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Background: A nanoscale drug carrier could have a variety of therapeutic and diagnostic uses provided that the carrier is
biocompatible in vivo. Carbon nano-onions (CNOs) have shown promising results as a nanocarrier for drug delivery. However, the
systemic effect of CNOs in rodents is unknown. Therefore, we investigated the toxicity of CNOs following intravenous administration
in female BALB/c mice.

Results: Single or repeated administration of oxi-CNOs (125, 250 or 500 pg) did not affect mouse behavior or organ weight and there
was also no evidence of hepatotoxicity or nephrotoxicity. Histological examination of organ slices revealed a significant dose-
dependent accumulation of CNO aggregates in the spleen, liver and lungs (p<0.05, ANOVA), with a trace amount of aggregates
appearing in the kidneys. However, CNO aggregates in the liver did not affect CYP450 enzymes, as total hepatic CYP450 as well as
CYP3A catalytic activity, as meased by erythromycin N-demethylation, and protein levels showed no significant changes between the
treatment groups compared to vehicle control. CNOs also failed to act as competitive inhibitors of CYP3A in vitro in both mouse and
human liver microsomes. Furthermore, CNOs did not cause oxidative stress, as indicated by the unchanged malondialdehyde levels
and superoxide dismutase activity in liver microsomes and organ homogenates.

Conclusion: This study provides the first evidence that short-term intravenous administration of oxi-CNOs is non-toxic to female
mice and thus could be a promising novel and safe drug carrier.

Keywords: carbon nano-onions, drug carriers, intravenous administration, toxicity, accumulation, drug metabolism, oxidative stress

Introduction

Carbon nanomaterials (CNMs) are a family of materials composed primarily of carbon atoms arranged in a unique
structure on a nanoscale. Since the discovery of Cg fullerene in 1985, the remarkable geometries, physical and chemical
properties of CNMs have drawn attention for their potential use as a drug delivery system and diagnostic agent.' Carbon
nanotubes (CNTs) are the most extensively studied CNMs. Single-walled carbon nanotubes (SWCNTs) are cylindrical
tubes made up of rolled-up sheets of graphene, whereas multi-walled carbon nanotubes (MWCNTs) consist of multiple
layers of concentric SWCNTS, typically a few nanometers in diameter and up to several microns in length.> This unique
nanoscale structure offers CNTs superior properties suitable for drug delivery, including high drug loading capacity* and
excellent cellular uptake.” However, concerns have emerged regarding the toxicity of CNTs as numerous toxicological
studies have identified that CNTs can elicit a pathogenic response, including hepatotoxicity,’ inhibition of cytochrome
P450s (CYP450s),” nephrotoxicity,® pulmonary fibrosis’ and immunotoxicity.'® Furthermore, CNTs have a similar
structure to asbestos fibers, and MWCNT-7 (long, rigid CNT) has been classified as possibly carcinogenic to humans
(Group 2B)'" following studies showing that intraperitoneal injection of MWCNTSs caused mesothelioma in rodents.'? '
The definite cause of CNT toxicity is not fully understood, but the accumulation of CNTs (primarily in the liver, spleen
and lungs) and subsequent generation of oxidative stress has been attributed as one of the key mechanisms of CNT
toxicity.'> However, functionalization of SWCNTs with ZnO-Ag and ZnO-Au has shown bactericidal activity'® and
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developing a polyethylene glycol (PEG)-polyethyleneimine biocompatible copolymer for SWCNTSs has shown cytotoxi-
city toward breast cancer cells.'” Thus, work on improving the biocompatibility of CNTs continues along with continued
research on other carbon nanomaterials.

Carbon nano-onions (CNOs) are multi-layered fullerenes composed of concentric graphitic layers arranged in a quasi-
spherical shape resembling an onion.'®'> As a member of CNMs, CNOs have physical, chemical, electrical, thermal and
mechanical properties comparable to those of CNTs. A major difference is their aspect ratio, as CNTs have a long, rigid
or tangling characteristic (high aspect ratio) compared to the sphere-like geometry of CNOs.?’ Considering the low
aspect ratio of CNOs, in vivo delivery may be more dynamically feasible. Despite their discovery nearly simultaneously
with CNTs,'® CNOs have only recently received more attention in research. There is growing evidence that CNOs can be
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used as a delivery vehicle across the blood-brain barrier,”' intracellular delivery of glycopeptides and proteins,*

amorphous drug delivery,®® targeting cancer cells that overexpress CD44 receptors”* and achieving controlled drug
release through stimuli-responsive drug delivery systems.? 2’

A major challenge in the application of CNOs, as with other CNMs, is their hydrophobicity. A stable aqueous
dispersion of CNOs is essential for biological applications. In order to enhance the dispersibility of CNOs, surface
functionalization is a strategy used to introduce functional groups onto the CNO. Generally, an oxidation reaction is the
most common covalent approach, which involves the introduction of oxygen-containing functional groups (eg carboxyl
groups) on the pristine CNOs (p-CNOs) to yield oxidized CNOs (oxi-CNOs).”® This can be achieved through the
treatment of CNOs with a strong oxidizing agent, such as nitric acid under reflux conditions.”® Functionalized oxi-CNOs
have been shown to have excellent dispersibility and stability in aqueous and biological media.**

In order to be used for drug delivery or diagnostic applications, the toxicological profile of nanomaterials must be
fully characterized and understood. In vitro and in vivo toxicological investigations are therefore essential prior to the
practical use of CNOs. In general, the toxicity of CNOs can be affected by the synthesis methods, as these can lead to
nanoparticles with differences in terms of purity, morphology and physicochemical properties. To date, in vitro studies

that have reported cytotoxicity are from large CNOs (30 nm) that were synthesized by underwater arc discharge,*'*

while small CNOs (5 nm) derived from thermal annealing of nanodiamonds showed biocompatibility.?2=%29-33-34
Although in vivo evaluation of CNO toxicity is limited, small CNOs have been reported as biocompatible in freshwater
polyps (Hydra vulgaris)*® and zebrafish (Danio rerio).>® Since there are no toxicological studies that have examined the
systemic effects of CNOs, this study aimed to investigate the organ accumulation and whole animal toxicity of CNOs

following intravenous administration in female BALB/c mice.

Materials and Methods

Materials

Acetylacetone, ammonium acetate, barium hydroxide, erythromycin, formaldehyde 37% solution, ketoconazole, 2-mer-
captoethanol, paraformaldehyde, potassium chloride, potassium phosphate dibasic, sodium dodecyl sulfate, sucrose,
Trizma base, Trizma hydrochloride, Tween 20 and zinc sulfate were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Dimethyl sulfoxide (DMSO) was purchased from ECP Labchem (Auckland, New Zealand). Ethylenediamine
tetra-acetic acid (EDTA) disodium salt dihydrate was purchased from BDH Laboratory Supplies (Poole, England, UK).
Malonaldehyde bis (diethyl acetal) (CAS no. 122-31-6) and 2-thiobarbituric acid (TBA) were purchased from AK
Scientific (Union City, CA, USA). Potassium phosphate monobasic was purchased from Fisher Scientific
(Loughborough, UK). Sodium dithionite was purchased from Merck (Darmstadt, Germany). B-nicotinamide adenine
dinucleotide 2’-phosphate reduced tetrasodium salt (NADPH) (CAS no. 2646-71-1) was purchased from Roche
Diagnostic (Mannheim, Germany). Bovine serum albumin (BSA) fraction V (cat no. 30060—487) was purchased from
Thermo Fisher Scientific (Auckland, New Zealand). Creatinine colorimetric assay kit and superoxide dismutase (SOD)
colorimetric assay kit were purchased from Cayman Chemical Company (Ann Arbor, M1, USA). Alanine aminotransfer-
ase (ALT) reagent, Pierce bicinchoninic acid (BCA) protein assay kit and SuperSignal West Pico PLUS chemilumines-
cent substrate were purchased from Thermo Fisher Scientific (Rockford, IL, USA). Eosin Y, Gill II hematoxylin and
optimum cutting temperature (OCT) compound were purchased from Leica Biosystems (Richmond, IL USA).
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Dibutylphthalate polystyrene xylene (DPX) mounting medium was purchased from Scharlab (Barcelona, Spain).
Trichloroacetic acid and xylene were purchased from VWR Chemicals (Solon, OH, USA). 30% Acrylamide/bis-
acrylamide solution, 29:1 and Precision Plus dual color protein standard (cat no. 1610374) were purchased from Bio-
Rad Laboratories (Hercules, CA, USA). Polyvinylidene fluoride (PVDF) membrane (Immobilon-P, Millipore, cat no.
IPVHO00010) was purchased from Merck Millipore (Carrigtwohill, Co. Cork, Ireland). Granulated skimmed milk powder
was purchased from Prontofoods (Montichiari, BS, Italy). CL-XPosure film and rabbit polyclonal CYP3A4 primary
antibody (Invitrogen, cat no. PA5-14896) were purchased from Thermo Fisher Scientific (Rockford, IL, USA). Mouse
monoclonal GAPDH primary antibody (Sigma-Aldrich, cat no. G8795), horseradish peroxidase-conjugated secondary
antibodies, goat polyclonal anti-rabbit (Calbiochem, cat no. 401353) and goat polyclonal anti-mouse (Calbiochem, cat
no. 401253) were purchased from Merck (Darmstadt, Germany). Pooled human liver microsomes (Gibco, cat no.
HMMCPL, lot no. PLO5SOF-C, 50 donors) were purchased from Thermo Fisher Scientific (Frederick, MD, USA).
Ultrapure water (Type I water, 18.2 MQ.cm resistivity, <5 ppb total organic carbon (TOC)) used in the study was
prepared from Thermo Scientific Barnstead GenPure Pro water purification systems (Thermo Fisher Scientific, Waltham,
MA, USA). Oxi-CNOs (dry powder form) were supplied by Professor Silvia Giordani (Dublin City University, Dublin,
Ireland) and were characterized by a range of analytical techniques.?” These techniques included Raman spectroscopy,
thermogravimetric analysis, X-ray photoelectron spectroscopy and high-resolution transmission electron microscopy
(HR-TEM). p-CNOs were synthesized through thermal annealing of detonation nanodiamonds and functionalized by
oxidation using nitric acid under reflux conditions to yield oxi-CNOs, as previously described.”” All other chemicals/
reagents were the highest grade commercially available.

Methods

Preparation of Oxi-CNO Dispersions

Glass vials and dispersant (50% w/v PEG-200 in ultrapure water) were autoclaved before use. Subsequently, oxi-CNOs
were weighed into sterile glass vials and sterile dispersant (50% w/v PEG-200 in ultrapure water) was added to achieve
final concentrations of 1.25, 2.50 and 5.00 mg/mL. Oxi-CNOs were dispersed by ultrasonication for 15 min at 37 kHz
and 100% intensity using an ultrasonic water bath (Elmasonic P30H, Elma Schmidbauer) and characterized by dynamic
light scattering (DLS) before use. Size characterization methods are in the Supplementary Methods Section and DLS

results are shown in Supplementary Figure S1 and Table S1. Two different dispersion media were used: 50% w/v PEG-

200 was used for intravenous administration, while ultrapure water was the suitable dispersion medium for hepatic
microsome experiments.

Animals

Female BALB/c mice (7-9 weeks old) were purchased from Hercus Taieri Resource Unit (Dunedin, New Zealand). Mice
were housed in polycarbonate cages with corn cob bedding, wood shavings, and were given ad libitum access to food and
water under laboratory conditions (21 £ 1°C, 55 £ 5% humidity and 12:12 h light-dark cycle) at an approved animal
facility. All mice were acclimatized for 3 days before experimentation. All experimental procedures were approved by
the University of Otago Animal Ethics Committee (AUP-18-224).

CNO and Drug Administration

Mice (n=5 per group) were randomly allocated to the following treatment groups: oxi-CNOs (125, 250 or 500 pg, iv)
given as a single dose or 3 doses every 4 days; vehicle control (50% w/v PEG-200, iv) given as a single dose or 3 doses
every 4 days. All were administered via the tail vein. The mice were monitored for 7 days after the single dose, while
mice receiving three doses of oxi-CNOs were monitored for a total of 12 days. Time-course studies were also conducted
where mice were administered with a single dose of oxi-CNOs (500 pg, iv) or vehicle control (50% w/v PEG-200, iv)
and ecuthanized at 6, 12, 24 and 48 h. The mice used for positive controls were treated with either carbamazepine
(200 mg/kg, po, daily for 5 days),>” dexamethasone (50 mg/kg, po, daily for 4 days)*® or D-galactose (300 mg/kg, ip,
daily for 7 days).*
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Physiological Parameters and Overall Animal Health

The general behavior and body weight of the mice were monitored daily throughout the various observation windows.
Mice were euthanized by CO, inhalation either 24 h after the last dose or at the time indicated. Blood was collected
immediately from the inferior vena cava and stored on ice. Mice were then perfused through the heart with 5 mL of
phosphate-buffered saline (PBS) and a full necropsy was performed in which major organs, including the liver, spleen,
lungs and kidneys were collected and weighed. Organ weight is expressed as a percentage of body weight.

Measurement of ALT Activity and Creatinine Level

Blood collected was centrifuged at 5000 rpm for 5 min at 4°C and the resulting plasma supernatant was stored at —20°C
until analysis. Plasma ALT activity and creatinine level were measured with the ALT colorimetric assay kit and creatinine
colorimetric assay kit respectively,*’ according to the manufacturer’s instructions. The results for ALT activity are

expressed as international units per liter (IU/L) and the results for creatinine level are expressed as mg/dL.

Histological Evaluation

Organs of interest were trimmed to the appropriate sizes for histological evaluation and the remaining portion was used
for the preparation of microsomes and homogenates. Excised tissues were fixed in 4% w/v paraformaldehyde for 24
h before being placed in 30% w/v sucrose (in PBS) for a further 24 h. The tissue specimens were then snap-frozen in
OCT compound with liquid nitrogen and stored at —20°C until analysis. OCT-embedded liver and kidney tissues were cut
into 12 pm sections while spleen and lung tissues were cut into 6 pm sections using a cryostat (Thermo Scientific HM
525, Thermo Fisher Scientific). The tissue sections were mounted on microscope slides, stained with hematoxylin and
eosin (H&E), cleared in xylene, mounted with DPX and coverslipped. Stained slides were scanned using a digital
pathology scanner (Aperio ScanScope CS, Leica Biosystems) at 20x (image resolution: 0.5 um/pixel) and 40x (image
resolution: 0.25 pum/pixel) magnification. Images were acquired using Aperio ImageScope digital pathology software
(version 12.4.3.5008, Leica Biosystems) and the dimension of the images was fixed at 1716x942 pixels. Blinded analysis
of the 20x scanned images was performed with ImageJ software (version 1.53k).

Preparation of Liver Microsomes and Organ Homogenates

Liver microsomes were prepared by differential centrifugation, as previously described®® and stored at —80°C until
analysis. Spleen homogenates were prepared as previously described.*’ Briefly, spleens were homogenized in ice-cold 1
mM Tris-HCI buffer containing 0.1 mM EDTA-2Na, 0.8% NaCl (pH 7.4) to yield 10% w/v homogenates. Homogenates
were centrifuged at 2000 rpm for 8 min at 4°C. The supernatant was collected and stored at —80°C until analysis. All
other organs of interest (lungs and kidneys) were placed in PBS (pH 7.4) and homogenized. Homogenates were
centrifuged at 10,000 rpm for 10 min at 4°C.** The supernatant was collected and stored at —80°C until analysis.
Protein concentration of the liver microsomes and organ homogenates was determined with the BCA protein assay kit

according to the manufacturer’s instructions using a BSA standard curve.*?

Quantification of Total Hepatic CYP450

Total hepatic CYP450 was quantified by measuring the absorbance spectra of reduced CYP450, as previously
described.**** Liver microsomes were diluted to a final protein concentration of 1 mg/mL using Tris buffer (1 M, pH
7.4) in a cuvette. The samples were reduced by adding a spatula tip of solid sodium dithionite (~1 mg) and were gently
mixed by five inversions (covered with parafilm). Carbon monoxide was bubbled into the samples at a rate of 1 bubble
per second for 30s. The absorbance at 450 nm and 480 nm was measured using a visible spectrophotometer (Thermo
Scientific Genesys 30, Thermo Fisher Scientific). Quantification of total hepatic CYP450 was obtained by calculating the
absorbance difference between 450 nm and 480 nm, with an extinction coefficient of 91 mM 'em 1% The results are

expressed as nmol/mg protein.
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Hepatic CYP3A Catalytic Activity

Hepatic CYP3A catalytic activity was determined by erythromycin N-demethylation, through the quantification of
formaldehyde using the Nash method,*® as previously described with slight modification.*” The reaction was carried
out in a test tube and the reaction mixture consisted of the following: liver microsomes (1 mg of total protein),
erythromycin buffer (0.1 M potassium phosphate buffer, 0.1 mM EDTA and 0.4 mM erythromycin, pH 7.4) and
potassium phosphate buffer (0.1 M, pH 7.4) in a final volume of 1 mL. The reaction was initiated by the addition of
50 mM NADPH and incubated at 37°C in a shaking water bath for 30 min. The reaction was terminated by the
addition of 15% w/v zinc sulfate solution and incubated at room temperature for 5 min. The samples were further
incubated for another 5 min at room temperature after the addition of saturated barium hydroxide solution. The
samples were then centrifuged at 2000 rpm for 10 min at 4°C. The resulting 0.83 mL supernatant was reacted with an
equal volume of Nash reagent (30% w/v ammonium acetate, 0.4% v/v acetylacetone) at 60°C in a shaking water bath
for 30 min. The samples were centrifuged at 2000 rpm for 10 min at 4°C and the absorbance of the supernatant was
measured at 415 nm using a visible spectrophotometer (Thermo Scientific Genesys 30, Thermo Fisher Scientific). The
catalytic activity of CYP3A was determined from a standard curve of formaldehyde. The results are expressed as
nmol/mg protein/min.

Western Blotting Analysis of CYP3A Proteins

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed as previously described.*®
Briefly, liver microsomes were solubilized in Laemmli buffer (4 x) at a total protein concentration of 1 mg/mL and
heated at 95°C for 5 min. 20 pg of protein was then loaded onto the wells of a 10% polyacrylamide gel and the Precision
Plus dual color protein standard was used as the molecular weight marker. Gel electrophoresis was run at 80 V (~20 min)
to allow protein stacking and then increased to 120 V until the bromophenol blue marker reached the bottom of the gel
(~1.5 h), using a Mini-Protean 3 Cell (Bio-Rad Laboratories). Western blotting analysis of CYP3A protein was
performed as previously described.*’ The proteins were transferred from the gel to the PVDF membrane at 100 V for
100 min, via a wet transfer system (Mini Trans-Blot Cell, Bio-Rad Laboratories). The membranes were washed (5 min)
with Tris-buffered saline (TBS, pH 7.4) and were blocked (1 h, room temperature) in a blocking buffer. The blocking
buffer contained 5% w/v BSA in TBST (TBS with 0.05% Tween 20, pH 7.4). The membranes were subsequently
incubated (20 h, 4°C) with the respective primary antibodies diluted in a blocking buffer. The primary antibodies used
were CYP3A (1:550) and GAPDH (1:4500). At the end of the incubation period, the membranes were rinsed (3 x) with
ultrapure water and washed (4 x 5 min) with TBST. Chemiluminescence detection was achieved by using horseradish
peroxidase-conjugated secondary antibodies (1:3000). Goat anti-rabbit and goat anti-mouse antibodies were used for
CYP3A and GAPDH, respectively. The membranes were incubated (1 h, room temperature) with the respective
secondary antibodies in TBST, containing 5% w/v of non-fat dry milk. The membranes were then washed (4 x 5 min)
with TBST before the addition of SuperSignal West Pico PLUS chemiluminescent substrate and visualized using CL-
XPosure film. Images were scanned with an imaging densitometer (GS-710, Bio-Rad Laboratories) and analyzed with
Quality One software (version 4.6.7, Bio-Rad Laboratories). The signal intensity of CYP3A was normalized to the
housekeeping protein, GAPDH and the results are expressed as a percentage of untreated control.

In vitro Inhibition of Hepatic CYP3A Catalytic Activity

Hepatic CYP3A catalytic activity was determined following in vitro incubation of oxi-CNOs with liver microsomes from
untreated male BALB/c mice and pooled human donors. The experiment was carried out according to the procedure
described in the hepatic CYP3A catalytic activity section. However, the test compounds, 50, 100 and 200 pg/mL of oxi-
CNOs dispersed in ultrapure water (see Supplementary Figure S1 and Table S1 for size characterization), were also

added to the reaction mixture containing untreated mouse or human liver microsomes. Ultrapure water was used as
a dispersion medium control. Ketoconazole (2.5 uM) was used as a positive control®® and DMSO was used as a solvent

control for ketoconazole.
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Measurement of Lipid Peroxidation

Malondialdehyde (MDA) level was quantified to determine the presence of lipid peroxidation in liver microsomes and
organ homogenates from oxi-CNO-treated mice, as previously described.’’ Briefly, samples (1 mg/mL protein) were
added to a test tube containing 10% w/v trichloroacetic acid. The samples were incubated on ice for 15 min before
centrifugation at 2000 rpm for 10 min at 4°C. The resulting 500 pL of the supernatant was reacted with an equal volume
of 0.67% w/v TBA by heating in a boiling water bath (~100°C) for 10 min. The samples were cooled in an ice water bath
for 5 min and the absorbance was measured at 532 nm using a visible spectrophotometer (Thermo Scientific Genesys 30,
Thermo Fisher Scientific). The amount of MDA was determined from a standard curve of MDA. The MDA standard was
prepared using malonaldehyde bis (diethyl acetal). The results are expressed as nmol/mg protein.

Measurement of SOD Activity

SOD activity in liver microsomes and organ homogenates (1 mg/mL protein) was measured with the SOD colorimetric
assay kit>* according to the manufacturer’s instructions. The results are expressed as units per milligram of protein (U/mg
protein). One unit of SOD is defined as the amount of enzyme needed to exhibit 50% dismutation of the superoxide
radical.

Statistical Analysis

All data are presented as the mean + SEM unless otherwise stated. The number of replicates performed is indicated in
each table/figure legend, where applicable. For all experiments with one factor, statistical significance was determined by
a one-way analysis of variance (ANOVA). For the analysis of two factors (ex. aggregate counts in tissue and dose),
statistical significance was determined by a two-way ANOVA. All significant ANOVAs were coupled to a Tukey’s
multiple comparisons post-hoc test in which p<0.05 was required for a statistically significant difference. All statistical
analyses were carried out using GraphPad Prism software (version 9.3.1, GraphPad Software).

Results
Assessment of the General Toxicity of CNOs

In order to determine the safety of CNOs for drug delivery, the mice were intravenously administered a single dose of
0oxi-CNOs (125, 250 or 500 pg) or vehicle control (50% w/v PEG-200). The administration of oxi-CNOs was well
tolerated by mice over 7 days of monitoring, as there were no significant changes to mouse behavior, body weight and
organ weight for all the treatment groups compared to untreated control (Supplementary Table S2). Additionally, oxi-

CNOs did not cause hepatotoxicity, as plasma ALT activity was consistently within the normal range of 0-80 IU/L
(Table 1). Likewise, there was no evidence of nephrotoxicity, as all the mice had normal plasma creatinine that was
below the threshold of 2 mg/dL (Table 1). Hence, the dosing regimen was well-tolerated by the mice and repeated
administration of oxi-CNOs was then studied. Mice receiving three doses of oxi-CNO (125, 250 or 500 pg) or vehicle
control (50% w/v PEG-200) showed significant body weight loss (<4%) over 12 days compared to untreated control

Table | Plasma ALT Activity and Creatinine Levels Following Treatment with Oxi-CNOs

Unt Veh 125 pg 250 pg 500 pg
ALT
Single-dose 23.11+8.60 21.42+6.17 13.99+£9.24 20.68+1.79 15.07£6.60
Multiple-dose 22.28+7.86 15.38+8.14 11.49£1.75 17.15%11.64 20.69+10.40
Creatinine
Single-dose 0.69+0.12 0.61+0.19 0.58+0.18 1.04£0.18 0.63+0.10
Multiple-dose 1.25+0.30 0.94+0.21 1.77+0.22 0.97£0.12 1.42+0.40

Notes: Data are presented as the mean + SEM of values expressed as IU/L (ALT) and mg/dL (creatinine), with n=5

mice per group. Significance was determined with a one-way ANOVA. None were significantly different.
Abbreviations: Unt, untreated; Veh, vehicle control.
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(p<0.05). Specifically, while untreated mice gained an average of 1.16 g over 12 days, mice administered three doses of
250 and 500 pg of oxi-CNO lost an average of 0.68 and 0.62 g, respectively (Supplementary Table S2). However, the

weight of the liver, spleen, lungs and kidneys of the mice showed no significant changes compared to untreated mice
(Supplementary Table S2). Moreover, there was no evidence of hepatotoxicity or nephrotoxicity, as plasma ALT activity

and creatinine levels were consistently within the normal range (Table 1).

Histological Evaluation

H&E staining was used to provide a high-contrast visualization to identify areas of the tissues containing CNO
aggregates which are black in color. A single dose of 0xi-CNOs resulted in an accumulation of CNO aggregates in
the liver, spleen and lungs (Supplementary Figure S2). Likewise, CNO aggregates also accumulated in the liver, spleen,

lungs and kidneys in mice receiving three doses of oxi-CNOs (Figure 1A). However, no accumulation of black
aggregates was observed in the tissues of untreated or vehicle control mice (Figure 1A). Quantification of the black
aggregates showed a significant dose-dependent accumulation in the liver, spleen, lungs and kidneys, as the aggregate
number was significantly increased in each organ with an increase in the oxi-CNO dose (Figure 1B and C). At the highest
dose, there were significantly more aggregates in the spleen compared to all other organs. Specifically, in the mice treated
with three doses of 500 pg oxi-CNOs, the spleen showed the highest mean aggregate counts (1101 £ 57), followed by the
liver (536 + 34) and lung (240 + 20) (Figure 1B). The kidneys showed the lowest CNO accumulation, specifically the
mean aggregate counts in 125, 250 and 500 pg oxi-CNOs treated mice were 7 + 2, 4 = 1 and 3 + 1, respectively
(Figure 1C).

Assessment of CYP450

The accumulation of CNO aggregates in the organs is a potential concern. In particular, the liver is a key organ involved
in the CYP450-catalyzed metabolism and detoxification of xenobiotics. Therefore, the potential impact of CNOs on
CYP450 enzymatic function was studied. The total hepatic CYP450 content in the liver microsomes was measured to
determine if CNOs altered the levels of CYP450. The results showed that there were no significant differences between
the treatment groups compared to vehicle control, indicating that three doses of oxi-CNOs (125, 250 or 500 pg) did not
alter the hepatic CYP450 content in the liver (Figure 2A). However, dexamethasone, a known inducer of total hepatic
CYP450,> showed a 1.7-fold increase in total hepatic CYP450 compared to vehicle control (p<0.0001). To confirm this
finding, the catalytic activity and protein levels of CYP3A were examined. CYP3A was chosen as it is the most abundant
CYP subfamily and has a broad substrate specificity involved in the metabolism of most clinically used drugs.’*>> The
results showed that there were no significant differences between the treatment groups and vehicle control, indicating that
three doses of oxi-CNOs (125, 250 or 500 pg) did not affect the catalytic activity of CYP3A (Figure 2B). However,
carbamazepine, a known inducer of CYP3A,* increased CYP3A catalytic activity 3.1-fold higher compared to that of
the vehicle control (p<0.0001). CYP3A protein levels were then examined to ensure that these were also unchanged. The
results from Western blotting experiments showed that there were no significant changes in the CYP3A protein levels
between the treatment groups compared to untreated control (Figure 2C and D). However, carbamazepine increased
CYP3A protein levels 2.1-fold compared to untreated control (p<0.0001).

In vitro Inhibition of Hepatic CYP3A Catalytic Activity

Previous work identified that SWCNTs were able to inhibit CYP3A in vitro through competitive binding.’® Therefore,
experiments were performed to determine if CNOs could compete with erythromycin and inhibit CYP3A catalytic
activity. Specifically, the catalytic activity of CYP3A in mouse liver microsomes was determined, following in vitro
incubation with oxi-CNOs at 50, 100 and 200 pg/mL. Ultrapure water was used to disperse oxi-CNOs because 50% w/v
PEG-200 showed a 9.7-fold increase in CYP3A activity compared to ultrapure water alone (p<0.0001). Even though
0.2% DMSO has been reported to inhibit CYP3A,>” 5% DMSO did not inhibit CYP3A activity in the current study.
Therefore, DMSO was used as a solvent control for ketoconazole. The results showed that there were no significant
differences between the treatment groups compared to dispersion medium control (ultrapure water), indicating that CNOs
did not act as competitive inhibitors of mouse CYP3A (Table 2). However, ketoconazole (2.5 uM), a known potent
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Figure | Histological evaluation of organs following treatment with three doses of oxi-CNOs or vehicle control (50% w/v PEG-200). (A) H&E staining of tissue sections.
The accumulation of CNO aggregates is indicated with black arrows. 40x magnification. Scale bar, 50 pm. (B and C) Quantification of CNO aggregates accumulated in the
organs analyzed by Image] software. Mean + SEM, with n=5 mice per group. Significance was determined with a two-way ANOVA coupled with a Tukey’s post-hoc test.
asignificantly increased compared to all other organs at the same concentration, p<0.0001. #Significantly increased compared to the lung at the same concentration, p<0.01.
PSignificantly different from all other concentrations in the same tissue, p<0.01. *significantly increased from all other groups, p<0.05.

Abbreviations: Unt, untreated control; Veh, vehicle control.

inhibitor’® decreased erythromycin N-demethylation by 60% compared to its solvent control. To determine if this effect
was consistent across species, the experiments were also performed with human liver microsomes. The results showed
that CNOs also failed to inhibit erythromycin N-demethylation in human liver microsomes (Table 2), indicating that the
effects of 0xi-CNOs in mice translated to humans.

3904 | "tes International Journal of Nanomedicine 2023:18
Dove


https://www.dovepress.com
https://www.dovepress.com

Dove Tan et al

A C
£ 40 .
£ * oxi-CNOs (ug)
s —_—
2 a0 Unt Veh 125 250 500 Cmz
s
E CYPIA —— o o s s s o i s v v ww v ww —— 57 kDA
o
2 20 <
o
5
= " GAPDH — w= «n 5 5 = w @ o e o o o w37 KDA
E_ .
=
o
Lol X T T T T T T
Unt Veh 125 250 500 Dex
oxi-CNOs (ug)
B D
T 15 - 300
E *
£
Q =
- s
a €
o 1.0 § g 200
3 §3
O <
£ g8
z £5 o
Z 05 O 100
o X
: < s
b
>
o
0.0

T T T T T T T T T T T T
Unt Veh 125 250 500 Cmz Unt Veh 125 250 500 Cmz

oxi-CNOs (ug) oxi-CNOs (ug)

Figure 2 Hepatic CYP450 and CYP3A protein levels following treatment with three doses of oxi-CNOs or vehicle control (50% w/v PEG-200). Mice treated with
dexamethasone (50 mg/kg, po, daily for 4 days) and carbamazepine (200 mg/kg, po, daily for 5 days) were used as positive control. (A) Total hepatic CYP450 (B) CYP3A
catalytic activity. (C) Representative Western blot for CYP3A and housekeeping protein GAPDH. The positions of the molecular weight markers are indicated on the right
(kDa). (D) Scanning densitometry of the CYP3A Western blots normalize to the housekeeping protein GAPDH, analyzed on 3 independent Western blots. Mean + SEM,
with n=5 mice per group. Significance was determined with a one-way ANOVA coupled with a Tukey’s post-hoc test. *Significantly increased from all other groups, p<0.0001.
Abbreviations: Unt, untreated control; Veh, vehicle control; Dex, dexamethasone; Cmz, carbamazepine.

Assessment of Oxidative Stress

Nanoparticle-induced toxicity is often associated with oxidative stress.”” ! Therefore, the generation of reactive oxygen
species (ROS) was characterized to determine if CNOs induced oxidative stress. However, the direct detection of ROS
remains elusive due to their short half-lives and high reactivity. MDA is a stable end product of lipid peroxidation
induced by ROS and thus can be used as an indirect measure of oxidative stress.®” Hence, MDA was used to determine if
CNO treatment induced oxidative stress in liver microsomes and organ homogenates. The results showed that there were
no significant differences between the treatment groups and vehicle control in liver microsomes and spleen homogenates,
indicating that three doses of oxi-CNOs (125, 250 or 500 ug) did not induce lipid peroxidation in the liver and spleen
(Table 3). D-galactose, a known inducer of oxidative stress,>® showed a 2.4-fold increase in the amount of MDA in the
spleen homogenates compared to vehicle control (p<0.001). However, ROS can be scavenged by antioxidants once the
defense mechanism is activated.® Therefore, the activity of SOD, the first-line defense antioxidant enzyme against ROS®®
was measured and the results showed that oxi-CNOs did not alter SOD activity in the liver microsomes and spleen

Table 2 Hepatic CYP3A Catalytic Activity Following in vitro Incubation with Oxi-CNOs

Ultrapure Water | 50 uyg/mL | 100 pg/mL | 200 ug/mL | Ket (2.5 yM) | DMSO
Mouse® 1.01+0.04 1.03+0.03 1.06+0.03 1.05+0.04 0.35£0.02* 0.88+0.02
Human® 0.48+0.01 0.50+0.01 0.47+0.01 0.47+0.003 ND ND

Notes: Data are presented as the mean + SEM of values expressed as nmol/mg protein/min. *Values from 5 experiments performed in
duplicate. ®Values from 3 technical replicates from pooled human liver microsomes. Ketoconazole (Ket) was used as positive control.
Dimethyl sulfoxide (DMSO) was used as solvent control for ketoconazole. Significance was determined with a one-way ANOVA coupled
with a Tukey’s post-hoc test. *Significantly decreased from all other corresponding treatment groups, p<0.001.
Abbreviation: ND, not determined.
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Table 3 MDA Levels and SOD Activity in Liver Microsomes and Spleen Homogenates from
Mice Treated with Three Doses of Oxi-CNOs

Unt Veh 125 pg 250 pg 500 pg D-gal
MDA
Liver 0.96+0.07 0.90+0.03 0.92+0.07 0.88+0.07 0.94£0.12 ND
Spleen 0.82+0.07 0.94+0.07 0.86+0.10 0.88+0.14 0.78+0.13 2.301%*
SOD
Liver 1.100.10 0.94+0.08 1.45+0.20 1.37+0.20 1.23+0.12 ND
Spleen 4.35%0.11 4.1620.14 4.3610.09 4.3740.09 4.57+0.11 5.35%

Notes: Data are presented as the mean + SEM of values expressed as nmol/mg protein (MDA) and U/mg protein
(SOD), with n=5 mice per group. A mouse treated with D-galactose (D-gal) (300 mg/kg, ip, daily for 7 days) was used as
positive control. Significance was determined with a one-way ANOVA coupled with a Tukey's post-hoc test. *Significantly

increased from all other corresponding treatment groups, p<0.05.

Abbreviations: Unt, untreated; Veh, vehicle control; ND, not determined.

Table 4 Time Course of MDA Levels and SOD Activity in Liver Microsomes and Organ Homogenates from

Mice Treated with a Single Dose of Oxi-CNOs (500 pg, Iv)

Unt Veh 6h 12 h 24 h 48 h D-gal
MDA
Liver 0.96+0.07 0.80+0.10 0.76+0.05 1.00+0.09 0.84+0.12 0.76+0.04 ND
Spleen 0.82+0.07 0.85+0.05 0.92+0.11 0.84+0.07 0.76+0.05 0.92+0.07 2.57*%
Lung 1.460.10 1.25+0.05 1.48+0.16 1.22+0.18 1.20£0.15 0.92+0.11 ND
Kidney 6.10£0.27 6.60£1.20 7.12£0.24 7.30+£0.28 6.30+0.36 5.92+0.18 ND
SOD
Liver 1.10+0.10 1.03+0.18 1.47+0.16 1.38+0.25 1.230.11 1.08+0.10 ND
Spleen 4.350.11 4.23+0.09 4.83+0.22 4.81x0.18 4.66x0.21 4.46+0.06 ND
Lung 5.49+0.05 5.24+0.30 5.39+0.08 5.39+0.12 4.97+0.25 5.38+0.28 ND
Kidney 6.22+0.11 6.34+0.30 6.61+0.09 6.34+0.11 6.51+0.09 6.410.11 ND

Notes: Data are presented as the mean * SEM of values expressed as nmol/mg protein (MDA) and U/mg protein (SOD), with n=5 mice per
group. A mouse treated with D-galactose (D-gal) (300 mg/kg, ip, daily for 7 days) was used as positive control. Significance was determined
with a one-way ANOVA coupled with a Tukey'’s post-hoc test. *Significantly increased from all other corresponding treatment groups,
p<0.0001.

Abbreviations: Unt, untreated; Veh, vehicle control; ND, not determined.

homogenates (Table 3). To ensure that induction of lipid peroxidation did not occur at an earlier time-point, MDA levels
and SOD activity were measured across an earlier time-course (6 to 48 h). There were also no significant changes in
MDA levels or SOD activity between the treatment groups and vehicle control in the liver microsomes or spleen, lung
and kidney homogenates at 6 to 48 h following a single dose of 500 pg of oxi-CNOs (Table 4). Only the highest dose was
used in the time-course study in order to minimize the use of animals. Since there were no changes in MDA or SOD, the

experiments were not repeated at lower doses.

Discussion

CNOs hold great potential for use as a delivery vehicle for drugs or diagnostic agents. However, systemic in vivo studies
are needed to further develop their use in medical applications. In this study, we investigated the toxicity of oxi-CNOs
elicited by intravenous administration in female BALB/c mice. A single administration of oxi-CNOs (125, 250 or 500
ug) over 7 days of monitoring was well tolerated by the mice. There were no changes in mouse behavior, body weight or
organ weight, and neither hepatotoxicity nor nephrotoxicity was observed. A 100% survival rate has also been reported
when mice were treated with 250 and 500 pg of sphere-like carbon nanocapsules and Cg fullerene over a 7-day period.**
However, the long and rigid CNTs (500 pg) elicited 18% mortality.** Since the CNOs were well-tolerated by the mice,
the effect of repeated CNO administration was examined using a dosing regimen of three intravenous injections of oxi-
CNOs (125, 250 or 500 ng) over 12 days. Following this regimen, there was a significant reduction in body weight.
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However, there were no significant changes in mouse behavior or organ weight and there was also no evidence of
hepatotoxicity or nephrotoxicity. This finding is supported by a previous study showing that male BALBcAlJcl mice lost
~6% of their body weight after 10 days of tube restraint.®> Therefore, the body weight reduction (<4%) with both oxi-
CNOs and vehicle control may be a result of the stress of tube restraint and multiple intravenous injections rather than the
0xi-CNOs themselves.

Single administration of oxi-CNOs caused an accumulation of CNO aggregates in the spleen, liver and lung, with
a trace amount of aggregates appearing in the kidneys. Following repeated administration this accumulation was dose-
dependent. Furthermore, three doses of 0xi-CNOs resulted in ~3.5 times higher accumulation of aggregates compared to
the single dose, suggesting that there was no significant elimination of CNOs during the twelve days. The findings
showing a major accumulation of CNO aggregates in the liver, spleen and lung are consistent with the general trend of
high uptake of nanomaterials by the mononuclear phagocyte system (MPS).*"***® While urinary excretion was not
measured, considering that the size of CNOs (~60 nm, Supplementary Table S1 and Figure S1) exceeded the renal

filtration-size threshold of 5.5 nm,”® it is unlikely that CNOs would be renally excreted unless they were degraded
beforehand. Therefore, the aggregates escaping MPS’s uptake into the kidneys were trapped in the glomerulus
(Supplementary Figure S3). Notably, the results showing accumulation of CNO aggregates indicate that further

investigation of the biodistribution of CNOs in mice is warranted. It is important to note that the number of aggregates
quantified in this study may not fully represent the complete biodistribution. Quantification using ImagelJ analysis did not
allow an accurate estimation of the aggregate size and this was variable within the tissue.

CNMs are well-known for their strong thermal, chemical and mechanical durability due to their unique structural
properties. These unique characteristics make them highly stable and difficult to degrade. Studies have reported that

CNTs can be biodegraded by macrophages via oxidative degradation’"?

and the degradation was also confirmed by the
structural defects of CNTs.”>”* CNTs were also found to be excreted through the biliary pathway, with SWCNTSs detected
in feces 8 h post intravenous administration.®® However, renal excretion is still the preferred route of excretion for
clinically approved formulations. Biodegradation of CNMs in a living system is a complex process and biliary excretion
is slow. As a consequence, a critical question concerning CNO toxicity is whether the retention of aggregates causes an
impact on organ function. Therefore, the effect of CNOs on the major drug-metabolizing enzyme family, CYP450s, was
assessed. The results showed that CNOs administered to mice did not alter the total hepatic CYP450 content or the
catalytic activity and protein levels of CYP3A. Importantly, the total hepatic content and the catalytic activity of CYP3A
for untreated mice were similar to the values previously reported.”>’® Furthermore, oxi-CNOs did not act as CYP3A
competitive inhibitors in vitro.

These are important findings, as there is limited work examining CYP450s following administration of other
nanoparticles. For example, zinc oxide nanoparticles (100, 300, or 600 mg/kg) administered orally to rats for 7 days
significantly inhibited testosterone metabolism by CYP3A.”” In contrast, silver nanoparticles administered orally to rats
(50 to 1000 mg/kg) for 2 weeks did not exhibit any changes in CYP3A activity, as measured by midazolam 1-hydro-
xylation, and TEM analysis of liver sections revealed that no silver particles were detected.”® A key factor that
determines whether nanoparticles can affect CYP450-mediated metabolism is their ability to enter cells and exert effects.
Studies have shown that CNOs accumulated in lysosomes around the nuclei of MCF-7 cells after a 24 h incubation.?
Due to the ability of CNOs to access subcellular compartments, it is likely that CNOs would come into contact with the
drug-metabolizing enzymes in the endoplasmic reticulum. Additionally, normal plasma ALT activity was also observed
in all the mice, indicating there was no major loss of the parenchymal or other liver cell integrity which may impair
cellular uptake. However, it is important to note that when administered into the blood, the surface of CNOs would be
coated with protein corona and other biomolecules, which is likely to affect cellular uptake.”® The formation of protein
corona has been shown to influence the mechanisms of nanoparticle internalization and lower cell membrane adhesion of
nanoparticles, resulting in a decrease in internalization efficiency.®*®' Therefore, there is a possibility that the CYP450s
were not altered because the amount of CNOs reaching the subcellular compartments was too low to cause an effect.
However, the in vitro results provide further support, showing that CNOs at concentrations between 50 and 200 pg/mL
did not inhibit CYP3A catalytic activity.
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In contrast, SWCNTs (50 to 100 pg/mL) inhibited the metabolism of testosterone (50 to 80%) in a concentration-
dependent manner when studied using bactosomes expressing human CYP3A.” Nanodiamonds, graphene oxide and
graphite (3.125 to 100 pg/mL) were also found to inhibit CYP3A catalytic activity by 50 to 60% when tested with
baculosomes expressing human CYP3A.*? In addition, CYP3A inhibition mediated by SWCNTs was shown to be
mitigated by PEGylation and protein corona (BSA).” Contrary to the earlier findings, however, the current in vitro study
showed that CNOs without PEGylation did not affect CYP3A catalytic activity. It is known that PEGylation is a common
surface modification applied to nanoparticles to reduce non-specific protein adsorption and toxicity caused by pristine
surfaces.®*** The in vitro results showing that CNOs did not affect CYP3A without the surface being modified with PEG
is an advantage because it eliminates the concerns regarding toxicity that may occur in vivo due to PEG detachment.
Additionally, a further in vitro study to evaluate the activity of CYPs in the presence and absence of a protein corona
would characterize the surface parameters that may influence the interaction of CNOs with CYPs.

Although the amount of carbon nanomaterials taken up by specific liver cells is unknown, previous studies estimated
that 70% of the injected dose of SWCNTs (100 pg, iv) was accumulated in the liver 24 h after injection.®® Furthermore,
a total of 21.3% of the injected dose of SWCNTs (200 pg, iv) remained in the liver 28 days after administration.®
Therefore, the concentrations of CNOs (50 to 200 pg/mL) used for the in vitro study are realistic compared to the actual
amount accumulated in the liver, as reported in the literature. Molecular dynamic simulations have identified that CNTs
may inhibit enzymes via three possible mechanisms, including disruption of the active site, competitive binding and
blocking access to the active site.”>*%¢ A possible explanation for the absence of the alteration of CYP450s may be
attributed to the weak hydrophobic interactions between CNOs and CYP450s. Inhibition of CYP450s can lead to an
increase in the bioavailability of drugs or a decrease in the amount of pharmacologically active drugs in the case of
prodrugs, which can result in adverse drug reactions or therapeutic failure. The absence of the alteration of CYP450s,
thus, indicates that currently CNOs are generally safer than CNTs. However, improvements to CNTs continue to be made

with more biocompatible functionalizations'®'’

and thus the safety profile of CNTs is likely to improve.
Nanoparticle-mediated toxicity can be caused by various factors, but oxidative stress is known to be a common
paradigm.”® ' An imbalance between the production of ROS and its elimination by antioxidants elicits oxidative
stress.®”*® In particular, cellular and organelle membranes are vulnerable to the attack of ROS under oxidative stress
due to the abundance of polyunsaturated fatty acids, resulting in lipid peroxidation.®® Therefore, lipid peroxidation was
measured to determine if CNOs induced oxidative stress. Additionally, the activity of SOD, one of the major antioxidants
in the cell, was also examined to determine if the antioxidant defense mechanism had been activated. SOD catalyzes the
dismutation of superoxide radicals, preventing and suppressing free radical formation.®® It was found that repeated
administration of CNOs did not cause lipid peroxidation or changes in SOD activity in the liver or spleen. Time-course
studies also revealed no evidence of lipid peroxidation in the liver, spleen, lungs or kidneys within 6 to 48 h after a single
dose of 500 pg oxi-CNO and this lack of lipid peroxidation was not regulated by changes in SOD. CNOs therefore did
not induce oxidative stress. Moreover, there was no evidence that there was any hepatotoxicity or nephrotoxicity, which
supports the lack of oxidative damage. These findings are also consistent with previous in vitro studies demonstrating
CNO biocompatibility. p-CNOs and oxi-CNOs (30 to 300 pg/mL) were reported to be biocompatible in rat dermal
fibroblasts, with almost 100% viability after a 4 h incubation.”® Likewise, oxi-CNOs (0.5 to 20 pg/mL) also showed
greater than 80% viability in MCF-7 and HeLa cells after 72 h.%° In contrast, Xu et al** found that CNOs inhibited cell
viability (ICso: 44 ng/mL), caused DNA damage and induced apoptosis in human umbilical vein endothelial cells, which
was attributed to ROS. The discrepancy between these results is likely due to the different methods used to synthesize
CNOs. In the study of Xu et al,>> CNOs were synthesized using an arc discharge method with two graphite electrodes
immersed in water, whereas studies showing their biocompatibility used nanodiamonds that had been annealed at 1650°C
before being oxidized with nitric acid for 48 h.>>**> An underwater arc discharge method was initially reported to produce
highly pure CNOs,’® a HR-TEM analysis, however, revealed that CNOs were contaminated with carbonaceous impurities
such as polyaromatic hydrocarbons, amorphous carbon, CNTs and graphitic debris, as well as metallic impurities
detected by thermogravimetric analysis.”’ Although the amount of impurities in CNOs synthesized by annealing of
nanodiamonds is unknown/has not been accurately analyzed (ie with a sensitive analytical method), the high temperature
and acid treatment used during the synthesis process may have removed the impurities.”*** Metallic impurity-induced
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oxidative stress has been identified as one of the key mechanisms causing toxicity of CNTs, as demonstrated by
a reduction in viability (38%) of human keratinocyte cells after incubation with SWCNTs (30% w/w Fe, 0.24 mg/mL)
for 18 h. This was evidenced by a decline in the antioxidant glutathione (48%) as well as an increase in lipid peroxidation
products (46%). However, the reduction in viability was dramatically reversed by the metal chelator, deferoxamine.”*
Metallic residues such as Fe, play a critical role in the generation of hydroxyl radicals through Fenton reaction, causing
intracellular oxidative stress.”” Therefore, carbonaceous and metallic impurities are likely to be the cause of ROS
generation and toxic effects seen in the in vitro study of CNOs synthesized by the underwater arc discharged method. On
the contrary, the current study did not observe any toxicity or oxidative damage in mice. This may be due, in part, to the

lack of impurities in the oxi-CNOs synthesized through the detonation of nanodiamonds and oxidation with nitric acid.

Conclusions

In this study, we investigated the safety of CNOs for their potential use as carriers for drugs and diagnostic agents. Single
or repeated administration of oxi-CNOs did not affect mouse behavior or organ weight and there was also no evidence of
hepatotoxicity or nephrotoxicity. However, vehicle control mice and those receiving three doses of oxi-CNO lost ~4% of
their body weight, indicating that stress of chemical administration has an impact on animal weight. Although CNOs
caused a dose-dependent accumulation of CNO aggregates in the organs, the accumulation of aggregates did not affect
the protein level or function of CYP450s or cause oxidative stress. While additional work must be conducted to confirm
long-term biocompatibility, we provide evidence for the first time that short-term intravenous administration of oxi-
CNOs is non-toxic to female mice. Future research could explore a variety of surface functionalizations (eg covalent
PEG) to minimize accumulation and achieve urinary excretion of CNOs. Lastly, this study has provided evidence that
CNOs warrant further investigation for use in nanomedicine.
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