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ABSTRACT: Understanding how two-dimensional (2D)
nanomaterials interact with the biological milieu is
fundamental for their development toward biomedical
applications. When thin, individualized graphene oxide
(GO) sheets were administered intravenously in mice,
extensive urinary excretion was observed, indicating rapid

transit across the glomerular filtration barrier (GFB). A %

detailed analysis of kidney function, histopathology, and
ultrastructure was performed, along with the in vitro
responses of two highly specialized GFB cells (glomerular
endothelial cells and podocytes) following exposure to GO.
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We investigated whether these cells preserved their unique barrier function at doses 100 times greater than the dose
expected to reach the GFB in vivo. Both serum and urine analyses revealed that there was no impairment of kidney function
up to 1 month after injection of GO at escalating doses. Histological examination suggested no damage to the glomerular
and tubular regions of the kidneys. Ultrastructural analysis by transmission electron microscopy showed absence of
damage, with no change in the size of podocyte slits, endothelial cell fenestra, or the glomerular basement membrane
width. The endothelial and podocyte cell cultures regained their full barrier function after >48 h of GO exposure, and
cellular uptake was significant in both cell types after 24 h. This study provided a previously unreported understanding of
the interaction between thin GO sheets with different components of the GFB in vitro and in vivo to highlight that the
glomerular excretion of significant amounts of GO did not induce any signs of acute nephrotoxicity or glomerular barrier

dysfunction.
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raphene has a unique two-dimensional (2D) carbon
G geometry that results in a variety of exceptional

physicochemical properties.”> These properties have
attracted great interest in different scientific disciplines and for
wide-ranging applications, from physics to materials science
and, more recently, biomedicine.>™® Large surface area,®® high
mechanical strength,”™'* and flexibility”'"® are some of the
unique characteristics by which the material interacts with soft
biological matter. Graphene oxide (GO), the oxidized analogue
of graphene, also contains an abundance of oxygenated
functions on both sides of the planar structure that makes
the material more hydrophilic and highly charged electrostati-
cally compared to graphene. The use of GO has expanded the
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applications of graphene-based materials in biomedicine due to
its improved dispersibility in aqueous environments and the
capacity for further introduction of functional moieties on the
surface of these 2D sheets.'*

The most popular administration route used in the
preclinical development of GO for biomedical applications
has been the intravenous (i.v.)."> Extensive urinary excretion of
GO has also been reported in several studies after i.v. injection
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Figure 1. Graphene oxide before injection and after detection in urine of injected mice: (A) characterization of GO by (i) AFM imaging; (ii)
AFM height section of the blue line in i; (iii) lateral size distribution obtained by counting more than 100 GO sheets from the AFM image in i;
and (iv) surface charge of GO represented by zeta potential values (values are mean + SD; n = 3). (B) GO in solution and GO from the urine
of mice 24 h postinjection by Raman spectroscopy of the GO before injection (i) of the GO excreted in urine (ii). All Raman spectra were an
average of five spectra (n = 5). (C) (i) SPECT/CT images of a C57BL/6 mouse injected with ('''In)DOTA-GO, showing coronal, sagittal,
and transverse views of the kidney (top) and bladder (bottom); images were captured at 0—1 h after injection. (ii) In vivo stability of
(*'In)DOTA-GO, as detected by TLC; first three columns indicate the excretion of intact (*"'In)DOTA-GO and (*"'In)EDTA) in the urine
of injected mice, compared to the doses before injection (last two columns). (D) Excreted dose of (*''In)DOTA-GO in the urine of injected
mice represented as percent of radioactivity collected from control ("'In)EDTA; urine was extracted by direct bladder intervention. AFM
images scale bars are 2 pm.

of functionalized GO sheets in mice.*'*™>° The glomerulus is containing predominantly collagen IV-alpha 34,5 and lam-
the main filtration organelle in the kidney,”" and GO sheets are inin-521 among other proteins that are secreted by podocytes
thought to be excreted by crossing the glomerular filtration and GEnC.”**>*° Although the glomerular endothelial fenestra
barrier (GFB). However, no direct experimental evidence has and the podocyte slit sizes are reported to be between 60 and
been reported to validate such excretion mechanism today. 40 nm,””*>*’ the prevention of the relatively small albumin
The GFB contains (among other acellular components) two (ALB) molecules (diameter only 3.6 nm, molecular weight 66.5
highly specialized cellular components: the fenestrated kDa) to pass through the kidney suggests that the GFB
glomerular endothelial cells (GEnC) and the glomerular permselectivity is a much more sophisticated process.
epithelial cells known as the podocytes.””** The GEnC make In previous reports, we have shown by whole-body single-
up the initial cellular barrier encountered by blood-circulating photon and positron emission computed tomography
nanomaterials as they reach the glomerular capillaries and they (SPECT/CT)"” and (PET/CT)*’ imaging as well as cut-and-
have fenestra estimated at ~60 nm in width.”>~** The count radioactivity measurements'’ the detailed pharmacoki-
podocytes are highly specialized and differentiated cells with netics and tissue distribution of thin GO sheets upon iv.
large cell bodies and finger-like protrusions (termed the foot administration. The GO entered systemic blood circulation,
processes) that bulge into the urinary side of the GFB.” The and a significant fraction (>50%) of the injected dose was
foot processes are separated by slits that have been reported to excreted in the urine at early time points. Similar findings have
be 25—60 nm wide, and these are formed by a specialized cell— also been reported by others.”'°™'® However, very little has
cell junction known as the slit diaphragm. The podocytes been described on both the interaction of these 2D materials
support the glomerular basement membrane (BM) and are with the GFB and whether such interactions can have an
critical for the selective permeability of the glomerular filter. adverse impact on kidney tissue structure and function. In this
The glomerular BM is composed of a fibrous network study we interrogated the function as well as the histological
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Figure 2. Kidney function analysis and mice weight change. Mice (n = 4 mice for each group) injected with three different doses of GO (2.5, §,
and 10 mg/kg) compared to control-injected mice (LPS S mg/kg and Dex 5%) at 1 day and 1 month after injection: (A) Serum analysis, from
top to bottom, shows serum levels of creatinine, urea, and albumin. (B) Urine analysis showing SDS gels (top) of urine collected 24 h and 1
month after injection; bottom graph shows protein:creatinine ratio. (C) Animal body weight (represented as percent of weight gain) in mice
injected with three different doses of GO (2.5, S, and 10 mg/kg) and control-injected mice (Dex 5%) 1 month after injection. All data are
represented as mean =+ standard error (SE). Statistical significance was tested using one-way ANOVA with Tukey’s posthoc test (p < 0.005 ***
and p < 0.05 *). MM in B stands for molecular marker or reference protein ladder.

and ultrastructural morphology of the kidney tissue in C57BL/
6 mice following administration of increasing amounts of GO.
We further investigated the effects of GO sheets on cell culture
models of GEnC and podocytes to obtain a more thorough
understanding of the potential impact on the mechanism of
interaction between GO sheets and these cells as well as the
impact on the barrier function at excessive GO dose exposure
regimes.

RESULTS

Preparation and Characterization of GO. Graphene
oxide was prepared by a modified Hummers’ method using
chemical oxidation in strong acidic conditions, followed by
thorough characterization of the resulting thin GO material
used in the present work.”® GO-DOTA (DOTA: 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid) was prepared
from GO by a two-step derivatization process.'” That previous
report showed by XPS analysis that the C/O ratio increased
only slightly after derivatization with DOTA from 2.3 (for GO)
to 2.4, which indicated that the presence of DOTA did not
dramatically affect the surface properties of the starting
material. Figure 1Ai shows atomic force microscopy (AFM)
data of several GO sheets and the height profile across the blue
line (Figure 1Aii). The thickness of the prepared GO was 1—2
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nm, corresponding to 1—3 single sheets. The size distribution
of GO sheets was quite wide, as reported previously,”® however
the vast majority (>70%) of the sheets had a lateral dimension
below 1 um (Figure 1Aiii). The mean surface charge of the GO
sheets was highly negative with a zeta potential of —51.2 + 3.1
mV (Figure 1Aiv). The Raman spectrum (Figure 1Bi) shows
the characteristic G and D bands of the GO. The G band at
1595 cm™ is due to bond stretching of sp® hybridized carbon
atoms, and the prominent disorder D band was at 1330 cm™".
The 2D band near 2700 cm ™! was almost absent, and the D to
G band intensity ratio (Ip/Ig), corresponding to the metric of
disorder is shown in the inset. The G band, indicative of sz
hybridized carbon atoms, was present at around 1590 cm™.”*’

Urinary Excretion of GO. Intravenous administration of
the as-prepared GO sheets through the tail vein of mice
resulted in the presence of GO sheets in their urine 24 h
postinjection.'” Raman spectroscopy confirmed the presence of
GO in the urine, and the D to G band intensity ratio (Ip/I) is
shown in the legend (Figure 1Bii). As described in our previous
work,"” aqueous GO dispersions were functionalized with the
chelating agent DOTA and efficiently and stably radiolabeled
with (''In) for imaging. The excretion of ('''In)DOTA-GO
was again evidenced here by SPECT/CT in Figure 1Ci,
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Figure 3. Kidney histology and ultrastructure: (A) Histological examinations of kidneys (i—iv) renal pathology estimation using different
measurements, such as a scoring system, thickness of the renal cortex, number of glomeruli per whole kidney, longitudinal diameter of
glomerulus, and number of cells per glomerulus, respectively. Measurements were carried out using at least 50 glomeruli in several kidney
sections from two different mice. All values are mean + SE, and statistical significance was tested using one-way ANOVA with Tukey’s posthoc
test. (v) Histology sections showing normal kidney glomerulus and (vi) normal renal tubules in GO-injected mice as compared to mice
injected with Dex 5% at 24 h and 1 month after the injection. (B) TEM morphometry (i—iv) represents measurements of GBM thickness,
podocyte foot process width, podocyte slit size, and endothelial cell fenestra sizes, respectively. Values are mean of several TEM images
captured from two different mice. All values are mean + SE, and statistical significance was determined by Student’s T test. (v) TEM images
comparing a control (Dex 5%)-injected mouse to a GO-injected mouse in (vi). G: glomerulus, Bs: Bowman’s space, M: mesangium, p:
proximal convoluted tubule, d: distal convoluted tubule, RBC: red blood cell, U: urine compartment, P, podocyte, E: endothelial cell, FP: foot
processes, BM: glomerular basement membrane.

control (!In)EDTA (the latter known to be excreted almost
entirely within the first few hours postinjection)."”*’

The direct visualization of GFB translocation by the GO
sheets was attempted next. The same dose of nonradiolabeled
GO dispersed in 5% dextrose (2.5 mg/kg) was injected i.v. (tail
vein), and the kidney tissues were retrieved 30 min
postadministration for scanning transmission electron micros-
copy (STEM) examination. Figures SIA and B show STEM
data of the cross-sectioned glomeruli injected with control
dextrose 5% (Dex 5%) and GO. Imaging indicated electron-

showing coronal, sagittal, and transverse views of the kidney
(top) and bladder (bottom).

To further validate the excretion and radiolabeling stability of
the material, urine samples were collected from mice treated
with ('"'In)DOTA-GO at 4 h and 24 h postinjection, and thin-
layer chromatography (TLC) spotted in comparison to the
material before injection (Figure 1Cii). The excreted ('''In)-
DOTA-GO remained intact and radiolabeled in the urine to
confirm the in vivo stability of the material. The injected dose

excreted in the urine was determined more accurately in a
separate experiment by direct bladder puncture (Figure 1D).
The excreted dose of (*'In)DOTA-GO was 50—60% of the
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dense structures (Figure S1B) resembling GO sheets viewed
side-on only in the tissue sections of GO-injected mice, that
were not present in the tissues from dextrose-injected animals,
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Figure 4. Effect of GO on endothelial cell structure and function: (A) Cytotoxicity of endothelial cells treated with GO (S, 25, 100, and 200
pg/mL) as compared to that of controls (naive or injected with thrombin or DMSO 10%), as determined by the modified LDH assay, at 24
and 48 h after treatment (left and right, respectively). Statistical significance was determined by using one-way ANOVA with Tukey’s posthoc
test (¥**: p < 0.00S versus naive cells). (B) ECIS evaluation of endothelial cell function of cells pretreated with GO 1 day before culturing
them on the ECIS plates (top) and cells treated directly on the ECIS plate (bottom). Cells treated with GO (25 pg/mL) were compared with
naive (untreated cells) and thrombin-treated cells (positive control). (C) Cell morphology detected by (i) fluorescence microscopy images
after staining cells with a-tubulin (green), f-actin (yellow), and DAPI (blue) at 1 h, 24 h, 48 h and 1 week after treatment with GO (25 pg/
mL), as compared to naive cells. Scale bar is 10 gm. (ii) Graph represents the cell aspect ratio, indicative of cell morphology. (iii) Graph
represents the percentage of gaps detected between cells at the different time points. Graphs were detected by Image]J analysis using several
fields of view for each condition. Statistical significance was determined by using one-way ANOVA with Tukey’s posthoc test (black *: p <
0.00S versus naive cells and GO, at 1 h and 1 week; blue *: p < 0.005 versus GO at 1 h, p < 0.01 versus naive, p < 0.5 versus GO at 1 week; black
#: p < 0.01 versus naive, p < 0.005 versus GO at 1 h; blue #: p < 0.005 versus GO at 1 h; red * and #: p < 0.5 versus naive). (D) TEM images of
endothelial cells treated with 25 ug/mL of GO compared to those of naive cells. Cells were stored for 1 week, washed once with media, which
was replaced every 2 days. Green arrows indicate empty vesicles, red arrows indicate vesicles packed with GO, and blue arrows indicate
interactions between GO and cell membrane.

and these structures were thought to represent GO sheets. to 10 mg/kg. A range of kidney function analyses are shown in
However, we were not able to decipher unequivocally that Figure 2, along with the results of blood serum and urine
these structures were the excreted GO sheets. Further work analyses (Figure 2A,B). Overall, no significant differences were
with more sophisticated techniques is certainly warranted. noted in the serum levels of creatinine, urea, and ALB in all
Effect of GO on Kidney Function and Structure. To groups injected with GO at all three doses (2.5, S, and 10 mg/
determine the potential impact of the significant GO urinary kg) compared to the control group (5% dextrose alone), both
excretion on renal pathophysiology, groups of C57BL/6 mice at 1 day and 1 month postinjection. A group of animals injected
were injected i.v. with GO at a dose escalation regime from 2.5 with lipopolysaccharide (LPS at S mg/kg), used here as a
10757 DOI: 10.1021/acsnano.6b03358
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Figure S. Effect of GO on cell structure and function of podocyte: (A) Cytotoxicity of podocytes treated with GO (S, 25, 100, and 200 pg/mL)
compared to that of controls (naive or treated with PAN and DMSO 10%), as determined by the modified LDH assay 24 and 48 h after
treatment (left and right, respectively). Statistical significance was determined by using one-way ANOVA with Tukey’s posthoc test (¥*: p <
0.01 and ***: p < 0.005 versus naive cells). (B) ECIS evaluation of cell function of podocytes pretreated with GO 1 day before culturing them
on the ECIS plates (top) and cells treated directly on the ECIS plate (bottom). Cells treated with GO (25 ug/mL) were compared to naive
(untreated cells) and PAN-treated cells. (C) Cell morphology detected by (i) fluorescence microscopy after staining cells with a-tubulin
(green), f-actin (yellow), and DAPI (blue) at 1 h, 24 h, 48 h, and 1 week after treatment with GO (25 pg/mL) and compared with naive cells.
Scale bar is 10 gm. (ii) Graph represents the cell aspect ratio which is indicative of cell morphology. (iii) Graph represents the percentage of
gaps detected between cells at the different time points, detected by Image] analysis using several fields of view for each condition. Statistical
significance was determined by using one-way ANOVA with Tukey’s posthoc test (black *: p < 0.5 versus naive; blue *: p < 0.01 versus GO at 1
week, #: p < 0.01 versus GO at 1 week, and p < 0.5 versus naive). (D) TEM images of podocytes treated with 25 yg/mL of GO compared to
naive cells. Cells were stored for 1 week and washed once with media, which was replaced every 2 days. Green arrows indicate empty vesicles,
red arrows indicate vesicles packed with GO, and blue arrows indicate interactions between GO and cell membrane.

nephrotoxic positive control, showed significantly altered serum
values demonstrating kidney dysfunction.

Urine proteins (collected by the urine spot collection
method) were detected using SDS gels (Figure 2B), and only
LPS-injected mice showed significant amount of ALB after 24
h. Only insignificant traces of ALB were detected in the urine of
mice injected with the highest GO dose (10 mg/kg). No

10758

significance was detected in any other group compared to the
dextrose-injected control group. The ratio of serum total
protein to serum creatinine level was also measured (Figure 2B
bottom), and a slight increase was noted in the LPS-injected
group. The differences between the ratios in all groups and the
dextrose-control group did not show any statistical significance.
Figure 2C displays the percentage increase in the mice body
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weight over a period of 1 month. The weight gain of mice
injected with the highest GO dose (10 mg/kg) was significantly
less than that in the other two dosing groups (animal weight
curves for the different groups are shown in Figure S2),
indicative of a toxicity threshold.

In order to avoid possible complications in our analyses, we
next looked at the histological impact of GO renal filtration on
the kidney tissue using hematoxylin and eosin (H&E) staining
after treatment with 7.5 mg/kg, at the high end of the
subcytotoxic GO dose regime (Figure 3A). Microscopic
analysis of the tissue sections indicated no damage or change
of glomerular structure, with intact glomerular (G), mesangial
(M), and Bowman’s space (Bs). Morphometric analysis was
based on various renal pathology benchmarks, including
thickness of the renal cortex, number of glomeruli per whole
kidney, longitudinal diameter of glomerulus, and number of
cells per glomerulus. No significant differences were shown
between the various groups and the control-injected group. No
signs of inflammatory infiltration, increased cellularity, fibrosis,
and/or necrosis were detected in the glomerulus, and intact
tubular regions with normal histology were obtained through-
out this study.

Ultrastructural analysis of the glomerular endothelium and
podocyte foot processes by transmission electron microscopy
(TEM) imaging of tissue cross sections was also performed
(Figure 3B). The results from the semiquantitative analysis of
several TEM images depicted glomerular BM thickness,
podocyte foot process width, podocyte slit size, and endothelial
cell fenestra sizes. Overall, no statistical differences were
detected throughout, with Figure 3Bv,vi indicating normal
renal ultrastructure, with no damage to the endothelium and
normal podocyte foot processes in the control- and GO-
injected mice, respectively.

In Vitro Interaction of GO with Kidney Cells. The two
highly specialized cellular components of the GFB separated
from each other by the BM are the fenestrated GEnC and the
underlying glomerular podocytes.”>** We studied the effects of
GO sheet exposure on culture models of these two human cell
types (Figures 4, S, and S3—7).

The conditionally immortalized human GEnC cells® were
treated with GO at different concentrations (5, 25, 100, and
200 pg/mL). Figure 4A demonstrates the percentage of cell
viability determined by a modified lactate dehydrogenase
(LDH) assay 24 and 48 h after treatment. A significant
reduction in cell viability was only detected after 48 h at high
concentrations (100, 200 ug/mL). These results were
independently confirmed using the Trypan blue cell exclusion
assay, with significant cell death occurring only after 48 h at 100
and 200 pg/mL GO concentrations (Figure S3). Next, we
examined the effect of GO on the cell barrier function by
electric cell—substrate cell impedance sensing (ECIS). Figure
4B (top graph) shows the barrier function of GEnC cells
pretreated with 25 pg/mL of GO 24 h before culturing on the
ECIS plate, while the bottom graph demonstrates the barrier
function of GEnC cells that were directly treated on the ECIS
plate. All cells were washed after 24 h, the cell culture media
was changed every 2 days, and barrier monitored under ECIS
for 1 week. When the cells were pretreated with GO, they
retained slightly higher resistance compared to untreated and
thrombin (positive control) treated cells. Upon treatment with
GO directly on the ECIS plate, the cells exhibited a significant
reduction in the resistance, however, they recovered and
reached the naive cell level 48 h after treatment. Thrombin

treatment resulted in the expected transient reduction of
resistance®’ within 1 h after treatment (Figure S$4).

GEnC cell morphology was studied by immunocytochemis-
try of the cell cytoskeleton with a-tubulin and f-actin (Figures
4C and SS). Figures 4Ci and SS demonstrate a change in cell
morphology with cellular narrowing and contraction starting at
24 h. This was confirmed by the semiquantitative analysis in
morphology) that indicated significant changes at 24 h after
treatment, with gradual recovery starting at 48 h and reaching
full recovery after 1 week. The distance between cells (Figure
4Ciii) also increased, confirming cell contraction, and in this
data, a similar pattern of recovery was noted after 1 week. TEM
imaging of fixed GEnC cells following treatment with GO at
different time points compared to untreated cells (naive) was
then carried out (Figures 4D and S6A). GO sheets were seen to
interact with the plasma membranes (blue arrows) and taken
up by GEnC cells within vesicles (red arrows) after 24 h (naive
cells showed evidently empty vesicles; green arrows). The
presence of the GO material persisted within cellular vesicles
for up to 1 week, the latest time point of this study.

Podocytes are critical for maintaining an intact glomerular
filter,”®> for that reason conditionally immortalized human
podocytes®® were exposed to GO in this study. The percentage
of podocyte cell viability treated with GO at different
concentrations (5, 25, 100, and 200 pg/mL) was again
determined by a modified LDH assay at 24 and 48 h after
treatment (Figure SA). Significant reductions in cell viability
were only detected after 48 h at high GO exposures (100 and
200 pg/mL). The effect of GO on the podocyte barrier
function, as measured by ECIS (Figure SB), shows the barrier
function of podocytes pretreated with 25 pug/mL of GO 24 h
before culturing on the ECIS plate, while the bottom graph
demonstrates cells that were directly treated on the ECIS plate.
Cells were washed after 24 h, and the media was changed every
2 days and monitored under ECIS for 1 week, the same as with
the GEnC cells. When cells were pretreated, they retained
normal resistance similar to naive cells. Upon treatment with
GO directly on the ECIS plate, the cells exhibited a significant
reduction in resistance, that was gradually restored, reaching the
naive cell level more than 48 h after treatment. Puromycin
aminonucleoside (PAN) treatment (a podocyte toxin, used as a
positive control) resulted in complete reduction of resistance
24 h after treatment that indicated podocyte detachment and
cell death due to apoptosis and reactive oxygen species
generation, in agreement with previous reports.33

Human podocyte morphology was studied by immunocy-
tochemistry staining of the cell cytoskeleton with a-tubulin and
P-actin (Figures SC and S7). Some changes in the morphology
of the cells were observed, with a-tubulin and p-actin fiber
contraction starting at 24 h, with complete recovery after 1
week. The cell aspect ratio exhibited a significant reduction,
indicating changes in morphology at 24 h after treatment, with
gradual recovery starting at 48 h until almost complete recovery
was achieved after 1 week of GO exposure. The gaps between
cells (Figure SCiii) were also increased, confirming cell
contraction, and a similar pattern of recovery was observed
after 1 week. The TEM images of the podocyte cells in Figures
SD and S6B show similar interactions of GO with cell
membranes (blue arrows). Uptake started earlier than GEnC
cells (after 1 h of treatment). Indeed, significant amounts of
GO were internalized by cells in large vesicular structures (red
arrows) after 24 and 48 h. However, unlike GEnC cells the
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Scheme 1. Schematic of the GFB and the four possible mechanisms by which thin, flexible GO sheets are thought to be able to

trespass the different barrier components”

(1) Rolling

“RBC is red blood cells; WBC is white blood cells.

Podocyte foot processes

Endothelial cell
5lit diaphragm

Basal membrane

(4) Crumpling

vesicles appeared empty after 1 week (green arrows), indicative
of exocytotic or degradative processes.

DISCUSSION

The impact of graphene-based material exposure on tissue
pathophysiology has been studied to a limited extent in vivo.
One critical organ previously identified in a few studies is the
lung, its response manifested mainly as acute inflammation and
lung granulomatosis at high concentrations (>10 mg/ kg).34_38
Pulmonary accumulation of intravenously administered GO
sheets in our view is mainly due to poor colloidal dispersibility
of the material tested, leading to entrapment of large colloidal
particulates in the immediate capillary beds they transport
through, that are the lung capillaries.'”> Some hepatic adverse
responses have also been reported previously.*

When well-dispersed GBM travel through the systemic blood
compartment, they will go through the lung capillaries, where
the smaller and thinner 2D sheets will begin to get excreted
through the GFB in the kidney, while the thicker and larger
sheets will remain in circulation and accumulate in the spleen
and liver.”® The urinary excretion of GO sheets following their
administration into the systemic blood circulation has been
reported previously” ' and can be attributed to their
structural features (thinness), flexibility, and orientation in
flow that leads to their ability to cross the GFB (Scheme 1).
While faecal excretion has been reported to a lesser extent, it
seems to be related to certain functionalization moieties and to
route of administration. Extensive faecal excretion was reported
after i.v. administration of dextran-functionalized GO,**° and to
a lesser extent PEGylated GO."” Oral administration of GO
resulted in extensive faecal elimination.'®

We have recently demonstrated that the urinary excretion of
(**Cu)DOTA-GO sheets (by PET/CT) critically depends on

their thickness; the thicker the GO sheets, the less their
capacity to pass through the GFB.”’ In the present study we
confirmed the high radiolabeling stability of labeled GO in vivo
(Figure 1Cii) to further validate the urinary excretion of intact
GO sheets. A similar excretion pattern was obtained for the
nonfunctionalized, thinner GO sheets (1—2 layers) with a clear
Raman signature for GO detected in the urine as previously
reported.”” The high negative charge of 2D GO sheets (in the
order of —50 mV) suggests that its filtration through the GFB
may be occurring via a mechanism different to that reported for
similarly sized, but structurally and chemically very different,
positively charged dendrimers."'

The extraordinarily large degree of urinary excretion
observed for thin, well-dispersed GO sheets required inter-
rogation of the impact on renal function. In our study, LPS was
injected as a nephrotoxic agent, and we observed acute
glomerular injury as previously reported,””** with elevated
serum levels of creatinine, urea, and ALB. In mice treated with
GO at an escalated dose regime (from 2.5 to 10 mg/kg), no
significant change in serum kidney function markers (serum
creatinine, urea and ALB levels) was detected. Moreover, only
traces of urinary ALB were measured at the highest GO dose
(10 mg/kg), but the changes were statistically insignificant after
quantifying the physiologically more relevant protein:creatinine
ratio. However, animals at this highest GO dosing regimen
exhibited compromised weight gain (Figure 2C), therefore, the
dose of 10 mg/kg was considered above the toxicity threshold
and was not used in later studies for ethical and animal welfare
purposes. Others have also reported that doses of 10 mg/kg or
above of GO cause toxic responses in mice after iv.
administration of this material***

Comprehensive histopathological examination of kidney
sections of animals treated with GO (7.5 mg/kg) showed no
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signs of increased cellularity or proliferation in any part of the
glomeruli, nor were any signs of inflammation, fibrosis,
necrosis, thrombosis, or damage noted. For this reason, it
was not possible to follow the conventional renal pathology
scoring systems.”® Despite this, we performed detailed
measurements of renal cortical thickness, number of glomeruli
per whole kidney, longitudinal glomerular diameter, and
glomerular cell counts. No significant changes in all these
parameters were detected between GO-injected mice and the
control group (dextrose-injected) up to 1 month, indicating the
absence of any glomerular damage. Similarly, examination of
the renal tubules indicated the normal proximal (p) tubules
with normal brush border (microvilli) and normal distal (d)
convoluted tubules. No dilatation, thickening, flattening, cysts
and/or castes were observed up to 1 month in the tubules.
The graphene literature is somehow controversial in
reporting the adverse effects in preclinical settings. This
might be due to variability between materials, amounts
administered, and routes of administration. Histological effects
and kidney function marker alterations have been previously
reported by Shang et al.*” and Patlolla et al.,** however GO was
administered intraperitoneally and orally in these studies.
Intravenous administration of GO has also been performed by
Wang et al,*® who reported mortality in 4/9 of iv. injected
mice only in the high dose treated group (20 mg/kg). This was
thought to be due to airway blockage and severe histological
alteration in major organs including kidney. Li et al,* also
reported changes in kidney and hepatic markers after 24 h from
iv. injection of GO (5 mg/kg) with no histopathological
alterations to kidney even after 3 months. Alterations in kidney
marker levels and in renal histology were observed by
Sasidharan et al.* after i.v. administration of few-layer graphene
materials at high doses of 20 mg/kg. In a different study, Liu et
al. reported that repeated i.v. administration at low GO doses
(0.2 and 0.3 mg/kg in 7 repeated doses over 15 days) resulted
in glomerular swelling and blockage of Bowman’s space.*’
Kanakia et al. reported proteinaceous casts in tubules and
congestion within vascular spaces in the renal cortex after
administration of an extremely high single dose (250 mg/kg) of
dextran-functionalized GO that is above the toxicity thresh-
old.™ No evidence of direct excretion of graphene-based
materials has been reported by any of the mentioned studies.
Contrary to the above, there are numerous published reports of
studies performing treatments with GO at 10 mg/kg,*
functionalized GO up to 5 m%/k§,19’39 and graphene quantum
dots (GQD) up to 20 mg/kg "> that show no damage to the
kidneys of mice by histological examination. Moreover,
different studies have also reported renal excretion of the GO
material with no histopathological or any si§niﬁcant adverse
effects evidenced by kidney function markers.'®™"'***
Examination of the glomeruli cross sections using electron
microscopy (Figure 3B) allowed measurement of the
glomerular BM thickness, podocyte foot processes width,
endothelial fenestra width, and podocyte slit size, all crucial
components of a functioning GFB.*® Kidneys were extracted at
30 min postinjection of GO, the peak time of kidney residence
as determined in this study (Figure 1C), in agreement with our
previous reports.'””’ No significant changes were detected in
comparison to the control group, and numerical measurements
were in agreement with the standard values published in
previous kidney studies.””***> This further suggested that
excretion of the GO sheets occurred as a passive mechanism,
with no damage to the GFB, possibly based on their
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morphological reconfiguration®® either by sliding,* squeezing,
rolling, or folding of the sheets (Scheme 1). Similarly, it has
been reported previously that chemically functionalized carbon
nanotubes with their longitudinal dimension exceeding the
GFB cutoff were also excreted intact in the urine of injected
mice; the proposed mechanism was that of passive trans-
location through the GFB*”*"~” with no residual accumulation
or renal damage reported.”” We believe a similar process is
taking place for thinner and more flexible GO sheets, leading to
their much more substantial (in terms of % injected dose)
urinary excretion.

As the GO sheets translocate through the GFB, two cellular
components of this complex biological barrier are encountered,
namely, the GEnC and the glomerular podocytes.””** We
interrogated the effects from GO exposure on these two human
cell types in vitro at high exposure levels. The cytotoxic
responses observed for both cell types appeared moderate, at
high GO doses (100 and 200 pg/mL) and after 48 h of
exposure. The GEnC cells appeared more sensitive than
podocytes. However, the reported effects of graphene-based
material on kidney cells remain scarce. Among these, the study
by Sasidharan et al. reported that pristine graphene triggered
cytotoxic responses in monkey kidney epithelial cells (Vero
cells) by apoptosis created by adsorption on the membrane of
the hydrophobic sheets, while the more hydrophilic oxidized
graphene was internalized and appeared nontoxic to these cells
at a concentration of 25 ug/mL after 24 h.°" Similarly, De
Marzi et al. demonstrated no cytotoxicity on Vero cells after 24
h of treatment with GO, but detected some genotoxic effects at
concentrations of 100 ug/ mL."!

Following the cytotoxicity study, we decided to focus on the
impact of GO exposure to the barrier function of the two cell
cultures using a subcytotoxic dose (25 ug/mL) already 100
times the expected exposure dose to the kidney in vivo, based
on the total surface area of the rodent glomerular capillaries
(~4660 cm?)®* and that of the cell culture well-plates we used
(~9.6 cm®). Considering that approximately 60% of the
injected GO dose was excreted through the kidneys, it was
estimated that the glomerular endothelium would interact with
a maximum of 120 ug of GO in vivo, corresponding to 0.25 ug
for a ~9.6 cm?” surface area of the cell culture well plate. The
barrier function of both kidney cell types was evaluated using
ECIS, a technique that measures the integrity of a monolayer of
cells in response to physiological agonists or pharmacological
and toxicological compounds.*”

Upon pretreatment of both kidney cell types with GO (at 25
ug/mL) for 24 h before culturing on the ECIS plate, the
resistance of the cell barrier was moderately increased for the
endothelial cells and unchanged for the podocytes (Figures 4B
and 5B, respectively). This indicated that the cells were still
viable and adherent, with an intact barrier even after their
handling (trypsin treatment, detachment, washing, and
reculturing on the ECIS plate). Although both cells seemed
to have internalized the GO sheets to a similar extent after 24 h,
the differences observed in cell barrier resistance can be
attributed to the way the two cells types responded to the
material in a different manner at longer time points. The
increased resistance observed in GEnC cells could be due to the
prolonged retention of the GO sheets even after 1 week of
treatment (Figure 4D). On the other hand, podocytes appeared
to interact with GO more avidly and, more importantly, seemed
capable of removing the internalized material (presumably by
exocytosis) (Figure SD). Podocytes are indeed reported to be
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active phagocytic cells, with a key role in the constant removal
of debris from the GFB.**%

The reduction in cell barrier resistance a few hours after the
direct exposure to GO on the ECIS plate could be due to the
temporary loss of the cell—cell interactions due to cell motility
and contraction in response to the GO. Resistance reverted
back to normal levels at later time points. This was consistent
with the observed changes in cell morphology (cell
contraction) and creation of gaps between the cultured cells
detected only after 24 and 48 h of GO exposure, illustrated by
staining the cell bodies with a-tubulin and S-actin. Endothelial
cells have been shown to contract under the influence of certain
mediators that lead to intercellular gap formation.® On the
other hand, podocytes are highly polarized cells, characterized
by a dynamic actin-based cytoskeleton and small actin-based
foot processes that can be rapidly remodeled upon exposure to
toxins.”” These known differences can explain the steeper
decrease in cell barrier resistance detected in the case of
podocytes after 24 h. Previous studies that evaluated cytotoxic
responses to graphene-based material exposure by ECIS using
insect cells® and HeLa cells” report an adequate cell
adherence indicative of biocompatibility. To the best of our
knowledge, the use of ECIS to determine the barrier function of
human kidney cells in response to graphene-based materials has
not been previously reported.

Lastly, we sought to investigate the responses to high GO
doses of these two types of specialized human kidney cells by
electron microscopy of cell sections. Significant amounts of GO
sheets were internalized by both cell types after 24 and 48 h
(Figures 4D, 5D, and S6). The GO material was seen stacking
within large intracellular vesicles (red arrows) in both cell types,
indicating an effective phagocytic mechanism. This mechanism
of cellular uptake has been observed by others using GO and
different cell types.”*’®”" Cell membranes were structurally
intact, with no membrane damage observed (also in agreement
with the absence of LDH release and absence of trypan blue
uptake). Plasma membrane damage has been reported by
others using thick (i.e, much more rigid), large (multiple
microns in lateral dimension) pristine graphene platelets with
sharp irregular edges.””””> We do not believe such observations
are relevant to small, thin, well-oxidized GO sheets as those
used in this study. Interestingly, the 2D sheets had different
orientations when interacting with cell membranes, but most
positioned perpendicular to the membrane axis, presumably
further facilitating phagocytic internalization. The more rapid
uptake and subsequent release of GO sheets by the podocyte
cells herein, compared to the endothelial cells, is due to their
higher phagocytic activity and cellular motility.”” This agrees
with the preservation of their principal function in releasing
captured material into the primary urine compartment
(Bowman’s space).

CONCLUSION

The extraordinary levels of urinary excretion observed following
iv. administration of thin, well-dispersed GO sheets did not
cause any significant change in kidney function or structural
damage to the glomerular and tubular regions of the kidneys up
to 1 month postinjection at escalating doses. The interaction of
GO sheets with cultures of endothelial cells and podocytes that
form cellular components of the renal filtration system
indicated that the cells can regain their barrier function rapidly
following exposure, even at unrealistically high GO exposures.
Both cell types were able to internalize the GO material

without any significant or irreversible adverse reactions. This
study provides initial evidence of the interaction between the
renal barrier and its responses to intravenously administered
thin (1—2 nm) GO sheets of lateral dimensions largely below 1
um. More broadly, it offers an understanding of the
mechanisms by which 2D materials may interact with
physiological barriers (such as the GFB) in view of their
potential diagnostic and therapeutic utilization.

EXPERIMENTAL SECTION

Synthesis, Functionalization, And Radiolabeling of GO. GO
was prepared from flake graphite (Barnwell), by the modified
Hummers’ method,” and functionalized with DOTA as published
previously."” Thorough characterization of the thin GO material used
in these studies has been reported to indicate that for radiolabeling,
GO-DOTA was diluted with an equal volume of 0.2 M ammonium
acetate buffer at pH 5.5, then 2—20 MBq as '"'InCl; was added. The
indium was left to react with the GO-DOTA for 60 min at 60 °C, after
which the reaction was stopped by the addition of 0.1 M EDTA
chelating solution; this was followed by the removal of the free
unattached EDTA[""'In] by centrifugation. The purity of the final
product was determined by taking an aliquot of the final product and
then diluting it S-fold in phosphate-buffered saline (PBS). Next, 1 uL
was spotted on silica gel-impregnated glass fiber sheets (PALL Life
Sciences, U.K.). The strips were developed with a mobile phase of 50
mM EDTA in 0.1 M ammonium acetate and allowed to dry before
stating the analysis. This was then developed, and the autoradioactivity
was counted using a cyclone phosphor detector (Packard Biosciences,
U.K.). The immobile spot on the TLC strips indicated the radiolabeled
material, while free EDTA['!'In] was seen as the mobile spot near the
solvent front. This was repeated until no further mobile spot was
determined near the solvent front, indicating no free EDTA['!'In]
before injecting the material in mice.

Atomic Force Microscopy. A Bruker Multimode 8 was used in
tapping-mode with an J-type scanner, Nanoscope VI controller,
Nanoscope v614r1 control software (Veeco, Cambridge, UK.) and a
silicon tapping tip (NSGO1, NTI-Europe, Apeldoorn, The Nether-
lands) of 10 nm curvature radius, mounted on a tapping mode silicon
cantilever with a typical resonance frequency 283—374 kHz and a force
constant of 12—103 N/m (Bruker OTESPA, U.K.). Images were taken
in air, by depositing 40 uL of the sample on a freshly cleaved mica
surface (Agar Scientific, Essex, UK.) coated with poly-L-lysine 0.01%
(Sigma-Aldrich, UK.) and allowed to adsorb for 2 min. Excess
unbound material was removed by washing with Milli-Q H,O and
then drying in air; this step was repeated once. Size distributions were
carried out using Image] software to measure the lateral dimension of
individual graphene sheets, by counting more than 100 sheets. Sheet
thickness was determined from the AFM height profiles.

Zeta Potential Measurements. Electrophoretic mobility (1) was
measured by Malvern Zetasizer Nano ZS (UXK.) after dilution of
samples with Milli-Q H,O in disposable Zetasizer cuvettes (Malvern
Instruments, U.K.). Default instrument settings and automatic analysis
were used for all measurements, where y was converted automatically
by the equipment software to zeta potential () values since it is
directly related to zeta potential by Henry’s equation.”* All values for
samples prepared are triplicate measurements, and values were
expressed as mean + SD.

Raman Spectroscopy of GO in Solution and GO in Urine.
Raman spectra of samples were recorded after drop casting samples on
glass slides and evaporating the solvent. Measurements were carried
out using a 50X objective at A = 633 nm laser excitation and 0.4 mW
power, by using a DXR Raman microscope (Thermo Scientific, U.K.).
An average of at least five different locations within each sample was
measured.

Animal Handling Procedures. Eight week-old CS7BL/6 mice
(18.1 + 0.7 g) were obtained from Harlan (Oxfordshire, U.K.),
allowed to acclimatize for 1 week, and kept under a 12 h light/dark
cycle under steady temperature and humidity with access to food and
water ad libitum for the duration of the experiments. All experiments
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were conducted with prior approval from the U.K. home office. Mice
were injected with GO solutions in dextrose 5% (2.5, S, and 10 mg/
kg) and Dex 5% (negative control), and then different experiments
below were conducted at 24 h and 1 month. LPS 5 mg/kg at 24 h was
used as the positive control. These mice were only kept for 24 h, as the
mice showed symptoms of distress, and were culled after 24 h, in
accordance with UK. home office guidance. The mice were
continuously monitored and examined during experiments and were
weighed every 4 days.

Single Photon Emission Computed Tomography (SPECT/CT)
Imaging. The mice were anaesthetised by isofluorane inhalation.
Mice were injected via the tail vein with 200 L containing S0 ug (2.5
mg/kg) of (''In)GO-DOTA with approximately 5—6 MBq of
radioactivity. Immediately after the injection (t = 0—1 h), images of
the mice were obtained using the Nano-SPECT/CT scanner (Bioscan,
USA). SPECT images were obtained in 24 projections over 40—60
min using a four-head scanner with 1.4 mm pinhole collimators. CT
scans were taken at the end of each SPECT acquisition, and all images
were reconstructed with MEDISO software (Medical Imaging
Systems). Fusion of SPECT and CT images was carried out using
the PMOD software.

In Vivo Stability of (""In)GO-DOTA. The in vivo radiolabeling
stability of the ('"In)GO-DOTA sample was determined by
performing TLC analysis of the urine samples of injected mice and
comparing them to the samples prepared before injection. Then, 1 uL
of each sample was spotted on a silica gel impregnated glass fiber
sheets (PALL Life Sciences, UK.). The strips were developed with a
mobile phase of 25 mM EDTA in 0.1 M ammonium acetate and
allowed to dry before analysis. This was then developed, and the
autoradioactivity counted using a Fujifilm fluorescence image analyzer
(FLA-3000 series, Tokyo, Japan).

Quantification of the Total Amount of (‘''In)GO-DOTA
Excreted. Urine of injected mice was extracted by direct bladder
puncture 2 h after the injection of 200 L containing S0 pg (2.5 mg/
kg) of (""'In)GO-DOTA or (""'In)EDTA, with approximately 0.5—1
MBq of radioactivity. Mice that were under terminal aesthesia
underwent surgery and urine extraction directly from the bladders
by 1 mL disposable insulin syringes; this approach was used to
minimize the loss of sample, as would be case with other methods of
collection.” Furthermore, kidneys and bladders were extracted at the
same time to detect the total amounts excreted. The radiation from
each urine, kidney, and bladder was counted on a gamma counter
(PerkinElmer, U.S.A.), together with a dilution of the injected dose,
with dead time limit below 60%. Then, the total amount excreted was
calculated as the sum of urine, kidney, and bladder counts and then
determined as percentage of the total amount calculated for the
control sample ('''In)EDTA. This expression gives a more accurate
estimation of total quantities excreted because chelating agents will be
excreted almost entirely with minimal tissue accumulation.”

Serum Kidney Function Analysis. Blood was collected from
mice after 24 h or 1 month of injection of GO at different
concentrations (2.5, S, and 10 mg/kg of Dex 5% or 24 h after injection
of LPS (S mg/mL) by cardiac puncture and left to coagulate at room
temperature for 30—4S min. The samples were then centrifuged at
1000—2000 g for 10 min using a refrigerated centrifuge. Serum was
carefully separated and frozen at —20 °C until further analysis. The
serum samples (4—8 mice per group) were sent to the Laboratory
Diagnostic Service of the Royal Veterinary College (London, U.K.) for
analyzing the levels of creatinine, urea, and ALB. Values are expressed
as mean + SE (n = 4—8 mice).

Urine Protein Analysis. Urine samples were collected by the spot
urine collection method”” after 24 h or 1 month of injection of GO at
different concentrations (2.5, S, and 10 mg/kg), Dex 5% or 24 h after
LPS S mg/mL and then refrigerated until further analysis. Then, 10 uL
of each urine sample was mixed with Protein Solving Buffer (Fisher
Scientific, U.K.) for a final volume of 20 L and boiled for S min at 90
°C. Samples were then loaded in 4—20% Precise Tris-HEPES Protein
Gel (Thermo Scientific, U.K.). The gel was run for S0 min at 150 V for
50 times in diluted Tris-HEPES SDS Buffer (Thermo Scientific, U.K.)
running buffer. The gel was then stained with EZ Blue Gel Staining

reagent (Sigma Life Science, UK.) overnight followed by washing in
distilled water for 2 h. Urine samples (S0 uL of each, 4—8 mice per
group) were sent to the Laboratory Diagnostic Service of the Royal
Veterinary College (London, U.K.) for analyzing the protein:creatinine
ratio. Values were expressed as mean + SE (n = 4—8 mice).

Kidney Histopathological Analysis. Kidneys of mice injected
with GO (7.5 mg/kg) and control Dex 5% were extracted after 24 h
and 1 month of injections and then fixed with 4% paraformaldehyde,
followed by paraffin embedding. Sections of 5 ym were cut and stained
with H&E, and images were collected using a 20X objective and 3D
Histech Pannoramic 250 Flash slide scanner. Images were processed
and analyzed using Pannoramic Viewer (http://www.3dhistech.com/ )
and Fiji/Image] software (version 1.Sc; National Institutes of Health,
Bethesda, MD). The histopathological examination of kidney
glomeruli and tubules and quantitative analysis were performed as
per previous reports.”**’°78! The total number of nuclei and size as
well as the longitudinal diameter of each glomerulus were calculated
for at least 50 glomeruli from several random kidney sections for each
mouse. The total number of glomeruli per whole kidney was
determined by multiplying the average number of glomeruli per
kidney section (counted from several random kidney sections) by SO
(this is the total number of slices containing one whole glomerulus
with an average diameter of SO um). The cortical thickness was
calculated from measuring the distance between the renal capsule and
the cortical-medullary junction. Values are expressed as mean + SE (n
= at least 2 mice per condition).

Kidney Ultrastructural Examination. The kidney glomerular
ultrastructure was examined using TEM and STEM. Kidney tissue
samples were fixed for at least 1 h in a mixture of 4% formaldehyde
and 2.5% glutaraldehyde in 0.1 M Hepes buffer (pH 7.2). The samples
were postfixed with 1% osmium tetroxide and 1.5% potassium
ferrocyanide in 0.1 M cacodylate buffer (pH 7.2) for 1 h, then in 1%
uranyl acetate in water for another hour. The specimens were
dehydrated with increasing concentrations of ethanol and then
acetone. The samples were subsequently infiltrated with TAAB 812
resin and polymerized for 24 h at 60 °C. Ultrathin 70 nm thick
sections were cut with a Reichert Ultracut ultramicrotome and placed
on Formvar/carbon-coated slot grids (EMS, U.S.A.). The grids were
observed in a Tecnai 12 Biotwin TEM at 100 kV accelerating voltage.
Images were taken with Gatan Orius SC1000 CCD camera. STEM
images were acquired on a FEI Titan 80/200 ChemiSTEM equipped
with a probe-side aberration corrector and a FEI Talos, both operating
at an acceleration voltage of 200 kV and using an X-FEG source.
During STEM imaging, two images were simultaneously acquired: the
bright field (BF) image, which exhibits contrast similar to the phase-
contrast TEM imaging, and the high angle annular dark field
(HAADF) image, which contains mass—thickness information, i.c.,
the measured signal scales the thickness and the density of the
specimen. The contrast of the HAADF image was usually higher than
that of BF/phase-contrast TEM images and allowed better
identification of the structure in the specimen.®” For STEM imaging,
the beam current was set to 75 pA, and the pixel time ranged between
10 and 20 ps. The collection angles of the BF and HAADF detectors
were 0—11 mrad and 48—190 mrad, respectively. Ultrastructural
morphometry analysis was carried out according to references.”**’
Glomerular BM thickness, podocyte foot process width, podocyte slit
size, and endothelial cell fenestra size were quantified using Fiji/
Image] software (version 1.5c; National Institutes of Health, Bethesda,
MD). This was done by analyzing 7—10 regions per observation and is
reported as mean + SE (1 = at least 2 mice per condition).

Cell Cultures. Kidney cells were cultured as described before.
These were derived by incorporating a temperature-sensitive SV40
gene that enables cells to proliferate at the permissive temperature (33
°C) and to differentiate at the nonpermissive temperature (37 °C).
The conditionally immortalized human GEnC*° and human
podocytes® were grown in monoculture in uncoated tissue culture
plates. GEnC were grown in endothelial basal medium-2 (CC-3156;
Lonza, Slough, U.K.) containing 5% (v/v) FCS and EGM-2 BulletKit
growth factors (CC-4147; Lonza), except vascular endothelial growth
factor. Podocytes were cultured in RPMI-1640 medium with
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glutamine (R-8758; Sigma-Aldrich) supplemented with 10% (v/v)
FCS (Life Technologies) and $% (v/v) insulin, transferrin, and
selenium (ITS) (I-1184; Sigma; 1 mL/100 mL). Both cells were
grown until 70—-80% confluency at 33 °C. The GEnC were then
thermo-switched to 37 °C for S days, while the podocytes were
thermo-switched to 37 °C for 14 days before all experiments. The
GEnC were seeded at 100,000 cells/cm%* while podocytes were
seeded at 60,000 cells/cm? in wells of different sizes depending on the
experiment.

Modified Lactate Dehydrogenase Cytotoxicity Assay. GEnC
and podocyte cells were plated in 96-well plates and left to adhere
overnight. The cells were then incubated with GO at different
concentrations (0—200 yg/mL) in complete media. Untreated cells
cultured in free medium and cells treated with DMSO 10% were taken
as controls. In addition, thrombin and PAN were used as additional
controls for GEnC and podocytes, respectively. A modified LDH assay
was used to avoid interference related to the autofluorescence of GO
itself. The LDH leakage was assessed in the survived cells, rather than
the LDH released in the media upon GO induced-cell death.
Therefore, the media containing dead cells was aspirated, and the
intact cells were lysed with 10 uL of lysis buffer (0.9% Triton X100)
mixed with 100 yL of media, for 45—60 min at 37 °C to obtain a cell
lysate which was then centrifuged at 1500 rpm for S min in order to
pellet down the GO. Fifty uL of the supernatant of the cell lysate was
mixed with 50 yL of LDH substrate mix in a new microtiter plate and
incubated for 15 min at room temperature. Absorbance was read at
490 nm using a plate reader. The amount of LDH detected
represented the number of live cells which survived the treatment.
The percentage cell survival was calculated using the following
equation:

percentage cell survival
= AygonmOf treated cells /A 4, of untreated cells X 100

Trypan Blue Cell Exclusion Assay. Trypan blue assay was carried
out to determine the cell mortality. GEnC and podocyte cells were
plated in 12-well plates and left to adhere overnight. The cells were
then incubated with GO at different concentrations (0—200 pg/mL)
in complete media. Untreated cells cultured in free medium and
DMSO 10% treated cells were taken as controls. In addition, thrombin
and PAN were used as additional controls for GEnC and podocytes,
respectively. Twenty-four and 48 h later, the supernatants were
collected, and the cells were detached with 300 uL trypsin-EDTA
solution. The mixture of the supernatant and detached cells was
centrifuged at 1500 rpm for 5 min. Then cells were redispersed in
complete media, and an equal volume of Trypan blue solution was
added. After staining for S min, the cells were counted using a
cytometer. The dead cells were stained in blue. The percentage cell
mortality was counted from the following equation:

percentage cell mortality = dead cell count/total cell count X 100

Electric Cell-Substrate Impedance Sensing Assay. The
function of the kidney cells was evaluated using electrical cell—
substrate impedance sensing (ECIS ZO, Applied Biophysics); this
technique involves the investigation of the barrier quality of adherent
confluent cell monolayers (this is the main function of the kidney
cells). This was carried out by passing an electric current at low
frequency (4000 Hz). Cell resistance was determined by the ability of
the cells and their cell-cell and cell-matrix to block the electric
flow.®" Failure to resist the current, characterized by reduced
resistance, indicates an impairment to the barrier quality and indicates
failure of cell—cell interaction and creation of huge gaps between cells.
Complete medium for both GEnC cells and podocytes was
equilibrated to match the CO, levels (%) and temperature (37 °C)
of the experiment for 3 h. ECIS array wells (8W10E, ibidi GmbH)
were coated with 10 mM cysteine solution and washed three times
with sterile H,O. Arrays were subsequently coated with the protein of
choice (collagen) diluted in sterile NaCl (150 mM) for 1 h at room
temperature. Equilibrated medium was then added to coated wells, and
the arrays were calibrated using test cards. Cells were trypsinised as

normal and resuspended in equilibrated medium. Cells (either
untreated or already treated) were then seeded on each well of the
array, left to adhere to the ECIS wells overnight, and treated the next
day accordingly. The day after treatment, cells were washed with
media, and the media was changed every 2 days. Data were acquired at
a single frequency (4000 Hz).

Immunocytochemistry and Cell Image Analysis. GEnC and
podocytes were plated on glass coverslips in 24-well plates and left to
adhere overnight; the cells were then treated accordingly. The day
after treatment, cells were washed with media, and the media was
replaced every 2 days. At different time points after treatment (1 h, 24
h, 48 h, and 1 week), the cells were washed with PBS and fixed with
4% paraformaldehyde for 15 min at room temperature. This was
followed by ice-cold methanol permeabilization for S min at —20 °C,
followed by washing with PBS three times. The cells were then
blocked for 1 h with 5% normal goat serum and 0.3% Triton in PBS.
They were then incubated overnight at 4 °C with either a-tubulin
(Sigma, no. T9026) or f-actin (Cell Signaling, no. 4970, 13ES rabbit
mAb). The next day, they were washed with PBS three times and
incubated with the fluorochorome-conjugated secondary antibodies
(antimouse-Cy3 and antirabbit-Cy3, respectively) for 1-2 h at room
temperature and then washed three times with PBS. The coverslips
were then mounted with Prolong Gold Anti-Fade Reagent with DAPI
(Cell signaling, no. 8961) and left to dry at room temperature. Images
were then captured using a Zeiss Axio Observer epi-fluorescence
microscope. Both a-tubulin and p-actin were excited in the Cy3
channel (550 nm excitation and 570 nm emission) since they were
performed in separate experiments. DAPI channel was used for the
nuclear counter stain (350 nm excitation and 470 nm emission). All
images were analyzed using the built-in Axiovision software. For the
quantitative analysis of cell morphology and cell gap formation, Fiji/
Image] software (version 1.5c; National Institutes of Health, Bethesda,
MD) was used. The cell shape change depended on determining the
aspect ratio of cells from dividing the maximum diameter of the cell by
the minimum diameter of the cell.*”* The cell gaps were obtained by
setting a color threshold and choosing the best fit.

Ultrastructural Examination of Kidney Cells. Both GEnC and
podocytes were examined using TEM. The cells were plated on aclar
and fixed for at least 1 h in a mixture of 4% formaldehyde and 2.5%
glutaraldehyde in 0.1 M Hepes buffer (pH 7.2). Then, they were
postfixed with 1% osmium tetroxide and 1.5% potassium ferrocyanide
in 0.1 M cacodylate buffer (pH 7.2) for 1 h and then in 1% uranyl
acetate in water for another 1 h . The specimens were dehydrated with
increasing concentrations of ethanol and then acetone. Samples were
subsequently infiltrated with TAAB 812 hard resin and polymerized
for 24 h at 60 °C. Ultrathin 70 nm sections were cut with a Reichert
Ultracut ultramicrotome and placed on Formvar/carbon-coated slot
grids (EMS, U.S.A.). The grids were observed in a Tecnai 12 Biotwin
TEM at 100 kV accelerating voltage. Images were captured with Gatan
Orius SC1000 CCD camera.

Statistical Analysis. The results of all animal experiments are
represented as mean + standard error (SE), while the results of

cellular experiments are represented as mean + standard deviation
(SD). Statistical significance was carried out using one-way ANOVA
with Tukey’s posthoc test when considering multiple comparisons, by
using IBM SPSS statistics 22 software. The Student’s ¢ test was
considered for the ultrastructural quantitative analysis of the kidney
glomerular TEM images involving glomeruli BM thickness, podocyte
foot processes width, endothelial fenestra width, and podocyte slit size

since they did not involve multiple comparisons.
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