupled plasma-mass spectrometry/
atomic emission spectroscopy (ICP-MS/AES, Varian Vista-PRO,
Mulgrave, Australia). Dynamic light scattering (DLS) and zeta
potential measurements were done using the Zetasizer Nano
ZS (Malvern Instruments, UK).

TEM analyses of J774 cells exposed to SiNPs

Particle preparation for dosing cells. Amorphous SiNPs var-
iants and reference particles (SiO2 (12 nm) and SRM-154b
TiO2) were re-suspended in 1 mL of ultrapure water to make
3 mg mL−1 of the stock suspension and were diluted appropri-
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ately with DMEM (phenol red-free) to obtain the particle sus-
pension for dosing J774 cells.

Cell culture. J774 (ATCC® TIB-67™, Cedarlane, USA) mouse
monocyte/macrophage cells were maintained following the
ATCC protocol. Briefly, the cells were cultured in T-75 flasks in
DMEM containing 10% FBS at 37 °C in a 5% CO2 incubator. At
80% confluency, the cells were harvested. The cells between
passages 10 and 20 were used for this work. For TEM, the cells
were seeded into 6-well plates at a density of 10 000 cells per
mL and were allowed to attach to the surface for 24 h prior to
SiNP exposure.

TEM analyses. The morphology of J774 cells exposed to
SiNPs (30 µg cm−2) was visualized by TEM to assess the intra-
cellular localization of the SiNPs. Briefly, after 24 h exposure to
SiNP suspensions, the cells were washed in 1× PBS and fixed
in Karnovsky’s fixative (2% paraformaldehyde + 2.5% glutaral-
dehyde in 0.1 M phosphate buffer – pH 7.4) for 2 h and then
washed in 0.1 M Sorensen’s phosphate buffer and stored in
the same buffer (400 µL) at 4 °C. Cells were centrifuged at 500g
for 2 min, washed with 0.1 M phosphate buffer – pH 7.4 at RT,
and then treated with osmium tetroxide 1% + 1.5% potassium
ferrocyanide (aq) for one hour at 40 °C, washed with 0.1 M
phosphate buffer – pH 7.4, and dehydrated in a series of
increasing concentrations of ethyl alcohols (30–100%) and
finally with propylene oxide. Cells were then treated sequen-
tially with mixtures of Epon and propylene oxide (1 : 1, 2 : 1,
3 : 1) and then with Epon, and finally the cell pellet was treated
with Epon and cured at 60 °C for 48 h alone for embedding
the cells in this resin. Embedded cells were then sectioned
using a microtome. Ultra-thin sections (ca. 70 nm thickness)
collected on 200 mesh copper grids with a carbon support film
(3 grids per sample) were stained with 4% uranyl acetate and
Reynolds lead citrate, and the samples (duplicates) were exam-
ined using an FEI Tecnai 12 TEM (Advanced Microscopy
Techniques, NJ, USA) at an accelerating voltage of 120 kV and
equipped with a Gatan Ultrascan 4000 4k × 4k CCD Camera
System Model 895.

J774 cell exposure to SiNPs and cytotoxicity analysis (cellular
ATP levels)

Murine monocyte/macrophage (J774) cells (ATCC; VA, USA)
were maintained as described previously.24 Cells were initially
cultured in 75 cm2 tissue culture flasks (Corning, NY, USA) at
37 °C with 5% CO2 and 95% relative humidity, For the
exposure experiments, cells were cultured in DMEM (phenol
red-free) with 10% FBS, in 96-well plates at 20 000 cells per
well (∼0.32 cm2 surface area; 100 µL medium), for 24 h prior
to particle exposure. Cell counts were determined using the
Multisizer 3 Coulter Counter (Beckman Coulter, ON, Canada).
The stock particle suspensions (RT) were sonicated for 20 min,
and working suspensions were prepared in serum-free
medium (100 µL) and re-sonicated for 10 min, before dosing
cells at 0, 10, 30 and 100 µg cm−2 (well surface area, 96-well
plate), where cells were in 100 µL of DMEM + 10% FBS. After
dosing, the final concentration of FBS in cell culture medium
(200 µL) was 5%. Cells were incubated after nanoparticle

exposure at 37 °C with 5% CO2 and 95% relative humidity for
24 h. Cellular ATP levels (energy metabolism) were determined
as a cytotoxicity endpoint using a luminescence-based
ViaLight Plus assay on the BioTek Synergy 2 multimode plate
reader, following the manufacturer’s recommended protocol.
Exposure experiments were conducted three times (n = 3), with
triplicate samples per experiment.

Exposure of J774 cell mitochondrial fractions to SiNPs for
mass spectrometry-based proteomic analysis

Particle preparations. For mitochondrial exposure, all amor-
phous SiNP nanoforms – pristine (15, 30, 75 nm), 15 nm
surface-modified (–C3–COOH, –C11–COOH, –NH2, and –PEG),
and reference particles (12 nm SiO2 and SRM-154b TiO2) –

were re-suspended in 1 mL of mitochondria isolation reagent
C from the Mitochondria Isolation Kit (Thermo Scientific, ON,
Canada) to make 3 mg mL−1 of the stock suspension. The sus-
pensions were vortexed for 30 s and sonicated on ice for
20 min in a bath sonicator. Sonicated samples were vortexed
for 30 s and agitated by a rocker. The suspended particles were
diluted with mitochondria isolation reagent C to obtain the
concentration of 5 and 15 µg mL−1.

Isolation of mitochondria from J774 cells. Mitochondria
were isolated from J774 mouse macrophage cells using the
Mitochondria Isolation Kit (Thermo Scientific, ON, Canada;
Catalog no. 89874) specifically for cell cultures following the
protocol provided by the supplier. Briefly, a 1 mL aliquot of
J774 cell suspension in DMEM with 10% FBS (containing
20 000 000 cells) was centrifuged at 850g for 2 min. (Note:
Multiple tubes containing 20 000 000 cells per tube were pro-
cessed using this process simultaneously.) Then, 800 µL of
Mitochondria Isolation Reagent A was added to the pellet, and
incubated on ice. After 2 min, 10 µL of Mitochondria Isolation
Reagent B was added to the mixture, incubating it on ice for
5 min, vortexing it every min. After 5 min, 800 µL of
Mitochondria Isolation Reagent C was added. The tube was
inverted gently several times and centrifuged at 700g for
10 min at 4 °C, and the supernatant was collected. Pooled
mitochondrial fractions were subdivided as required for the
exposure experiment and centrifuged at 12 000g for 15 min at
4 °C, and the mitochondrial pellets were washed with
Mitochondria Isolation Reagent C, and kept on ice for down-
stream processing.

Exposure to SiNPs. The mitochondrial fraction (cell equi-
valent of 10 000 000 cells) was exposed to SiNPs at concen-
trations of 5 and 15 µg mL−1. Briefly, 200 µL of the particle
suspensions was added to the mitochondrial pellet, vortexed
and incubated for 2 h at 37 °C. These samples were then vor-
texed and centrifuged at 12 500g for 10 min. The mitochon-
drial pellet was washed three times with 25 µL aliquots of
Mitochondria Isolation Reagent C, and stored at −80 °C, for
proteomics analysis.

Sample processing for proteomic analysis. Mitochondrial
pellets exposed to SiNPs were re-suspended in 100 µL of cold
deionized water containing protease inhibitor cocktail. After
centrifugation at 900g for 15 min, the samples were re-frozen
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at −80 °C. After 10 min incubation, the mitochondrial pellets
were thawed on ice, at room temperature (RT). After three
freeze/thaw cycles, the mitochondrial fractions were sonicated
for 10 min (with ice added to the bath), and centrifuged at
10 000g for 10 min, and the supernatants were fractionated
using molecular weight cut-off filters (MWCO) to obtain frac-
tions: <10, 10–50, 50–100 kDa as described previously.25

Initially 10 kDa MWCO filters were pre-wetted using deionized
water (300 µL) at 14 000g for 10 min, filtrates were discarded,
and mitochondrial lysates (100 µL) diluted with deionized
water (200 µL) were added to these filters, and centrifuged at
14 000g for 10 min. The filtrates were removed, while the resi-
dues were diluted with 175 µL aliquots of 10% ACN (aq),
inverted into new receiver tubes and spun at 5000g for 3 min
for the collection of solubilized residues which were then
transferred to a pre-wetted 50 kDa MWCO filter set-up and
spun at 14 000g for 15 min. The resulting filtrates were saved
and the residues were solubilized as mentioned before, trans-
ferred to a pre-wetted 100 kDa MWCO filter set-up and spun at
14 000g (15 min). Filtrates obtained from MWCO fractionation
were evaporated to complete dryness under a gentle stream of
high-purity N2 (g). These evaporated fractions were resus-
pended in 25 µL of 50 mM NH4OAc (pH 7.4) and were
treated with 2 µL ProteaseMAX and 10 µL of Trypsin/Lys C
enzyme solution (50 µg mL−1) for enzymatic digestion,26

vortexed gently and then centrifuged at 5000g (1 min).
Samples were then sonicated for 5 min in an ice bath, centri-
fuged at 5000g (1 min), and incubated overnight in a water
bath, at 37 °C. Enzymatic digestion reaction was quenched
with 5 µL of 5% TFA in deionized water, and vortexed (3 s),
and samples were centrifuged at 14 000g (10 min) to
remove any residues. Supernatants were stored at −80 °C for
mass spectrometry analysis by MALDI-TOF-TOF-MS and
LC-Orbitrap.

Mass spectrometry analyses

Proteomic profiling by MALDI-TOF-TOF-MS. Aliquots
(1.5 µL) of enzymatically digested samples were spotted on
the AnchorChip target plate (600/384F, Bruker Daltonics Ltd,
Bremen, Germany), after which a 1.5 µL aliquot of freshly
prepared α-cyano-4-hydroxycinnamic acid (5 mg mL−1)
matrix was added. These sample-matrix spots were dried at
RT and were washed with 1.5 µL ice-cold 1% TFA (aq), as
reported previously.27 Multiple spots per sample (n = 5 for
MS survey scans) were analyzed using the AutoFlex (III)
MALDI-TOF-TOF-MS platform (Bruker Daltonics, Bremen,
Germany) in a reflectron positive mode. All settings such as
gain, pulsed ion extraction, laser power and number of laser
shots were optimized for enhanced peptide signals. Mass
calibration was done using a peptide-II calibration standard
(Bruker Daltonics, Billerica, MA). Survey MS scans for
peptide m/z profiles were obtained and mass spectral data
were analysed using the bioinformatics software ClinPro
Tools (Bruker Daltonics Ltd, Bremen, Germany) to assess
SiNP exposure-related mitochondrial protein profile
changes.25,26

LC-MS/MS analysis and protein identification

Another set of enzymatically digested samples were desalted
using ZipTip C18 pipette tips (Millipore, catalog number
ZTC18S096), according to the manufacturer’s protocol, were
dried by evaporation using a Speed Vac concentrator (Savant)
and were stored at −20 °C prior to MS analysis. Before MS ana-
lysis, the dried peptides were immediately re-suspended in 1%
FA. All samples were analyzed by nano LC coupled to an
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific).
Chromatographic separation of peptides was performed on a
Proxeon EASY-nLC 1000 System (Thermo Fisher Scientific)
equipped with a Thermo Scientific™ Acclaim™ PepMap™
C18 column, 15 cm × 50 μm ID, 3 μm, 100 Å employing a
water/ACN/0.1% FA gradient. Five μL aliquots of Tryp/LysC
digested and C18 cleaned-up samples were loaded on an LC
column, and the flow rate was set at 0.3 μL min−1. Peptides
were separated initially with 1% ACN, which was raised to 3%
ACN over 2 min, and then was increased to 24% of ACN over
170 min, followed by a linear increase to 100% of ACN over
29 min, followed by a washing period of 10 min with 100% of
ACN. The eluted peptides were directly sprayed into the mass
spectrometer using positive electrospray ionization (ESI) at an
ion source temperature of 250 °C and an ion spray voltage of
2.1 kV. Full-scan MS spectra (350–2000 m/z) were acquired in
the Orbitrap Elite at 60 000 (m/z 400) resolution. The automatic
gain control settings were 1E6 for full FTMS scans and 5E4 for
MS/MS scans. Fragmentation was performed with collision-
induced dissociation (CID) in the linear ion trap when the ion
intensity was >1500 counts. The most intense ions were iso-
lated for ion trap CID with charge states ≥2 and sequentially
isolated for fragmentation using the normalized collision
energy set at 35%, activation Q at 0.250 and an activation time
of 10 ms. Ions selected for MS/MS were dynamically excluded
for 30 s. Calibration was performed externally with Pierce LTQ
Velos ESI Positive Ion Calibration Solution (Thermo Fisher
Scientific, catalog number 88322). The Orbitrap Elite mass
spectrometer was operated with Thermo Xcalibur software. All
RAW files were converted to mzXML using ReAdW-4.3.1. The
mzXML files were analyzed using Thermo Proteome Discoverer
(PD) 2.2. Database searches were performed with SEQUEST HT
and MS Amanda 2.0 search algorithms with a few modifi-
cations: trypsin digestion, 2 maximum missed cleavages, a pre-
cursor mass tolerance of 10 ppm, a fragment mass tolerance of
0.6 Da in the case of SEQUEST HT, and 5 ppm MS1 tolerance
and 0.02 Da MS2 tolerance in the case of MS Amanda 2.0, a
fixed modification of +57.021 Da (carbamidomethylation) on
cysteine, and variable modifications of +15.995 Da (oxidation)
on methionine, +79.966 Da (phosphorylation) on serine, threo-
nine, and tyrosine, +33.061 Da (chlorination) on tryptophan
and tyrosine, and +44.985 Da (nitrosylation) on tryptophan
and tyrosine. A reverse database search was performed for
both search engines to determine the spectral false discovery
rate (FDR), and the subsequent results were filtered using an
FDR of ≤ 1%. The FASTA database used was a mouse proteome
downloaded from UniProt with the addition of 635 common
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contaminants such as proteases, keratins and ubiquitins,
yielding a total of 17 239 non-redundant protein sequences.
Prior to quantitation, the Spectrum Files RC node in PD 2.2
was utilized to perform spectrum recalibration. The false dis-
covery rate (FDR) was determined by using a target-decoy
search strategy. Only high-confidence peptides defined by
SEQUEST HT or MS Amanda 2.0 with a 1% false discovery rate
by Percolator were considered for the peptide identification.
The mass spectrometry proteomics data were deposited with
the ProteomeXchange Consortium via the PRIDE1 partner
repository with the dataset identifier PXD027593.

Particle potency estimates

The dose–response data for protein changes (i.e. protein inten-
sity data) or the cytotoxicity analysis data (i.e. cellular ATP
levels) for the particle exposure groups were normalized to the
corresponding control group value (no particle treatment), to
obtain a fold-effect (FE) for each particle dose. Potency esti-
mate (β) was derived from the following equation:

FE ¼ ðDoseþ 1Þβ

where β represents the rate of change of the dose with respect
to the logarithm of the fold-effect for a given endpoint.28 The
dose–response data were fitted using CurveExpert v1.4 (D.
Hyams, TN, USA).

Statistical and bioinformatic analyses

The associations between the physicochemical characteristics of
SiNPs and the potency values (β) for these SiNP exposure-related
mitochondrial protein or cytotoxicity (cellular ATP) responses
were tested by Pearson product moment correlation analyses
using SigmaPlot v13.0 (Systat Software, San Jose, CA, USA).

Mass spectral intensities of mitochondria-related proteins
after SiNP exposures were normalized to control (no particle
treatment) values to obtain protein fold-changes. These
protein fold-change data were used to conduct the following
bioinformatics analyses. A heat map with hierarchical cluster-
ing was employed to visualize differential patterns of protein
responses as related to the different particle exposures. The

analysis was done using the hierarchical clustering option in
GenePattern (https://genepattern.broadinstitute.org/gp/pages/
login.jsf ) and formatted in Java treeview (https://jtreeview.sour-
ceforge.net/). Furthermore, Ingenuity Pathway Analysis (IPA)
(Ingenuity Systems, https://www.ingenuity.com) was used to
analyse for protein interactions, biofunctions and canonical
pathways using the protein fold-change data. The fold-change
cut off was set at 1.5, and p < 0.05 and a z score of 2 were used
for the identification of canonical pathways and disease/bio-
logical functions.

Results
Characterization of physicochemical properties

The TEM images shown in Fig. 1A–C illustrate the sizes and
shapes of the SiNPs in the dry state. The particles are spherical
in shape with some aggregation observed at the 15 and 30 nm
sizes, while 75 nm SiNPs appeared to be dispersed well.
Quantitative analysis data for the key physicochemical pro-
perties including size and surface area (based on TEM images)
as well as BET surface area, DLS hydrodynamic size, surface
charge (zeta potential), surface functional group content (by
TGA and quantitative NMR analysis) and elemental analysis
results for these SiNPs are presented in Table 1. The results of
the elemental analysis are provided only for the pristine NPs
and not for the surface-modified NPs; since the surface-modi-
fied SiNPs were derived from their correspondingly sized pris-
tine counterparts, the latter NPs would only vary in organic
surface composition. Elemental analysis revealed that the total
metal, reactive and transition metal contents were the highest
for the pristine 15 nm SiNPs compared with their 30 and
75 nm counterparts. Also, surface area by TEM was the highest
for the 15 nm pristine SiNPs. Surface functional groups were
higher for the –NH2 group-containing SiNP (Table 1).

Cellular uptake of SINPs by TEM analyses

A comparative assessment of the cellular uptake and intracellu-
lar localization of these nanoparticles after 24 h exposure of the

Fig. 1 TEM analysis results for dry pristine amorphous silica (A) 15 nm, (B) 30 nm, and (C) 75 nm nanoparticles (SiNPs).
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J774 cells to these SiNPs is shown in Fig. 2A–C. Imaging of the
control cells that were not exposed to any particle revealed
typical interphase J774 monocyte/macrophage morphology with
prominent nuclei, granular cytoplasm, membrane protrusions,
vacuoles and mitochondria with visible double membranes
(Fig. 2A). SiNPs of all sizes were taken up by macrophage cells.
In cells exposed to SiNPs of 15 nm size (Fig. 2B), nanoparticles
were observed in the cytoplasm, and in some cases particles
seemed to be present in aggregates inside larger vesicles or were
in endosome-like vesicles in the cytoplasm (data not shown).
The pristine 30 nm-sized SiNPs were taken up by the J774 cells
as dense agglomerates/aggregates (see the black arrows) present
in large cellular vesicles (Fig. 2C). Mitochondrial structural
anomalies such as less obvious external membranes, and less
obvious or absent cristae, and vacuolated mitochondria were
seen with the smaller sized SiNPs (15, 30 nm) (Fig. 2B–C), while
autophagosomes with particle aggregates and some vacuolated
mitochondria were seen in cells exposed to 75 nm pristine
SiNPs (data not shown).

J774 cellular ATP responses to SiNP exposures

J774 cells exposed to these SiNP variants showed decreased ATP
responses with an increased dose of NP exposure. Three-way
ANOVA results (data not shown) indicated a size main effect (p
< 0.027), with smaller size SiNPs being relatively more potent
(Table 2). The 15 nm pristine SiNPs are associated with the
highest potency value β compared with their pristine 30 and
75 nm counterparts. Also, some surface modifications led to
reduced cytotoxic potency values within the 15 nm size particles
(–C3–COOH, NH2), whereas the others increased (–C11–COOH,
PEG). Moreover, cellular ATP levels exhibited a negative trend of
association with the BET surface area (r = −0.560, p = 0.191).

Mitochondrial protein changes after exposure to SiNPs

Initial mass-spectral profiling by MALDI-TOF-TOF-MS analysis
revealed SiNP exposure-specific mass-spectral changes in tryptic
peptide profiles as shown by Fig. 3A–F. For instance, decreased
tryptic peptide intensities are noticed with exposure to SiNPs
irrespective of their size and modifications compared with the
control particle untreated mitochondrial digests (e.g. m/z region
1000–2400 Da). In addition, exposure to 12 nm pristine amor-
phous SiNP (used as a positive control in this study, from
another supplier) exhibited a different mitochondrial tryptic
peptide profile compared with the almost similar-sized (15 nm)
pristine amorphous SiNPs used in this toxicity screening study.
In addition, size-related and surface modification-related
changes within the same-sized SiNPs’ tryptic peptide signal
intensities are observed in these m/z profiles (m/z region
1100–2400 Da). Similarly, in-depth LC-Orbitrap analysis results
(with overall standard deviation (SD) associated with the nor-
malized analyte (protein) intensities for replicate analysis better
than 1%, across all SiNP exposures) exhibited different SiNP
size-related and surface modification-related changes in various
mitochondria-related proteins (n = 213) at the doses tested (0, 5
and 15 µg mL−1). However, 32 of these mitochondrial proteins
were detectable (based on intensity values) across all particleT
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exposures while the other proteins were expressed with some
SiNP exposures only. Of the proteins detected for all treatments,
respiratory chain proteins (e.g. NADH:ubiquinone oxidoreduc-
tase, succinate dehydrogenase, cytochrome c oxidase, electron
transfer flavoprotein subunit), ATP synthase subunit and anti-
oxidant enzymes (e.g. superoxide dismutase 2 – MnSOD) were a
few of them, and exposure dose-related changes were also seen
in these protein responses (ESI Table 1†).

Association between the physicochemical properties of SiNPs
and mitochondrial protein changes

Analyses of heat map and hierarchical clustering results
revealed nanoparticle exposure dose-related up- (red) and

Fig. 2 TEM results for J774 cells exposed for 24 h to SiNPs, showing internalization of nanoparticles and related changes in subcellular compart-
ments. Note: (A) Control cells show a clear double-membrane feature of the mitochondria. (B) Granules of nanoparticles are seen in the cytoplasm
of J774 cells exposed to 15 nm pristine SiNPs, and the mitochondrial membranes are not clear compared with the controls. (C) Mitochondrial mem-
branes are still less clear after 30 nm SiNP-pristine exposures compared with those of the control cells. After these SiNP exposures, aggregated/
agglomerated nanoparticles are encapsulated into secondary lysosomes, and in frame C, after 30 nm pristine SiNP exposure, vacuolated mitochon-
dria are observed (red arrow).

Table 2 J774 cell cytotoxic potencies after exposure to SiNPs based on
cellular ATP levels

SiNP nanoform β (relative potencies)

15 nm SiNP-P 0.027
30 nm SiNP-P 0.012
75 nm SiNP-P 0.021
15 nm SiNP-C3COOH 0.012
15 nm SiNP-C11COOH 0.024
15 nm SiNP-NH2 0.011
15 nm SiNP-PEG 0.026
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down- (green) regulation of different mitochondrial proteins
(Fig. 4). Most proteins were down-regulated at the higher dose
(15 µg mL−1) of particle treatment. At the low-dose (5 µg mL−1)
particle exposure, the smaller particle size appeared to exhibit
increased protein expression compared with the other par-
ticles. Also, the relationships between SiNP potency values (β)
derived from mitochondrial protein dose–response data as
mentioned previously and SiNP physicochemical properties
are illustrated in Table 3 (only significant correlations are
given here). In general, these results indicated negative associ-
ations between SiNP size and SiNP potencies (β) derived based
on aspartate amino transferase, acyl carrier protein responses.
Similarly, a positive correlation was seen between metal
contents (for total, bioactive, transition metal contents) and
relative SiNP potencies (β) based on malate dehydrogenase,
glutamate dehydrogenase, aconitate hydratase, ATP
synthase subunit delta, NADH:ubiquinone oxidoreductase,
NFU 1 iron–sulfur cluster scaffold protein, and cytochrome c
oxidase subunit N protein responses. Also, negative corre-
lations were observed between surface modifications and β

values for dihydrolipoyl dehydrogenase, aspartate aminotrans-
ferase, malate dehydrogenase, and cytochrome c oxidase as
shown in Table 3.

Pathway analyses

Pathway analysis based on protein fold-changes (compared
with no particle treatment controls) using IPA (fold-change cut
off = 1.5; p < 0.05 and met the criteria of an activation z score
of 2) identified the top 5 canonical pathways to be oxidative
phosphorylation, the TCA cycle, fatty acid β oxidation, valine
degradation I and isoleucine degradation I (Fig. 5A). Similarly,
some of the biological functions affected included the quantity
of carnitine, concentration of fatty acid, energy expenditure,
accumulation of lipid, metabolism of reactive oxygen species,
energy homeostasis, cell death, and apoptosis (Fig. 5B), and
the top 5 upstream regulators identified were CLPP, INSR,
PPARGC1A, MAP4K4 and PTEN (Fig. 5C). Detailed analyses of
these different biological events revealed particle-specific
increased or decreased protein expressions in the different
pathways. For instance, increased or decreased expression or
no change in the constituent proteins of the fatty acid oxi-
dation pathway appeared to vary with SiNP form and exposure
dose.

Correlation tests for cellular ATP vs. mitochondrial ATP
synthases identified positive trends of the associations (pris-
tine SiNPs: cellular ATP vs. ATP synthase alpha subunit, r =

Fig. 3 MALDI-TOF-TOF-MS profiles illustrating mitochondrial protein changes after SiNP exposure.
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0.807 (p = 0.403); cellular ATP vs. ATP synthase beta subunit, r
= 0.948 (p = 0.206); all SiNPs: cellular ATP vs. ATP synthase
alpha subunit, r = 0.541 (p = 0.210); cellular ATP vs. ATP
synthase beta subunit, r = 0.446 (p = 0.315)).

Discussion

There are reports on amorphous SiNP toxicity testing by
in vitro cellular exposures or in vivo exposures using animal
models (inhalation/intratracheal instillation, intravenous/intra-
peritoneal, etc.) with inconsistency in the study findings.29,30

Furthermore, most of these studies focused on SiNP size-
related effects. Not much is known in terms of the toxicity
testing of SiNP nanoforms, for instance, on surface-modified
SiNPs. Moreover, some of these study findings have implicated
SiNP exposures in driving adverse organ/system-level effects
including cardiovascular effects.22,31 Emerging evidence also
points towards a link between the mitochondrial toxicity of
SiNPs and the observed cardiovascular effects.8,14 Amorphous
SiNP exposure-related toxicity mechanisms need further
exploration, especially with respect to potential mitochondrial
function-related effects.

In this study, we have therefore focused on understanding
SiNP nanoform exposure-related mitochondrial changes. In
this context, the initial TEM analysis of J774 cells exposed to
SiNPs revealed an internalization of nanoparticles into the
cells. For instance, the smaller SiNPs, namely the pristine

15 nm size, are scattered in the cytoplasm, while in the case of
the increased-sized SiNP forms, aggregated particles are
located in the vacuoles (Fig. 2). In addition, the TEM results
show that 15 nm pristine SiNPs are in the proximity of the
endoplasmic reticulum (ER) and mitochondrial membrane,
suggesting a potential NP interaction with these intracellular
organelles (Fig. 2). We also observed that the mitochondrial
double-membrane structure was less clear after the SiNP
exposure of J774 cells compared with controls. Furthermore, a
reduction of cristae in the mitochondria and vacuolated mito-
chondria (Fig. 2C) are observed in the SiNP-exposed cells (e.g.
30 nm). Similar observations of a loss of cristae and vacuolated
mitochondria have been noted in SiNP-exposed HUVEC cells
and cardiomyocytes.8,14 Also, the TEM results for 75 nm SiNP-
exposed cells showed vacuolated mitochondria and autophago-
somes containing NPs (data not shown).

Mitochondria are subcellular organelles and the energy pro-
duction units of a cell with a key role in maintaining and regu-
lating the metabolic function of cells. An imbalance in mito-
chondrial functioning can be detrimental to cell viability.
Mitochondrial dysfunction is implicated in various metabolic
diseases including cardiovascular disease, diabetes, cancer
and neurodegenerative disease.32–37 Also, cardiac and mito-
chondrial dysfunction has been linked to increased ROS pro-
duction after ENM exposure.38

There are emerging reports implicating different types of
nanomaterial exposure in mitochondrial toxicity in various
cells/organs.39–41 Our previous work on commercially obtained

Fig. 4 Heatmap and hierarchical clustering demonstrating mitochondrial protein effects (normalized to controls, log 2 transformed) related to the
different SiNP exposures.
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amorphous SiNP exposure (12–15 nm) in various cell types of
lung epithelial (A549) and human and murine monocyte/
macrophage cells (THP-1 and J774 cells) have also shown
adverse effects on cellular ATP production.24 Furthermore,
nanoparticle exposures are known to initiate apoptosis by reg-
ulating proteins in the mitochondria-mediated apoptosis
pathway.42 Thus, based on our TEM findings in this work and
all other reports mentioned above, exploring SiNP nanoform
toxicity screening based on a direct exposure of mitochondrial
fractions followed by proteomic analysis can provide insights
in terms of mitochondrial toxicity and related mechanistic
pathways. Isolated mitochondria are known to maintain many
functional characteristics when in in situ or in vivo environ-
ments. There are reports on the use of isolated mitochondrial
fractions for chemical toxicity testing studies.43,44 In this work,
mitochondrial fractions were exposed directly to SiNP nano-
forms to test the applicability of this methodology to screen
nanoparticles for in vitro mitochondrial toxicity by acquiring
high-content protein-level information to see the feasibility of
this method to support the efforts on a new approach method-
ology (NAM) in the toxicity testing of nanoforms of chemicals.
Besides, the doses used for the direct exposure of mitochon-
drial fractions in this study were kept low to avoid observing
proteomic changes related to frank toxicity. Typically, in vitro
cytotoxicity studies have exposed cells (e.g. J774) to SiNPs at
doses ranging from 0–2000 µg mL−1.45 In our study, J774 cells
were exposed to 0–100 µg cm−2 in 96-well plates for cytotoxicity
testing (far less compared with other reports, and the highest
dose, 100 µg cm−2, is equivalent to 150 µg mL−1, based on a
surface area of 0.3 cm2 for a 96-well plate, and a 200 µL total
volume). The maximum dose (15 µg mL−1) used for the
exposure of the mitochondrial fraction in this work was a
tenth of the highest dose used for the exposure of cells in our
study.

Initial MALDI-TOF-TOF-MS profiling in this work demon-
strated SiNP exposure-specific changes, in particular size- and
surface-modification-specific changes in protein profiles.
Furthermore, the protein mass spectral profile comparisons
showed differences related to the 12 nm (commercially
obtained reference particle) and 15 nm amorphous SiNP
(custom synthesized) exposures even though these nano-
particles are of similar sizes, suggesting source-related differ-
ences in protein responses. Based on our previous work,24 this
12 nm SiNP (+ve control) displayed high cytotoxic and inflam-
mogenic potency in multiple cell lines, relative to other SiNPs
of comparable (15 nm) sizes and exhibited relatively high oxi-
dative potential.23

Further high-content protein analyses carried out by the
use of LC-MS/MS analysis exhibited identification of about
200 mitochondria-related proteins that exhibited changes
related to SiNP exposures. These proteins included mitochon-
drial membrane and matrix proteins. Protein fold-changes
(SiNP exposure groups normalized to the control) showed SiNP
variant- and exposure dose-specific changes (Fig. 4), as with
the initial protein profiling results. The heatmap and hierarch-
ical clustering data also illustrate an up- and down-regulationU
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of protein responses specific to these exposures. Some of the
proteins identified are products of mitochondrial DNA (e.g.
NADPH oxidase, ATP synthase), whereas the others are known
to be synthesized by the nuclear DNA and translocated from
the cytoplasm to the mitochondria (e.g. superoxide dismutase,
aconitase). In general, exposure to the highest dose (15 µg
mL−1) of SiNPs exhibited decreased protein expressions for the
smaller sized SiNPs (15 and 30 nm). However, the larger-sized
SiNP variant (75 nm) showed an opposite trend where at the
high dose (15 µg mL−1) some protein responses were
increased, as opposed to the low-dose exposure (5 µg mL−1).
This behaviour may be attributed to in-solution aggregation/

agglomeration of these nanoparticles at the higher dose.
Similarly, with the reference particles, the more cytotoxic SiNP
12 nm (+ve control) behaved like the other SiNP variants,
whereas the micron-sized TiO2 particles (−ve control) dis-
played changes in relatively few protein responses, at the
highest dose of exposure (Fig. 4), consistent with cytotoxicity
responses (data not shown). The reference control particles
were incorporated into this work to mainly ensure that the
cytotoxicity assay performed as expected.

The association between SiNP potency values (β) derived
from these protein responses at the different exposure doses
and SiNP physicochemical properties (Table 3) suggests that

Fig. 5 Pathway analysis (IPA) results based on mitochondrial protein fold-changes (normalized to controls, fold-change cut off 1.5) as associated
with the different SiNP exposures.
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the metal contents, size, surface area and surface modifi-
cations of these nanoforms can influence the toxic potencies
of these nanoparticles. Interestingly, a positive correlation was
seen between the SiNP metal content, especially transition
metals that can redox-cycle and the identified mitochondrial
proteins that participate in electron transfer reactions.
Meanwhile, the negative correlation between the surface modi-
fication and the associated proteins (Table 3) could perhaps be
attributed to protein corona formation. Protein coronas are
linked to a reduced toxicity of NPs, for instance for nano TiO2

in some reports,46 while they are associated with increased
uptake and bioavailability and related protein-level changes.47

Meanwhile, reduced agglomeration in solution as seen with
relatively larger pristine SiNPs (75 nm) and with surface-modi-
fied NPs (Table 1) may also be attributed to these protein
changes. Similarly, cellular ATP levels and mitochondrial ATP
synthases were affected by the size, surface area and surface
modification properties of these SiNPs. A SiNP exposure-led
decline in ATPase activities was reported in HUVEC cells.8

Size- and surface-modifications are known to influence the
agglomeration behaviour of nanoparticles, and are implicated
in NP-cell interactions in terms of the type of receptor-
mediated cellular uptake, for instance, by endocytosis
mechanisms.48,49

Pathway analyses based on protein fold-changes in the
SiNP-exposed mitochondria exhibited perturbations in critical
pathways such as oxidative phosphorylation, the TCA cycle II,
fatty acid β oxidation, valine degradation and isoleucine degra-
dation (Fig. 5A). Dose-related effects are noticed with mito-
chondrial proteins after SiNP exposure, and especially with
some SiNP forms (including –C3COOH surface-modified
SiNPs) this dose-related effect is more evident (Fig. 4, 5A and
Table S1†). For instance, at lower doses some mitochondrial
protein expressions were increased, whereas at higher doses a
decreased expression of these proteins was noted, and similar
observations are seen with mitochondrial pathways, for
instance, with the oxidative phosphorylation pathway and TCA
cycle (Fig. 5A). Some changes in the expression of mitochon-
drial proteins constituting the oxidative phosphorylation
pathway (Table S1†), the main ATP-generating pathway, are, for
instance, seen in complex 1-NDUFA4 and cytochrome c, after
SiNP exposures. There are reports on macrophage exposure to
nanoparticles (e.g. nano TiO2) and mitochondrial dysfunction
associated with increased mitochondrial oxidative stress and
reduced metabolic flux in the TCA cycle.7,50–52 Besides, valine
and isoleucine are branched chain amino acids and their cata-
bolism takes place mainly in the mitochondria53 and supports
ATP production. It is interesting to note that these pathways

Fig. 5 (Contd).
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are downregulated by SiNP exposures, especially at high doses
(Fig. 5A). This is consistent with our finding of decreased J774
cellular ATP levels with increasing doses of SiNPs in this study.
Moreover, cellular ATP level showed a main size (p < 0.05)
effect (data not shown) consistent with mitochondrial protein
changes, with especially the smaller size being more potent, as
noted previously. In line with our findings, size-related cyto-
toxicity in vitro is reported in various cells including lung epi-
thelial, monocyte macrophage, and liver and intestinal cells,
and smaller sized SiNPs were shown to be relatively more cyto-
toxic than larger sized ones.54 Yet, there were some deviations
reported as well,54 and these deviations were attributed to
SiNP synthesis, aggregation, experimental conditions such as
serum-containing medium and protein corona formation.

Furthermore, detailed analyses of these different biological
events revealed particle-specific increased or decreased protein
expressions within the TCA cycle, the oxidative phosphoryl-
ation system and the fatty acid oxidation pathways. For
instance, in terms of fatty acid β oxidation, the low-dose
exposure to 15 nm pristine SiNP led to increased long chain
fatty acid CoA ligase, enoyl CoA hydratase, β-hydroxyacyl CoA
dehydrogenase and acetyl CoA C-acyl transferase and no
change in oxidoreductase, whereas the high-dose exposure to
this SiNP variant led to a decrease in all these enzymes that
are components of fatty acid β oxidation. Similarly, high-dose
exposure to the 30 nm pristine SiNPs led to a reduction in all
these enzymes, whereas when exposed to the high dose of
75 nm pristine SiNP, all enzymes were reduced except for the
long chain fatty acid CoA ligase, which was unchanged.

Pathway analysis also identified that amorphous SiNP
exposures adversely affected elements related to mitochondrial
function such as the quantity of carnitine, concentration of
fatty acid, accumulation of lipid and metabolism of reactive
oxygen species (Fig. 5B). For instance, a quantity of carnitine is
essential for fatty acid oxidation in the mitochondria.
Deviation from normalcy can imply a potential impact on
mitochondrial function as a result of exposure to these SiNPs.
Our findings are consistent with previous reports.55 Oxidative
stress is known to affect mitochondrial functioning. An
impairment in mitochondrial membrane potential, the elec-
tron transport chain, and activation of NADPH-like enzyme
systems can occur as a consequence of oxidative stress.51

Moreover, mitochondrial dysfunction is reported to initiate
apoptosis by regulating proteins such as cytochrome c (Cyt c)
and apoptosis inducing factor (AIF) which is released from the
mitochondrial intermembrane space.56 Interestingly, both
Cyt c and AIF were perturbed by exposure to SiNPs in this work
(Table S1†). The mechanistic information obtained from this
work and the information on the association between the rela-
tive potencies of these nanomaterials and their physico-
chemical properties can be useful for the construction of
quantitative structure–activity (QSAR) and adverse outcome
pathway (AOP) models used for health risk analysis associated
with nanomaterial exposures.

Furthermore, pathway analysis revealed that SiNP nanoform
type and exposure dose can potentially influence upstream reg-

ulators, namely CLPP, PPARGC1A, MAP4K4 and PTEN, differ-
ently (Fig. 5C). CLPP is an endopeptidase in the mitochondrial
matrix and is important in maintaining mitochondrial protein
homeostasis.57 Also, SiNP exposures, especially at high doses,
exhibited decreased PPARGC1A that coincided with decreased
oxidative phosphorylation (Fig. 5A) and decreased superoxide
dismutase (SOD2) (Table S1†). PPARGC1A is known to be a
transcriptional co-activator and master regulator of mitochon-
drial function, and interestingly, a decreased level of this regu-
lator molecule was reported to coincide with a reduced
expression of oxidative phosphorylation subunits and a
reduced expression of various mitochondrial antioxidants in
neurodegenerative processes.58 Similarly, SiNP exposures were
also associated with upstream MAP4K4 and PTEN effects by
this pathway analysis, and these are known to be associated
with the regulation of mitochondrial function. Although the
upstream regulators are based on a proteomic analysis of the
mitochondrial fractions exposed to the SiNPs, not whole cells,
the results obtained are still consistent with previous reports
on SiNP exposure-related mitochondrial dysfunction in endo-
thelial (HUVEC) cells.9 Also, the findings from this study are
consistent with the report from Lee et al. (2021) on mitochon-
drial effects after the exposure of HepG2 cells to a single nano-
silica material and following proteomics changes.59 Besides,
mitochondrial exposure involves a relatively shorter exposure
time and less material for exposure, compared with exposure
of cells to these SiNPs. To our knowledge, very limited work on
the application of proteomics for this purpose has thus far
been done on these nanomaterials, and none on the toxicity
testing of nanoforms.

Recently, to keep pace with the number of engineered nano-
particles that are entering commerce, while reducing the use
of animal testing, as with chemical testing, the integration of
new approach methodologies (NAMs) based on in vitro cellular
and cell-free assays have been explored. The application of new
approach methodologies is gaining importance for toxicity
screening and in obtaining molecular-level information to
advance the risk assessment of ENMs like amorphous SiNPs.
These processes are relatively advanced for environmental
chemical risk assessment efforts60,61 compared with those for
emerging ENM toxicity testing. This new SiNP toxicity screen-
ing study is promising as an NAM for nanomaterial toxicity
testing to support risk assessment based on adverse mitochon-
drial effects, which come across as a key event in many adverse
health outcomes.

Conclusions

Our findings on the application of mitochondrial fractions for
SiNP toxicity screening demonstrate the feasibility of using
this strategy for mitochondrial perturbation-based toxicity
testing and for the identification of physicochemical determi-
nants of toxicity. Also, proteomic analysis provides insight into
toxicity pathways specific to SiNP exposure-led adverse mito-
chondrial effects consistent with associated cellular cyto-
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toxicity endpoint (ATP) and mitochondrial structural (TEM)
changes. These results warrant further research on the appli-
cation of high-content proteomic analysis in screening for
nanomaterial toxicity testing.
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