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Engineering the surface of graphene oxide with
bovine serum albumin for improved
biocompatibility in Caenorhabditis elegans+
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and N. Ponpandian & *@

Graphene oxide (GO) has been extensively studied for its potential biomedical applications. However, its
potential risk associated with the interactions of GO in a biological system hampers its biomedical
applications. Therefore, there is an urgent need to enhance the biocompatibility of GO. In the present
study, we decorated the surface of GO with bovine serum albumin (GO-BSA) to mitigate the in vivo toxic
properties of GO. An in vivo model Caenorhabditis elegans has been used to study the potential
protective effect of BSA decoration in mitigating GO induced toxicity. The BSA decoration on the surface
of GO prevents the acute and prolonged toxicity induced by GO in primary and secondary organs by
maintaining normal intestinal permeability, defecation behavior, development, and reproduction.
Notably, GO-BSA treatment at 0.5-100 mg L~! does not affect the intracellular redox status and lifespan
of C. elegans. Reporter gene expression analysis revealed that exposure to GO-BSA (100 mg L™) did not
significantly influence the nuclear accumulation and expression patterns of DAF-16/FOXO and SKN-1/
Nrf2 transcription factors and their downstream target genes sod-3, hsp-16.2, ctl-1,2,3, gcs-1, and gst-4
when compared to exposure to pristine GO. Also, quantitative real-time PCR results showed that GO-
BSA did not alter the expression of genes involved in regulating DNA damage checkpoints (cep-1, hus-1
and egl-1) and core signaling pathways of apoptosis (ced-4, ced-3 and ced-9), in contrast to GO
treatment. All these findings will have an impact on the future development of safer nanomaterial
formulations of graphene and graphene-based materials for environmental and biomedical applications.

1. Introduction

Nanomaterials are unique materials that have turned out to be
prominent in many fields, from electronics to energy storage
applications. In recent years, graphene-based materials (GBMs)
have expanded their application into medicine and life
sciences. Among the GBMs, graphene oxide (GO) has been one
of the most studied materials in the last decade due to its
unique physico-chemical properties and potential multifunc-
tional applications.* The unique properties of GO include high
surface area, good biological stability and better dispersion in
water due to its hydrophilic functional groups accumulated at
the edges and basal plane of sheets.” Owing to its tunable
characteristics, GO has turned out to be an excellent material in
the biomedical field for drug delivery,* cellular imaging,* and
bio-sensing.® Although the applications of GO advance the
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biomedical field, there are questions about the potential risks
that it poses to environmental organisms and human health,
raising safety concerns. Mounting preclinical studies suggest
that exposure to GO produces adverse effects including the
production of reactive oxygen species (ROS), induction of
apoptosis, damage to DNA, development of thrombi, repro-
ductive damage, and genotoxicity.*** Earlier studies have also
stated that the toxicity of GO, to a great extent, is due to its
strong dispersion and the physical interaction between its
surface and the cell membrane.""* A detailed understanding of
the nano-toxicity and the degree of toxicity that GO might
achieve in a biological system is necessary for exploring the
potential use of GO in biological applications.

Caenorhabditis elegans is a free-living soil nematode. A
smaller size, constant cell number, translucent body, highly
conserved genome, unique anatomical structure with a short
lifespan, and ease of maintenance make C. elegans a highly
informative and widely used animal model to study nano-
material toxicity." Moreover, several important biochemical
and genetic pathways are conserved in C. elegans.” Its experi-
mental potential provides an ideal system for exploring
organism-specific questions in the in vivo model.'® Previous
studies confirmed that exposure of nematodes to GO could lead
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to a lethal effect on their targeted organs.'*"” Besides, oxidative
stress, increased intestinal permeability, and damaged
neuronal development are also responsible for GO induced
toxicity in nematodes. Exposure to other nanomaterials
including multi-walled carbon nanotubes, fullerenes, TiO,, Ag,
ZnO, SiO,, Au, and iron oxide nanoparticles has also shown
toxic effects in the nematode C. elegans.®™ Designing the
surface of a nanomaterial is one of the key parameters in
mitigating its toxicity to enhance its biocompatibility. The
surface modification of superparamagnetic iron oxide nano-
particles with bovine serum albumin (BSA) reduced its toxicity
in C. elegans.”** The main problem with the use of GO in biology
is its biocompatibility. Recently, surface coating of GO with fetal
bovine serum (FBS) led to reduced toxicity in C. elegans when
compared to that of pristine GO.>**® In recent years, it has
become clear that the surface modification of GO improves its
biocompatibility in in vitro and in vivo studies.”'® The surface
modification of GO with polyethylene glycol (PEG) and carbox-
ylic acid resulted in reduced toxicity in nematodes when
compared with that of pristine GO.>”*°

In the present study, an attempt has been made to develop
a safe GO formulation and characterize its biological effects
using C. elegans. It was hypothesized that decorating the surface
of GO with bovine serum albumin (GO-BSA) can effectively
reduce the toxicity of GO. However, the complete understanding
of the in vivo behavior of GO-BSA remains largely unclear. Thus,
we used the acute and prolonged assay method of C. elegans to
analyze the protective effect of GO-BSA and compared the
toxicity profiles of GO and GO-BSA. The current study provides
a significant insight into the in vivo behavior of GO-BSA, which
will have an impact on safer nanomaterial formulation and the
biomedical application of graphene and graphene-based
materials in the future.

2. Experimental section

2.1. Materials

Graphite (>20 um), 2/,7’-dichlorofluorescein diacetate (H,DCF-
DA), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDAC),
bovine serum albumin (BSA) and Rhodamine-B were supplied
by Sigma Aldrich. Sodium azide (NaNj), 2-(N-morpholino)
ethanesulfonic acid (MES), and Nile red dye were obtained from
HiMedia Laboratories Pvt. Ltd., India. All other chemicals were
purchased from Sigma Aldrich, India and used as received.
Ultrapure water purified using a MilliQ (Millipore) system was
used in all the experiments.

2.2. Preparation and purification of graphene oxide (GO)

GO sheets were prepared by a modified Hummers' method.”
Briefly, graphite (2 g) and sodium nitrate (2 g) were taken in
a 500 mL beaker, followed by the gradual addition of sulfuric
acid (200 mL) while stirring with a magnetic stirrer and the
temperature was maintained below 4 °C. Subsequently, 12 g of
KMnO, was ground and progressively added to the mixture by
controlling the temperature below 20 °C. Then, 185 mL of H,O
was gradually mixed into the above solution. Then, the
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temperature of the mixture was raised to 95 °C for 15 min and
the mixture stirred for 2 h at 35 °C. Then, 10 mL of H,0, (30%)
was gradually added to reduce the unreacted potassium
permanganate in the solution. The final precipitate was rinsed
with 10 mL HCI (5%) and washed with deionized water until
neutral pH was achieved, followed by drying under vacuum
conditions at 65 °C for 12 h.

2.3. Decorating BSA on the surface of GO (GO-BSA)

BSA was chemically bonded to GO sheets by a two-stage process
of diimide-activated amidation as described previously.*
Briefly, a well-dispersed GO suspension of 100 mL (1 mg mL ™)
was taken. Then the above-mentioned suspension was rapidly
blended with 50 mL of MES buffer (500 mM, pH 6.1) and 30 mL
NHS solution (100 mg L™ ") for 30 min. The above solution was
rapidly added and stirred continuously for 30 min with 60 mL of
freshly prepared EDAC solution (10 mg L™'). The above
suspension was kept undisturbed for 2 h, followed by washing
with MES buffer (50 mM) thoroughly to get rid of unbound NHS,
EDAC, and the byproduct urea. The final sample was vacuum
dried for 16 h at 50 °C.

In the second stage, the estered GO was dispersed in MES
buffer (50 mM, pH 6.1) and stirred continuously for 30 min.
Then, 10 mL of BSA (10 mg mL~ ") was added dropwise and the
mixture kept in a shaker for 2 h at 150 rpm. The final solution
was washed with MES buffer to remove the unbound BSA and
dried at 50 °C for 16 h.

2.4. Maintenance of C. elegans and GO/GO-BSA exposure

The C. elegans strains used in this study were as follows: Bristol
N2 (wild-type), TJ356 (215356 [daf-16::GFP]), GA800 (wuls151 [ctl-
1,2,3::GFP]), CF1553 (muls84 [pAD76 (sod-3::GFP)]), LD1171
(IdIs3 [ges-1::GFP]), TJ375 (gplsi [hsp-16.2::GFP]), EG1285 (oxIs12
[unc-47::GFP]), LD1 (ldIs7 [skn-1b/c::GFP]), BZ555 (egls1 [dat-
1::GFP)), CL2166 (dvIs19 [gst-4::GFP]) and MD701 (bcIs39 [ced-
1::GFP]). All the strains were maintained and propagated at
20 °C on nematode growth medium (NGM) agar plates seeded
with live Escherichia coli OP50 bacteria according to standard
techniques.*" Bleaching buffer solution was used to synchronize
worms.?> Working concentrations of 0.5-100 mg L' were
prepared by diluting the stock solution of GO/GO-BSA (1 mg
mL ). The acute exposure assay of GO/GO-BSA was carried out
in L4 larva for 24 h and extended from the L1 larva stage to
young adult for prolonged exposure assay in 24-well microtiter
plates.

2.5. Reproduction and development

For the reproduction assay, worms (n = 20 worms per treat-
ment) treated with GO/GO-BSA were transferred individually
onto a fresh NGM plate every day, till the egg-laying capacity of
worms reached zero. The number of offspring developed from
eggs was recorded in the L3-L4 stage. The body sizes of the
worms were studied to measure the growth of the worms.
Briefly, 40 randomly chosen worms per treatment were analyzed
using an Optika View image analysis system (Optika, Italy) for
measuring the body length of the worms.** Three independent
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biological trials were performed with appropriate replicates
under similar conditions.

2.6. Lifespan analysis

About 30-40 age-sorted wild-type worms per experiment were
treated with GO/GO-BSA at different concentrations ranging
from 0.5 to 100 mg L™". Once the worms reached the L4 stage,
they were moved to a new NGM plate spotted with 0.05 M 5-
fluoro-2’-deoxyuridine (FUdR, Sigma) to inhibit the progeny
development. Nematodes were periodically transferred to new
plates to avoid contamination and starvation, followed by
counting the number of living and dead worms on the plate.
The worms exhibiting a bag of worms phenotype, mechanical
death, and creeping movement off the plates were noted as
censored. This assay was carried out until the last worm became
censored. Three separate biological trials with four replicates
were performed under the same conditions.**

2.7. Quantification of intestinal ROS production

To measure the production of intestinal ROS, GO/GO-BSA (0.5
100 mg L) treated wild-type C. elegans (n = 25-30 worms per
treatment) were shifted to a 24-well microtiter plate containing
1 mL of M9 buffer with 0.05 mM H,DCF-DA. After 30 min
incubation, the worms were washed with M9 buffer thrice.
Then, 30 mM NaN; was used to anesthetize the worms which
were mounted on a clean glass slide containing a 3% agar pad.
The immobilized live worms were examined under laser scan-
ning confocal microscopy (LSM 710, Zeiss, Germany), and
Image] software was used to measure the intensity of DCF
fluorescence.*

2.8. In situ bio-distribution of GO and GO-BSA in C. elegans

The in vivo bio-distribution of GO/GO-BSA inside the nematodes
(n = 30-35 worms per experiment) was investigated by loading
300 uL of Rhodamine-B (2 mg mL™ ') on 10 mL of GO/GO-BSA
(1 mg mL™") in the dark as previously described.*® Then, the
solution was dialyzed (10 000 MWCO) for 12 h with water for the
removal of unbound Rhodamine B. The nematodes were treated
with Rhodamine-B loaded GO/GO-BSA (100 mg L") for 30 min
and 3 h for acute and prolonged exposure, respectively, at 20 °C
followed by washing and re-suspension in M9 buffer. The
immobilized live worms were examined under laser scanning
confocal microscopy, and the fluorescence intensity was
measured as described above.

2.9. Defecation and locomotion behavior assay

GO/GO-BSA treated worms (n = 20-25 worms per experiment)
were separated into a new NGM plate seeded with E. coli OP50.
To analyze the mean defecation cycle length, the interval
between two successive posterior body-wall muscles was recor-
ded using an inverted microscope (XDS-2, Optika, Italy) for
2 min. For the analysis of locomotory behavior, the treated
worms with GO/GO-BSA were subjected to analysis of head
thrashes and body bends according to the methods described."”
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2.10. Nile red staining

The effect of GO/GO-BSA (100 mg L™ ") on fat deposition can be
examined in C. elegans; the treated worms (n = 20-25 worms per
treatment) were collected in 1x PBS buffer and fixed for 2 min
with 50% isopropanol. Then 150 pL of Nile red solution (stock
solution: 0.5 mg Nile red in 1 mL acetone) was added, followed
by incubation in the dark for 25 min and resuspension in M9
buffer. Then, 30 mM NaN; was used to immobilize the live
worms which were mounted on a clean glass slide containing
a 3% agar pad, followed by imaging with a confocal
microscope.®”

2.11. Assay for chemotaxis behavior

The chemotaxis behavior of C. elegans was examined following
a method described previously.*® Briefly, age-synchronized
worms of the L1 stage (~200 worms per treatment) were
exposed to GO/GO-BSA (100 mg mL ). The day-6 adult worms
were relocated onto the chemotaxis plate, which was split into
four identical quadrants (4;, A, By, By). To parts A; and 4, in the
chemotaxis plate 10 pL of 1 M sodium acetate (attractant) was
added on one side, and to the remaining two parts, B; and B,, in
the plate 10 pL of distilled water was added. The treated worms
were placed in the middle of the chemotaxis plate, which was
spotted with sodium azide (25 mM) on each side to paralyze the
attracted worms.

The chemotaxis index (CI) was calculated after 90 min of
incubation using the following equation:

Cl = (4, + 42) — (B — By)IN

where 4, and A, represent the number of worms present in the
attractant region, B; and B, represent the number of worms
present in the control region, and N represents the total number
of worms used for the assay.

2.12. Transgenic reporter assays

Worms expressing reporter GFP transgenes were treated with
GO/GO-BSA at the indicated concentrations at 20 °C. After
treatment, the GFP expressions in the worms were imaged using
a confocal microscope. Image] software was used to quantify
the GFP signals. Thirty worms were used for each experiment.*

2.13. Neuronal viability assay and food-sensing behavior

The transgenic C. elegans expressing the GFP reporter construct
in dopaminergic neurons (dat-1::GFP; BZ555 strain) and D-type
GABAergic motor neurons (unc-47::GFP; EG1285 strain) were
used to study the neuronal health of nematodes exposed to GO
and GO-BSA. Synchronized worms at the L3 stage (n = 20-25
worms per treatment) were exposed to GO/GO-BSA for 72 h.
Then, the treated worms were washed with M9 buffer and
imaged under a confocal microscope, and the neuronal health
was measured by quantifying the GFP intensity. For the analysis
of dopaminergic and GABAeric neuronal health, the GFP
expressions in all eight dopaminergic neurons and the D-type
GABAergic motor neurons were examined, respectively. The
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effect of the dopaminergic neuron on slowing down the food
response in C. elegans was evaluated by examining the food-
sensing behavior. For the food-sensing assay, new NGM plates
were prepared by spreading E. coli OP50 in a 9 cm diameter and
incubating overnight at 37 °C as described earlier.*” The
examined nematodes were dropped in the middle of the NGM
plate spotted with and without bacteria. After 5 min, the body
bends of nematodes were measured for 60 s, and the slowing
rate was determined as follows:

SlOWll’lg rate = (Nwilhout food — Nwilh food)/Nwithoul food

where N represents the total number of body bends.

2.14. Analysis of germ cell apoptosis by CED-1 expression

To examine the effect of GO/GO-BSA on inducing germ cell
apoptosis, a transgenic strain expressing the GFP reporter for
ced-1::GFP (MD701) was used. Briefly, synchronized worms at
the L3 stage (n = 30-40 worms per treatment) were exposed to
GO/GO-BSA (100 mg mL™") for 72 h. After treatment, the fluo-
rescence ‘halo’ pattern of ced-1::GFP on the engulfing sheath
cells was quantified using a confocal microscope.*”

2.15. Reverse-transcription and quantitative real-time
polymerase chain reaction (qQRT-PCR)

The total RNA from nematodes was extracted using TRIzol
reagent (Invitrogen) according to the manufacturer's instruc-
tions. After RNA extraction, they were reverse transcribed using
a RevertAid™ First-strand ¢cDNA synthesis kit (Invitrogen).
SYBR™ Green (Applied Biosystems™) was used to perform real-
time gqRT-PCR analysis to target the amplifying PCR product.
The gRT-PCR was run at an optimized thermal profile as
follows: 10 min at 95 °C, and 40 cycles of 15 s at 95 °C and 60 s at
60 °C. The final results are expressed as a fold change compared
with reference gene act-1. The primer information for qRT-PCR
is given in Table S2.t

2.16. Statistical analysis

Means of the treatment groups were compared with untreated
control using a one-way analysis of variance (ANOVA) followed
by a Bonferroni post hoc test using IBM SPSS 17.0 statistical
software for Windows, v.17 (IBM Corporation, Armonk, NY,
USA). Lifespan curves were plotted using the Kaplan-Meier
survival method and analyzed by a log-rank test in MedCalc
statistical tool, v.14 (MedCalc, Ostend, Belgium). Error bars
indicate the mean value of three independent experimental
datapoints, and probability levels of p < 0.05 were considered as
statistically significant.

3. Results and discussion

3.1. Characterization of GO and GO-BSA

The preparation of bovine serum albumin decorated graphene
oxide (GO-BSA) is schematically illustrated in Fig. S1.t The X-ray
diffraction (XRD) pattern of GO in Fig. 1a shows a sharp diffrac-
tion peak at 10.3° which is assigned to the (001) plane of GO. In the
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XRD pattern of the GO-BSA composite, a broad and moderately
strong peak is observed between 20 and 27°, attributed to the
amide bond of BSA in GO-BSA. Meanwhile, the typical GO peak
vanishes in the GO-BSA composite, and it could be due to the long-
range disorder or full exfoliation of GO in the GO-BSA composite.
Our results are in good agreement with previous reports.****

The successful formation of GO-BSA was further authenti-
cated by Raman spectra as shown in Fig. 1b. In the GO spec-
trum, the D-band at 1352 cm ™' was attributed to the defect
induced breathing mode of the sp> carbon ring, while the G-
band at 1601 cm ™' was attributed to the E,, phonon mode of
the sp> C atom.? In the GO-BSA spectrum, the D-band
(1353 ecm™') and G-band (1607 cm™') are shifted to a higher
wavelength that relates to the disturbance in the GO surface by
the interaction between the carbon group of GO and amide
group of BSA. Furthermore, the intensity ratio of the D and G
bands (Ip/Ig) of GO is 1.09, and it is increased to 1.19 in GO-BSA.
The increased intensity ratio (Ip/Ig) of GO-BSA indicates an
increase in defect density, and it could be due to the exfoliation
and chemical modification on GO. The shift in D and G bands
and change in the intensity ratio of Ip/Is indicates the attach-
ment of BSA with GO.*

The functional groups present in the surface of GO and GO-
BSA were examined by FTIR spectroscopy and the respective
FTIR spectra are shown in Fig. 1c. In the FTIR spectrum of GO,
a broad peak appears at 3430 cm ™! and is attributed to the
stretching vibration of the O-H group. The absorption peak at
1600 cm™ ' corresponds to the C=C stretching. The absorption
peaks at 1739, 1242, and 1052 cm™ ' belong to C=0, C-OH, and
C-O stretching vibrations, respectively.** In the FTIR spectrum
of protein BSA, the absorption peaks at 1646 and 1540 cm ™'
correspond to the C=O0 stretching mode of amide I and N-H
bending vibration of the amide II band, respectively. The
absorption peak at 1384 cm™ " corresponds to the C-N stretch-
ing. The absorption peaks at 3435 and 2842 cm™ " correspond to
the N-H and C-H stretching, respectively.*® In the FTIR spec-
trum of GO-BSA, the absorption peak at 640 cm™* corresponds
to the O=C-NH in-plane vibration.** The absorption peak at
2845 cm™ ' is attributed to the C-H stretching vibration of the
methyl group in BSA. In addition, the appearance of a new band
at 1680 cm™ " in the GO-BSA composite is due to the cross-
linking of the carboxyl group in GO with the amide group of
BSA to form an amide linkage.**

The UV-visible spectra of GO, BSA, and GO-BSA are shown in
Fig. 1d. GO shows an absorption peak at 230 nm, which corre-
sponds to the w-7* electron transition of the aromatic C-C
bond, and the shoulder peak that appears at 310 nm represents
the n-m* transition of the C=0 group.** For pure BSA, two
absorption peaks at 220 and 276 nm result from the backbone
structure and aromatic amino acid present in BSA. Compared
with GO, the absorption peak in the GO-BSA composite
becomes sharpened and shifted to 279 nm, which is probably
due to the strong interaction between GO and BSA.*** The size
distribution analysis by dynamic light scattering (DLS) shows
that the average particle size distribution of GO is 164 nm, and
the particle size increased to 180 nm after binding BSA with GO,
which confirms the successful formation of GO-BSA (Fig. S2t). A

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Physicochemical properties of GO and GO-BSA. (a) XRD patterns, (b) Raman spectra, (c) FTIR spectra, (d) UV-visible spectra and TEM

images of (e) GO and (f) GO-BSA.

transmission electron microscope (TEM) was employed to
understand the microstructures of GO and GO-BSA. The TEM
image of GO in Fig. 1e shows a transparent, smooth, and thin
sheet-like structure. After surface decoration with BSA, Fig. 1f
shows that the transparent sheet becomes dark and this could
be due to the attachment of BSA on the GO sheet.*’ These results
indicate the successful binding of BSA with the GO sheet.

3.2. Effect of acute exposure to GO/GO-BSA on wild-type
nematodes

Mounting pre-clinical studies have shown that ENMs cause
wild-type toxicity in C. elegans.***®* We first investigated the
effect of acute exposure to GO/GO-BSA on wild-type N2 nema-
todes. Acute exposure to GO/GO-BSA (0.5-100 mg L—1) did not
affect the normal lifespan as shown in Fig. S3a & bf and given in
Table S1t or the development of nematodes as shown in Fig. 2a,
at the studied concentrations. To determine the effect of GO
and GO-BSA on the secondary targeted organs of nematodes, we
measured the head thrashes, body bends, and brood size as
endpoints, shown in Fig. 2b-d. Acute exposure to GO was found
to significantly influence the function of secondary targeted
organs by decreasing the locomotory behavior and brood size in
nematodes only at higher concentrations (50-100 mg L™ ). In
contrast, the secondary targeted organs of GO-BSA (0.5-
100 mg L") exposed nematodes were not significantly altered.
These results suggest that BSA decorated GO (GO-BSA) did not
induce a toxic effect at the indicated concentrations by retaining
the regular physiological activities of nematodes. Furthermore,

This journal is © The Royal Society of Chemistry 2020

the impact of GO/GO-BSA on intestinal ROS production in
nematodes has been studied (Fig. 3). This study found that the
production of ROS in nematodes increased significantly with
GO exposure (10-100 mg L™ '). In contrast, acute exposure to
GO-BSA did not induce ROS generation in nematodes. From
these results, it has been observed that the difference in the
toxicological behavior of GO and GO-BSA could be due to their
difference in physicochemical properties. Collectively, these
data suggest that decorating the surface of GO with protein-like
BSA potentially reduces its toxicity.

Translocation of nanomaterials into the targeted organs
induces toxicity in nematodes.**?***¢%® Taking these facts into
account, Rhodamine-B was loaded onto GO/GO-BSA to investi-
gate its translocation inside the nematodes. Following acute
exposure, GO (100 mg L~ ') was primarily expressed in the
pharynx and intestine region of nematodes, and a noticeable
amount of signal was observed in the secondary targeted organ
of nematodes (Fig. S41). In contrast, GO-BSA (100 mg L") was
translocated mainly in the head region near the pharynx, and
a much less noticeable signal was observed in the targeted
organs. In order to examine the effects of GO/GO-BSA on
intestinal permeability, Nile red (fluorescent dye) was used to
stain lipids in exposed nematodes, and acute GO (100 mg L™")
exposure was found to increase the Nile red intensity in exposed
nematodes significantly. In contrast, GO-BSA exposure
(100 mg L") did not drastically increase the Nile red intensity
in exposed nematodes (Fig. S5t). These data show that BSA
decorated GO (GO-BSA) did not affect the intestinal
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permeability and suppressed its translocation into secondary
targeted organs when compared to GO exposed nematodes.

3.3. Physiological effects of prolonged exposure to GO and
GO-BSA

The toxicity of ENMs in an environmental organism is mainly
due to its long-term effect.” The effect of prolonged exposure to
GO/GO-BSA on nematodes was investigated and it was found
that exposure to 50-100 mg L~' GO noticeably reduced the
lifespan, as shown in Fig. S3(c & d) and Table S1.T Moreover, GO
exposure (0.5-100 mg L™ ") significantly increased the intestinal
ROS production (Fig. 5) and decreased the body length, brood
size, and locomotory behavior of nematodes, as shown in Fig. 4.
In contrast, prolonged exposure to GO-BSA at all tested
concentrations did not alter the lifespan, body length, intra-
cellular ROS levels, and reproduction & locomotion behaviors in
nematodes. Therefore, our results indicate that prolonged

5224 | Nanoscale Adv, 2020, 2, 5219-5230

SOmgl!

Fig. 3 Acute exposure assay of GO and GO-BSA on intestinal ROS production in wild-type C. elegans. (a) Fluorescent micrographs depicting the
ROS production induced after acute exposure to GO and GO-BSA. (b) Quantification of DCF fluorescence in treated nematodes. Error bars
indicate the mean value of three independent experimental datapoints (n = 25 per experiment). **p < 0.01, ns — not significant.
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exposure to GO-BSA does not interfere with the normal physi-
ological function of primary and secondary targeted organs in
nematodes. These data suggest that BSA decoration attenuates
the GO-induced toxicity in the physiological function of
nematodes.

3.4. BSA decoration alters the translocation pattern and
intestinal permeability of GO

In C. elegans, translocation of ENMs into targeted organs could
induce a lethal effect in nematodes.” The fluorescent probe
Rhodamine-B was used to evaluate the translocation pattern of
GO/GO-BSA (100 mg L™ ") in exposed nematodes. As a result, the
GO-Rho-B signal was observed in both the primary and
secondary targeted organs of the exposed nematodes (Fig. S61).
In contrast, the translocation pattern of GO-BSA was altered in
the exposed nematodes when compared to GO. GO-BSA was
expressed primarily in the pharynx, and the least amount of

This journal is © The Royal Society of Chemistry 2020
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signal was expressed in the intestine and secondary targeted
organs of the exposed nematodes. Previous reports have shown
that intestinal permeability may be responsible for the altered
translocation pattern of ENMs.'>*”*® The results indicate that
GO exposure (100 mg L™ ') significantly increased the Nile red
intensity in the intestine of nematodes, which shows severe
damage in the intestinal barrier of exposed nematodes
(Fig. S71). In contrast, GO-BSA exposure did not significantly
influence the lipid levels in nematodes. Our data suggest that
BSA decoration significantly reduced the GO induced toxicity
and its translocation into reproductive organs by maintaining
the normal intestinal permeability in C. elegans.

3.5. BSA decorated GO maintains the normal defecation
behavior

In C. elegans, alteration in defecation behavior by ENMs plays
a crucial role in causing toxicity.'®*® We next investigated the

This journal is © The Royal Society of Chemistry 2020

SomgL!

Fig. 5 Effect of prolonged exposure to GO and GO-BSA (100 mg L~Y on intestinal ROS production in C. elegans. (a) Fluorescent micrographs
depicting the ROS production after prolonged exposure to GO and GO-BSA. (b) Quantification of DCF fluorescence in treated nematodes. Error
bars indicate the mean value of three independent experimental datapoints (n = 25 per experiment). **p < 0.01, ns — not significant.
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defecation behavior of nematodes exposed to GO/GO-BSA.
Prolonged exposure to GO (1-100 mg L") has significantly
increased the defecation behavior in nematodes when
compared to the control (Fig. 6a). However, GO exposure could
not completely block the defecation behavior, and nematodes
were able to remove a certain amount of GO. In contrast, GO-
BSA exposure did not have a significant effect on the defeca-
tion behavior of nematodes. In C. elegans, the proper func-
tioning of defecation behavior is controlled by AVL and DVB
neurons.* Prolonged exposure to GO has significantly reduced
the intensity of fluorescent puncta in AVL and DVB neurons
when compared to the control (Fig. 6b). In contrast, fluorescent
puncta of AVL and DVB neurons remained unchanged in BZ555
nematodes exposed to GO-BSA. These data further imply that
surface decoration of GO with BSA might limit its entry into
secondary targeted organs by maintaining the normal defeca-
tion cycle.
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3.6. GO-BSA does not alter the development and functional
status of neurons

The proper functional state of neurons is required to protect
nematodes from toxicants.®® To investigate the effect of GO/GO-
BSA (100 mg L") on the development and function of neurons,
we used a C. elegans strain carrying the GFP transgene construct
tagged in GABAergic and DAergic neurons. After GO-BSA expo-
sure, no significant changes in GFP expression were observed in
GABAergic and DAergic neurons. In contrast, GFP intensity in
all eight DAergic neurons was decreased by about 55% in
nematodes exposed to GO. Similarly, we observed significantly
reduced fluorescent puncta, neuronal loss, and formation of
damaged neurons on both the dorsal and ventral cords of the
GABAergic motor neuron (Fig. 7a). We also investigated the
effect of GO/GO-BSA on neurons, chemotaxis, and food
searching behavior. It was observed that wild-type worms
exposed to GO-BSA did not affect chemotaxis and food sensing
behavior, which indicated the healthy status of neurons (Fig. 7b
and c). Nematodes treated with GO alone significantly reduced
the chemotaxis and food sensing behavior when compared to
the control. From the above results, it was apparent that BSA
decoration strikingly attenuated the GO-induced damage on
neuronal development and maintained the functional state of
the neurons.

5226 | Nanoscale Adv.,, 2020, 2, 5219-5230

3.7. Effects of GO and GO-BSA on the oxidative stress
response mechanism

In C. elegans, the intracellular ROS production triggers several
genes involved in the detoxification mechanism.” Therefore, the
effects of GO/GO-BSA on key stress-responsive genes were studied.
In nematodes, DAF-16/FOXO, and SKN-1/Nrf2 transcription factors
confer stress resistance via regulating the expression of conserved
antioxidant genes.* The results indicated that GO triggered the
constitutive nuclear localization of daf-16::GFP and skn-1b/c::GFP,
while GO-BSA did not influence the nuclear localization when
compared to the control (Fig. S81). We next investigated the
expression pattern of the downstream targets of DAF-16 and SKN-1
transcription factors (Fig. 8). As a result, GO exposure significantly
increased the expression levels of DAF-16 targets sod-3::GFP, hsp-
16.2::GFP and ctl-1,2,3::GFP, and SKN-1 target genes gst-4::GFP and
ges-1::GFP. Conversely, no significant alteration in the expression
levels of genes involved in DAF-16 and SKN-1 transcription factors
was found in GO-BSA exposed nematodes when compared to the
control. These data further confirm that the BSA decoration miti-
gates the GO induced toxicity in nematodes.

3.8. GO-BSA did not induce germline cell apoptosis in C.
elegans

To study the effect of GO/GO-BSA (100 mg L™ ') on the induction
of germline apoptosis in C. elegans, the MD701 strain carrying

This journal is © The Royal Society of Chemistry 2020
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CED-1::GFP fusion protein was used. As a result, GO exposure expression in MD701 nematodes (Fig. 9a). This result shows
significantly increased the expression of CED-1::GFP clusters that surface decoration of BSA with GO did not induce apoptosis
around cell corpses, while GO-BSA did not induce such in nematodes when compared to GO. Previous studies have
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confirmed that GO exposure induces germline cell apoptosis by
regulating the core components of apoptotic machinery genes
ced-9, ced-4, and ced-3.°* In C. elegans, CED-4 and CED-3 are
homologous to mammalian Apaf-1 and caspase protein,
respectively, which are required for the execution of apoptosis.
CED-9, a Bcl-2 homologous protein, negatively regulates Apaf-1
like protein CED-4, which activates the CED-3 caspase to
promote apoptosis. The gene expression analysis by qRT-PCR
showed that GO-BSA exposure did not alter the expression
rate of ced-9, ced-4 and ced-3 genes, while GO exposure upre-
gulated ced-4 and ced-3 genes to 16 fold, and downregulated ced-
9 expression by 0.3 fold (Fig. 9b). In addition, the prolonged
exposure to GO significantly increased the expression of genes
involved in oxidative stress-induced DNA damage like Aus-1,
cep-1, and egl-1 genes when compared to the control. These
results are consistent with the earlier observation.'” The acti-
vation of HUS-1 could further activate the DNA damage
signaling pathway through CEP-1 and EGL-1.°* EGL-1 is a pro-
apoptotic BH-3 domain which inhibits the function of CED-9.
CEP-1 is an ortholog of mammalian p53 which promotes
DNA-damage induced apoptotic cell death by positively regu-
lating EGL-1. Interestingly, GO-BSA did not cause any signifi-
cant difference in the expression pattern of genes involved in
germline cell apoptosis and DNA-damage induced apoptosis, as
reflected by the gene expression analysis. These data confirm
that BSA decoration mitigates GO-induced DNA damage and
germline cell apoptosis.

4. Conclusion

In conclusion, to mitigate the toxic effect of GO, we have
decorated its surface with BSA and investigated its in vivo effect
using C. elegans as an animal model. It was observed that the
prolonged GO-BSA exposure did not affect the function of
primary and secondary targeted organs. In addition, the GO-
BSA did not affect the normal intestinal permeability and
defecation behavior in nematodes when compared to GO. The

5228 | Nanoscale Adv., 2020, 2, 5219-5230

synergetic effect of intestinal permeability and defecation
behavior in GO-BSA treated nematodes mitigates its trans-
location into secondary targeted organs. Furthermore, the GO-
BSA did not affect the functioning of neurons and the antioxi-
dant defense system in C. elegans when compared to GO.
Besides, the expression levels of genes involved in germline cell
apoptosis and DNA damage-induced apoptosis were not altered
by GO-BSA. We conclude that the normal functioning of intes-
tinal barriers, defecation behavior, neuronal health, and the
antioxidant defense system in GO-BSA exposed nematodes
greatly contribute to its non-toxic properties. Our results
provide insight into the future development of safer nano-
material formulations, thus facilitating their growing use in
environmental and biomedical applications.
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