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In recent years, research on graphene oxide (GO) has developed rapidly in both academic and industrial
applications such as electronic, biosensor, drug delivery, water treatment and so forth. Based on the large
amount of applications, it is anticipated that GO will inevitably find its own way to the environment, if
used are not restricted to prevent their release. Environmental transformation is an important trans-
formation process in the natural environment. In this review, we will summarize the recent de-
velopments on environmental transformation of GO in the aquatic environment. Although papers on
environmental transformation of graphene-based nanomaterials can be found, a systematic picture
describing photo-transformation of GO (dividing into different irradiation sources), environmental
transformation of GO in the dark environmental, the environmental toxicity of GO are still lacking. Thus,
it is essential to summarize how different light sources will affect the GO structure and reactive oxygen
species generation in the photo-transformation process, how GO will react with various natural con-
stituents in the aquatic environment, whether GO will toxic to different aquatic organisms and what will
be the interactions between GO and the intracellular receptors in the intracellular level once GO released
into the aquatic environment. This review will arouse the realization of potential risk that GO can bring
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to the aquatic environment and enlighten us to pay attention to behaviors of other two-dimensional GO-
like nanomaterials, which have been intensively applied and studied in recent years.

© 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Since the discovery of graphene in 2004, a great sensation has
been bought by graphene and its derivatives due to their unique
structure and excellent properties. Graphene oxide (GO), as the
most studied graphene-derivatives, is a precursor material in gra-
phene preparation and has a large number of carboxyl, hydroxyl,
carbonyl, and epoxy carboxyl groups on its surface (Dreyer et al.,
2010). The presence of the oxygen functional groups on the struc-
ture of GO render it extremely hydrophilic (Barroso-Bujans et al.,
2010), making it ideal to be used in aqueous solution and
expanding the applications. For example, biomedical applications
have been developed rapidly to be used for bio-imaging, cancer
therapy, photo-thermal therapy and so forth. (Chen et al., 2015;
Reina et al.,, 2017). Especially, environmental applications have also
been developed rapidly in recent years. GO could effectively absorb
metal ions, dyes and organic micro-pollutants via electrostatic
attraction, hydrogen bonding, 7 interaction and other interaction
forces (Khan et al., 2017; Yin et al., 2019). When used as membrane
applications, GO membranes have the advantage of anti-fouling,
high flux and good selectivity via nano-channels between GO
layers due to the unique laminated structure (Liu et al., 2020b; Mi
et al., 2018). As photo-catalysts, GO has the greatest advantages of
the in situ growth of other nanoparticles on its surface to achieve
the best photocatalytic performance, attributed to the abundant
functional groups on the surface (Qiu et al., 2018). Recently, Wang
et al. summarized the developments of GO on photodegradation of
persistent organic pollutants and analyzed roles that GO (i.e.

supports, flexible substrates and co-catalysts in composites) acted
as photocatalysts (Zhang et al., 2020b). In addition, GO can be
excellent antibacterial agents by adjusting its size, orientation or
combining with other nanomaterials (Liu et al., 2012a; Lu et al,,
2017; Perreault et al., 2015a). GO sensors also show high sensi-
tivity and low detection limit when used for environmental sensing
(Anichini et al., 2018). Thus, the wide applications will inevitably
release GO into the aquatic environment. When GO appears in
water, environmental fate and transport of GO will be changed by
both its physicochemical properties and external surrounding
aqueous environments. In other ways, GO can interact with a va-
riety of the existing constituents including natural organic matter
(NOM), salts, bovine serum albumin (BSA), pollutants and some
disinfection agents in the aquatic environment. It is worth noting
that photo-transformation of GO is a very important trans-
formation pathway. And GO under various light sources of irradi-
ation will behave differently.

As more applications have been developed, more concerns that
GO will bring come along. Thus scientists did series of studies on
the toxicity of GO, though it has been controversial for the past
decades. At the very beginning, Liao et al. observed that smaller
lateral dimensional of GO exhibited higher hemolytic activity to
human cells than larger GO nanosheets. And GO showed toxic ef-
fects to human skin fibroblasts from viability assay experiments
(Liao et al,, 2011). GO also exhibited a dose-dependent toxicity to
human lung epithelial cells and fibroblasts, while obvious toxicity
when doses were above 50 mg/L, suggesting the great potential risk
of GO to the health of human beings (Wang et al., 2011). The contact
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mode of direct interactions between cell membranes and GO have
also been found to destroy cells (Hu et al., 2011). In stark contrast to
the above studies, Chang et al. found GO with all lateral dimen-
sional sizes exhibited showed no toxicity to A549 cells (typical
human lung cells) (Chang et al., 2011). Different results of toxicity
might be due to the various methods through which GO was being
prepared. However, there is no doubt that GO could possess po-
tential toxicity to humans and the whole eco-system. Thus thor-
ough environmental assessment of GO transformation should be
built up, once GO nanosheets release to the environment.

Until now, there are many review articles in summarizing GO
applications in energy storage, hydrogen evolution, biosensors,
water purifications and many others (Perreault et al., 2015b; Shao
et al., 2015; Zhang et al. 2019¢, 2020b). Some reviews on environ-
mental fate and transport of graphene-based materials were re-
ported since scientists have realized their inevitable release to the
natural aquatic environment and did a series of potential risk
assessment under different circumstances (Ren et al., 2018; Zhao
et al., 2014). However, no reviews have been deeply and exclu-
sively reported on environmental transformation of GO. Thus, a
systematic picture describing photo-transformation of GO (dividing
into different irradiation sources), environmental transformation of
GO in the dark environmental, the biocompatibility and environ-
mental toxicity of GO is urgently needed. This review firstly sum-
marized how different light sources affected the GO structure and
reactive oxygen species generation in the photo-transformation
process, how GO reacted with various natural constituents in the
aquatic environment, whether GO was toxic to different aquatic
organisms and what were the interactions between GO and the
intracellular receptors in the intracellular level once GO releases
into the aquatic environment. The objective of this review is to help
give a thorough and detailed environmental assessment summary
of this most popular nanomaterial, GO, in the very past decade.

2. Photo-transformation of GO
2.1. Environmental photo-transformation of GO

Photo transformation is a very significant transformation pro-
cess in the natural environment. The light source is extremely
important in the photo-transformation process. For example, one
recent study compared the efficiency of photocatalytic reduction of
CO, among simulated sunlight-GO, UV irradiated-GO and pristine
could irradiated GO with a CO yield (4 h) ratio of 2.7:2.1:1,
respectively (Kuang et al., 2020). The stark contrast arouses us to
pay attention to the different photochemical reaction process via
various photo irradiation sources. Thus, this part of the review will
focus on the photo-transformation of GO by different light sources.

2.1.1. Solar irradiation

The m-bonds in GO can absorb solar spectrum light, thus
photochemical transformation might be a significant pathway in
the aquatic environment if light absorption is followed with
chemical reaction. One study showed that more defects can be
generated with GO after simulated sunlight irradiation, evidenced
by higher Ip/I¢ from Raman Spectra (Zhao and Jafvert, 2015). Ade-
leye et al. also observed the increased Ip/I; ratio of GO under solar
irradiation, and they found that GO was reduced to rGO and the
number of oxygen functional groups decreased. The C/O ratio and
abundance of C—C/C=C group increased compared to those on
pristine GO (Adeleye et al., 2019). Intermediate photoproducts were
observed to be smaller size with fewer oxygen functionalities
which obviously had different photo-reactivity compared with the
pristine GO (Hou et al., 2015). This whole photochemical trans-
formation process can be summarized as the following equation:

Go ™ CO; + rGO species + low MW PAH species (O, dependent
process) (Here, rGO: reduced graphene oxide; MW: molecular
weight; PAH: Polycyclic aromatic hydrocarbons) (Hou et al., 2015).
The mechanism of this photo-fragmentation is related with the
concurrent oxidation and GO reduction due to the electron-hole
pair formation under sunlight irradiation. Most recently, Xing
et al. found that GO underwent reduction in a 25-day sunlight
irradiation, and completed the transformation process at Day 8.
And LMW species produced during the 8-day GO transformation,
which was consistent with the previous studies (Zhao et al., 2020a)
(Fig. 1A). The aerobic and anoxic conditions were checked to see
whether they could influence the physiochemical properties of GO
in the solar irradiation process (Chowdhury et al., 2015a). Inter-
estingly, the size of photo-irradiated GO decreased from 200 nm to
120—130 nm in both aerobic and anaerobic conditions. Besides, the
reduction trend of GO in sunlight irradiation was also similar under
these two conditions, suggesting the aerobic and anoxic conditions
don’t have much effect on changing the chemical composition of
GO. As all research studies showed that GO could undergo degra-
dation, what would be the determined role on the basal plane of GO
to have the photochemical reaction? Specifically, the hydroxyl and
epoxy functional groups might be the main factors, evidenced by
the decreasing number of oxygen-containing functional groups as a
function of time (Shams et al., 2019). C—O functional groups
decreased mostly in the photochemical reaction, which were nor-
mally on the basal plane of GO (Gao et al., 2009), indicating photo-
transformed GO might be aggregated by plate-plate interactions
(Chowdhury et al., 2015a).

Solar irradiation can also stimulate the generation of ROS. Jafvert
et al. firstly found that superoxide and H,0, can be generated, and
they proposed that the ROS could be generated by the electron
transfer process (Zhao and Jafvert, 2015). GO could act as an elec-
tron donor under solar irradiation and pass the electron to mo-
lecular oxygen to generate superoxide and H,0, (Zhao and Jafvert,
2015). Some follow-up studies also confirmed with their conclusion
(Hou and Wang, 2017; Zhao et al. 2016a, 2016b). Hou et al. found
that pH played an important role in H,O; production (Fig. 1B) (Hou
and Wang, 2017). The amount of H,0, produced under pH 7 could
reach 2-fold increase compared to that under pH 3 (Hou and Wang,
2017). One study demonstrated only singlet oxygen ('0,) was
generated by GO under simulated sunlight with slight oxidation of
antioxidant biomolecules due to the electron—hole pairs generated
on GO surface (Chong et al., 2017). Another study indicated that GO
could form ROS including 05, superoxide anion radical and -OH by
using a Xenon lamp with a 295 nm filter to simulate the solar
irradiation (Adeleye et al., 2018). The difference in detecting out the
different species of ROS might be due to light source, the various
light wavelength, light intensity and oxygen-containing conditions,
which are all responsible for the photo-transformation process. In
addition, different oxygen functional groups can also alter the
ability of producing ROS (Yao et al., 2020). Here, we summarized
the potentially whole pathway of ROS generation by GO based on
the present studies in this area:

GOQ[GO]*Lloz (Type Il Energy Transfer) (1)
[GO}*EGO'+ + €4 (Type I Electron Transfer) (2)
02,6 +€qg— 03" (3)
0" +2H" + e —>H;0, (4)
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Fig. 1. Phototransformation of GO under sunlight irradiation. (A). Schematic of residual transformed GO (TGO) and LMW production in the photochemical reaction (Zhao et al.,
2020). (B) Photocatalytic Production of H,0, by GO (Hou and Wang, 2017) (C) A novel online system tracking of GO photo-degradation (Tan et al., 2020). (D) Schematic of the

detection system (Tan et al., 2020).

H,0,™-0OH (5)

In the natural aquatic environment, the aqueous systems can be
more complicated, where it may contain nitrate, natural organic
matter (NOM) and so forth. Some studies include these indirect
photo-transformation considering the existence of these natural
constituents under sunlight in the aquatic environment. Chowhury
et al. found that nitrate and NOM in the natural aqueous environ-
ment could generate hydroxyl radicals, which could further react
with photo-irradiated GO to induce the composition change of GO
under sunlight irradiation (Chowdhury et al., 2015a). Most recently,
scientists developed a platform to monitor the photodegradation of
GO where the concentration limit as low as 87.5 pg/L could be
monitored (Fig. 1C and D) (Tan et al., 2020). The developed system
was size-dependent, thus make it particularly possible on detecting
the aggregation GO at 50 pg/L with 10 mg/L NOM solution. This
application enlightened us to make it possible on developing new
systems on monitoring the photo-transformation of GO in the
aquatic environment.

2.1.2. UV irradiation

Ultraviolet (UV) irradiation, as a commonly adopted method or
disinfection and pollutant degradation in environmental engi-
neering, has been shown to play an important role in photo-
transformation of GO. Previously, scientists have used the UV
irradiation method to prepare reduced GO (rGO) (Guardia et al.,
2012; Kim et al, 2009). They found that irradiation of GO
aqueous dispersions resulted in production of reduced GO, CO, and
H, (Matsumoto et al., 2011). In addition, more defects were pro-
duced (Matsumoto et al., 2011). These defects (i.e., non-aromatic
carbon) provided “sites” for H, and CO, generation (Matsumoto
et al, 2011). Yuan et al. found that UV-light 99.1% of GO was
photo-transformed after 32 h irradiation in pure water with

superoxide anion radical and -OH generated under UV irradiation
(Yuan et al., 2018). GO nanosheets could become more porous in
the oxygenated group domains under UV irradiation for several
hours, with rGO, CO; and O, produced in the photochemical reac-
tion (Koinuma et al., 2012). From the XPS analysis, the epoxide and
carbonyl groups were observed to be decreased, while hydroxide
and carboxyl groups increased. The increasing number of carboxyl
groups contributed to the production of O,. Recently, by 30 (H,0)
isotope labeling experiments combining with mass spectrometry
tracking and DFT calculations, researchers proved that O, and CO;
evoluted during GO photoreduction under UV irradiation (Li et al.,
2019a). Here, they proposed that the evolution of oxygen evolution
in GO photochemical reaction was through water molecules
oxidation by two homo-lateral epoxides, while the epoxides or
carbonyls on the edge reacted with water molecule to form car-
boxyls (Li et al., 2019a). Finally, CO, was produced by decarboxyl-
ation since the participation of water could reduce the energy
barrier by changing the reaction pathway. Besides, UV irradiation
with short time could exfoliate layered of GO to monolayer, while
long time irradiation could restore the new sp2 domain (He et al,,
2019). Furthermore, the small monolayer GO sheets could aggre-
gate horizontally to be a large size sheet (He et al., 2019). In addi-
tion, photochemical oxidation state of GO highly depended on the
irradiation time exposure, evidenced by different Ip/lg obtained
from Raman spectra measurement (Ip/Ig = 1.1, 0.95, 0.90 for pris-
tine GO, GO under UV 15 min, GO under UV 720 min, respectively)
(Amadei et al., 2017). Researchers also compared photochemical
behaviors of GO under UV irradiation and visible/simulated sun-
light irradiation. GO nanosheets broke into small pieces, and lost
some of the functional groups containing oxygen on the surface
under UV irradiation with ROS generation in the process (Du et al.,
2018). Another study indicated that the physico-chemical proper-
ties and toxicity of GO were more likely to be changed under UV
irradiation than visible light. And once existing in city water and
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natural surface water, GO became much more stable and mobile
under both UV and visible light irradiation (Gao et al., 2019). A
research study also showed that GO activation was more favorable
to simulated sunlight than UV irradiation by yielding higher
amount of CO (Kuang et al., 2020). From a dynamic light scattering
study, we got to know that the size of GO changed at different
photo-reduction stages (Andryushina et al., 2014). At the early stage
of photochemical reaction, the hydrodynamic size increased since
small fragments was produced to allow the sheets to become more
flattened (Andryushina et al.,, 2014). At the deeper stage, a size
decrease can be observed due to the reverse crumpling/folding of
rGO sheets with the m-7 stacking interactions, which was consis-
tent with the previous studies by the numerical modeling
(Andryushina et al., 2014; Whitby et al., 2012). Zhao et al. evaluated
the oxidation degree effects on the photo-transformation of GO in
aqueous environment. They reported that when the oxidation de-
gree of GO was higher, more morphology changes could be
observed. More amount of ROS generation ('0,, O3, -OH) could be
detected with an increasing oxidation degree of GO (Zhao et al.,
2019).

Indirect photochemical reactions under UV irradiation have also
showed the alteration of physico-chemical properties of GO. When
the environmental cation was higher, the strong capability in the
aggregation of UV-transformed GO could be observed (i.e.,
Ca’t > Mg?* > Nat) (Gao et al., 2020). Another study reported that
GO can be oxidized rather than reduced at the circumstance of
H,0; in the aqueous system under UV irradiation (Ji et al., 2013).
When H;0; was in the system to stimulate the indirect photore-
action, the m-conjugated structures were damaged (Duan et al.,
2019). In contrast, the direct photo-transformation of GO alone
involved the restoration of m-conjugated structures. The involve-
ment of -OH in the photochemical process stimulated the reactions
between -OH and oxidized domains, and the electrophilic addition
of -OH to the aromatic domains, resulting in the disintegration of
GO structures. And the nitrate concentration played an important
role in the photochemical reactions in both direct and indirect
photo pathways.

2.1.3. Visible light

Most studies using visible light are often related with the
degradation of environmental pollutants of GO composites since
GO itself doesn’t possess excellent ability to degrade contaminants
due to low energy of visible light photons (Zhang et al., 2020b).
However, there are still some studies reporting the photo-
transformation of GO under visible light. For example, Feliz et al.
found that the production of '0, by GO was negligible by using a
sensitive fluorescent probe (9,10-anthracenediyl-bis(methylene)
dimalonic acid, ABDA) (Felip-Leon et al., 2019). Yao et al. demon-
strated that reduction of GO was not obvious and a very slight in-
crease in absorbance can be observed, suggesting that light-
absorbing products formed under visible irradiation (Du et al.,
2018). The structure of GO became wrinkled, but the chemical
composition change was negligible (Du et al.,, 2018). They also
detected the ROS generation, including 10, O5, -OH under visible
light irradiation (Du et al., 2018). Mu et al. found that visible light
irradiation could lead to the sp2 structure breakdown in the pres-
ence of hypochlorite, generating alkanes, olefins, alcohols and acids
with short carbon skeletons. GO under visible light in the presence
of hypochlorite also possess strong toxicity, evidenced by the algal
reproduction inhibition (Wang et al., 2020). Although some studies
reported the chemical composition did not change under visible
light, Adeleye et al. observed GO was reduced by degrading the
C—OH/C—0—C group at the surface of natural waters (Adeleye et al.,
2019).

2.14. Ultrafast laser

Laser irradiation was often used for the preparation of reduced
GO (Alotaibi et al., 2018; Huang et al., 2011; Liu et al., 2012b). Shall
et al. firstly found that converted graphene were produced from GO
by using pulsed Nd: YAG laser (A = 532 nm, hv = 2.32 eV, pulse-
width T = 7 ns) (Abdelsayed et al., 2010). Miller et al. used a
femtosecond ultraviolet pulse to trigger the GO reduction by photo
ionizing the solvent and liberating solvated electrons (Gengler
et al., 2013). They proposed that the ultrafast nature of the irre-
versible GO-rGO transformation was attributed to the solvated
electron capture generated by solvent photoionization (Gengler
et al,, 2013). Razi et al. studied the photochemical reaction of GO
under laser irradiation with two laser wavelengths (532 nm and
1064 nm) by using Q-switched Nd: YAG laser irradiation (Ghasemi
et al., 2018). They found that laser energy and wavelength played
important roles to facilitate the reduction (Ghasemi et al., 2018). By
using 0.24 J/cm? laser fluence and a 20-min exposure time under
532-nm laser wavelength irradiation, effective GO reduction can be
achieved (Ghasemi et al, 2018). By contrast, under 1064 nm
wavelength irradiation, GO reduction was not sufficient (Ghasemi
et al., 2018). Nishina et al. proposed the GO reduction mechanism
from the photon mode versus thermal mode under ultrafast laser
irradiation (Hada et al., 2019). The photo mode could selectively
remove the epoxy groups on the basal plane of GO, while the
thermal mode were more responsible for the reduction of hydroxyl
and epoxy groups.

2.2. Photo-transformation with disinfection agents in water
treatment systems

2.2.1. Fenton reaction

In water and wastewater treatment process, photo/photo-
fenton reactions are often involved with nanomaterials. Zhang
et al. demonstrated that the photo Fenton reaction was an effective
way to prepare graphene quantum dots (GQDs) (Zhou et al., 2012).
They exposed GO with the Fenton reagent under a mercury lamp
(500 W), and GO could react with the Fenton reagent at a quite slow
rate, while GQDs could be generated after a longer time reaction.
They demonstrated that the reaction rate was slow due to small
amount of -OH generated with low power of UV irradiation power.
Star et al. proposed the potential mechanism of GO degradation in
the photo-Fenton reaction (Bai et al., 2014). Intermediate oxidation
products (MW 150—1000 Da) were generated, while these products
no longer existed in high abundance after longer reaction time (i.e.,
days 2 and 3). And graphene quantum dots (GQDs) were dominated
in the system. By chemical analysis, they demonstrated that these
oxidation products were mostly oxidized polycyclic aromatic hy-
drocarbons (Bai et al., 2014). In addition, it has also been found that
GO could not be reduced at the circumstance of H,O, in acidic
system since large amount of -OH existing in the system. By
contrast, GO could slowly being oxidized due to the strong oxida-
tion of hydroxyl radical (Ji et al., 2013).

2.2.2. Chlorine reaction

Fullerenes, as representative carbonaceous nanomaterials, have
been reported to be transformed in the presence of free chlorine
under UV irradiation (Ou et al., 2019; Wu et al. 2017a, 2017b). GO
was also found to be altered with chlorine related radicals. Frag-
mentation of carbon sheets and further oxidation by Cl- and ClO-
free radicals occurred with GO during the process of chlorination
(Du et al., 2017). Fortner et al. recently reported that mineralization
occurred when GO was exposed to free chlorine and light irradia-
tion (An et al., 2020). Hydroxyl radical, chlorine and other oxygen
containing radicals promoted the remaining products resistant to
further oxidation. They also demonstrated that the reaction rate



6 Y. Zhao et al. / Chemosphere 262 (2021) 127885

was dependent on GO lateral size and free chlorine concentration. A
recent study confirmed with the conclusion, stating that chlorine-
containing radicals could help to break down the carbon atomic
rings of GO. The existence of hypochlorite in the system of GO
under visible light showed strong toxicity, inhibiting the algal
reproduction. Therefore, the photo-transformation of GO with the
disinfection agents should be noticed and help to understand more
about the safety assessment of GO (Wang et al., 2020). Photo-
bromination of GO was also studied and researchers reported
that the C—OH and COOH groups of GO were lost and rGO was
produced in the process. The high oxidation potential of bromine
had the ability of oxidizing the remaining carbon nanosheets, thus
produce the brominated disinfection by-products. The irradiated
free radicals generated in the photochemical process also affected
the transformation of GO (Li et al., 2019c¢). Li et al. proved that GO

broke into small fragments and more reactive sites were formed
under sunlight irradiation in the presence of chlorine and bromi-
nation. Free radicals such as CI-, Br-, ClIO- and BrO-, promoted the
formation of DBPs on the GO surface (Liu et al., 2019a).

2.3. Summary of photo transformation of GO

Photo transformation is an important transformation pathway
with GO in the natural aquatic environment. From the summary of
this section, we know that different light sources could induce
various photochemical reactions. Under all photo irradiation con-
ditions (i.e., sunlight, UV, visible light, ultrafast laser), rGO was the
only product that has always been found, while other products
were quite different. Even with the same light source, the results
varied due to the complicated light induced conditions and
different chemical compositions of GO induced by specific prepa-
ration methods. Here, we made a summary on products and ROS
generation of GO to give a clear picture on the photochemical
process with different light sources (Fig. 2). In water and waste-
water treatment process, fenton and chlorine reactions were often
used. GO experienced fragmentation into GQDs, followed by
further oxidation of produced free radicals (-OH, Cl-, Br-, CIO- and
BrO-) in the disinfection reaction process (Fig. 3).

3. Environmental pathway of GO in the dark aquatic
environment

In the natural aquatic environment, GO could also come across
natural constituents and other contaminants, which could bind
with it or affect its stability, mobility and so forth in the dark
environment. The transformed GO might possess very different
properties with the pristine GO. Therefore, in this part, we will
summarize the environmental pathway of GO in the dark aquatic
environment by dividing the sections from the perspective of 1)

Matsumoto 2011
H; 1 v
Y ® 2zhao2019 Y L1 c
Adeleye 2018, Chong 2017 02 (e}
o @ Lizo10 o
0, 5
c @ zna02019 & - @
Ke] Zhao, 2016, Zhao 2015 i 02 c
= (0]
g CO | B Kuang2020 Du 2018 o))
'8 (72}
e Hou 2017A,znao 2015 -'H2OZO
o = - 14
002 - Hou 2015 Li 2019, Koinuma
2012, Matsumoto 2011
Zhao 2019, Yuan 2018 B OH
® [ J
rGO Xing 2020, Shars2019, Adsleye 2019, Chowdhury 201, L 2019, Du 2018, ®
Koinuma 2012, Guardia 2012, Kim 2009, Hada 2019, Alotaibi 2018
T T T T
Sunlight uv Visible Laser
Fig. 2. Photo-transformation of GO under different light sources.
A Aged GO
Pristine GO Low salinity Moderate salinity High salinity

(30 %)

CLoC

T )

\
sesfen )\

Al

T AN\

i

)

B

NaCICCC: X 164
CaCL,CCC: X 1317

NaCi CCC: x 951
CaCl,CCC: X 2742

—~——

20 W N6 W W 20 Wh W W2 W0 W W WM W 00 2m 2 2 20

Bedeng eaeegy (V) Beteg energy (V) Brdng energy (6V)

144

10{ ccc~d™ P R

" 2D Aggregation -
m=4 g e

0 Py ——p—

o 1 2 3 4 5 6 7
Normalized Surface Charge Density

Brdeg enargy (eV)

i a4 e
124 ’ 1 X X

Normalized CCC
g
Al AT,
<
Q
s
l,
e

Fig. 3. Environmental Transformation of GO in the Dark Environment. (A). Transformation of GO in marine waters (Adeleye et al., 2019). (B). The stability of GO under NOM and

salts. (Jiang et al., 2017). (C). Aggregation of GO in two dimensions (Gudarzi, 2016).



Y. Zhao et al. / Chemosphere 262 (2021) 127885 7

reactions with natural constituents 2) reactions of disinfection
agents 3) adsorption of environmental contaminants.

3.1. Environmental reactions with natural constituents in the dark
environment

The solution chemistry and natural constituents can greatly
affect the colloidal property and stability of GO. Chowdhury et al.
showed that pH, ion composition (including counter-ion valence),
and NOM concentration played significant roles in the overall sta-
bility of reduced graphene oxide (Chowdhury et al., 2015b). Yi et al.
confirmed this conclusion by comparing the stability of GO in two
salts (NaCl and CaCl,) and three NOMs (Suwannee River humic acid,
Suwannee River fulvic acid, and Aldrich humic acid (SRHA, SRFA,
and AHA)). The critical coagulation concentrations (CCC) of GO
increased with the addition of NOM and the stability followed the
order of AHA > SRHA > SRFA > no HA in the presence of NaCl,
indicating w—m interactions might be important in interaction
mechanisms (Jiang et al., 2017). GO was found to start aggregating
when the ionic strengths were higher than 20, 50, and 100 mM
under pH of 2.06, 4.4, and 10.7. They also proved that the CCC of GO
was influenced by the level of exfoliation (Gudarzi, 2016). Chen
et al. explored the factors that influenced GO stability in natural
surface waters by monitoring experiments in natural surface water
from Dongpu Lake, Nanfei River and Chaohu Lake in China (Gao
et al., 2017). They found that the zeta potential of GO decreased
as pH values increased. When pH was above 3.0, zeta potential of
GO was less than —30 mV, thus GO was electrostatically stable (Gao
et al, 2017). Zhu et al. demonstrated that the stability of GO
increased with higher pH and GO became unstable below pH 3
attributed to —COOH protonation at the edge of GO (Sun et al.,
2020). Since pH in the natural aquatic environment was between
5.0 and 9.0, GO was quite stable in the natural aqueous system
(Chowdhury et al., 2013). Bovine serum albumin (BSA), as a
representative NOM in the aqueous system, exhibited
concentration-dependent trend towards the GO stability. The
electrostatic binding and double layer compression effects between
BSA and GO depressed GO stability at low concentration of BSA. The
traditional Derjaguin-Landau-Verwey-Overbeek (DLVO) theory fit
the aggregation kinetics of GO with electrolyte (NaCl, MgCl,, and
CaCly) and the critical coagulation concentration (CCC) reached 190,
5.41, and 1.61 mM, respectively (Sun et al., 2018). GO nanosheets
also had the ability to quench free radicals (30—45% hydroxyl and
12% nitroxide radicals). However, when GO was embedded in epoxy
resin (ER), this ability disappeared (Hu et al., 2017). Ubiquitous
nanocolloids (Nc) in surface water could also bind onto GO surface
with strong affinity (Kq = 5.6 nM) and high adsorption capacity
(159.8 mg/g) due to electron transfer, hydrophilic and -7 stacking
effects. Interestingly, GO-Nc co-existence reduced the bioavail-
ability of GO using zebrafish embryos as the model (Ouyang et al.,
2019). GO was also studied with model proteins (OVA: ovalbumin
and BSA). Higher concentration of OVA was required for the similar
stability achieved by BSA due to the smaller molecular size and
fewer positive charge groups of OVA (Sun et al., 2020).

The aggregation, sedimentation, and transformation of GO are
also affected by various inorganic ions (i.e. salts) in water. The rate
of sedimentation increased when salinity increased due to GO ag-
glomerates formation. And the residence time of GO agglomerates
in the ocean could exceed 500 days (Adeleye et al., 2019). Since
CaCl; could bind with carboxyl and hydroxyl functional groups, the
effect induced by CaCl, was high. And the ability of GO decreased in
the presence of CaCl, as pH increased (Bayati and de Cortalezzi,
2019). A new mechanism of aggregation of GO in the natural
aquatic environment was proposed that amorphous CaMg(CO3);
nanoparticles could be formed on GO in soft water, and the

generated CaMg(COs3)2 nanoparticles could help with GO aggrega-
tion and sedimentation by bridging action. The CaMg(COs3), nano-
particles were more preferred to be formed in neutral and alkaline
conditions with GO aggregation (Zeng et al., 2019). The ferrous ion,
which was an environmental reductant, could also influence the
properties of GO (Wang et al., 2015). GO nanosheets were stacked
with the presence of Fe?*, but the stability maintained stable. GO
was also reduced, evidenced by the change of oxygen functional
groups (loss of epoxy and carbonyl groups, increase of carboxyl
group) (Wang et al., 2015). Hassenkam et al. used functionalized
AFM tips to study the interaction between GO and nonpolar/polar
organic molecules (i.e. with alkyl, —CH3, and carboxyl, —COOH).
They found that ion bridging played an important role between
—COOH tips and the GO surface, evidenced by the decreased
adhesion between GO and tips in the order:
Ba®t > Ca** > Mg?" > Na'. However, for the —CHj3 tips, ion
dependent adhesion was quite low but the trend was the same as
the above order. The pH more greatly affected the adhesion of the
—COOH tip rather than the -CH3 tip. And when it was well-
dispersed, GO could better hinder large pores formation and opti-
mize the distribution of pore size than the re-agglomerated GO
(Long et al., 2018b).

Besides, in the natural aquatic environment, hydrous oxides and
clay minerals exist. GO nanosheets could be aggregated with
kaolinite-goethite associations (KGA)-4% and KGA-10% at solution
pH below 5 and 6, respectively. And high ratio of GO/KGA might
cause toxicity to aquatic organisms (Huang et al., 2016). The
interaction between GO and Na-montmorillonite (layered clay
mineral) was studied in the presence of U(VI) (Wang et al., 2019b).
Kaolin, as a representative clay mineral, could alleviate the toxicity
of GO to protozoans, where kaolin served as an antidote to reduce
the toxicity of GO (Kryuchkova and Fakhrullin, 2018). Qi et al.
studied the interactions between GO and three ubiquitous clay
minerals (including montmorillonite, kaolinite and diatomite) un-
der various solution chemistry conditions. The affinity followed the
order of montmorillonite > kaolinite > diatomite, indicating surface
charge and surface area of clay minerals played important roles on
the attachment of GO with clay minerals. In addition, the oxygen
functional groups of GO and clay minerals could also affect the
attachment between each other (Lu et al., 2019). Chrysikopoulos
et al. investigated the interaction between GO and montmorillonite
(MMT) colloids (common clay minerals) under different environ-
mental conditions. Results indicated that pH could affect slightly
the attachment of MMT onto quartz sand and GO was more
preferred to be attached onto MMT than quartz sand (Syngouna
et al,, 2020). Additionally, Cs* was found to induce GO aggrega-
tion by electric double-layer suppression and binding with oxygen
functional groups in a weak mode. From DFT calculations, they
proposed that the electrostatic distribution and charge transfer
determined the radioactive elements destabilizing ability when the
valence was higher (Gao et al., 2018). Polycarboxylate-based high
range water reducer (P-HRWR) was also found to make GO stable
by electrostatic interactions (Long et al., 2018a). When mixed with
cement paste, GO could promote hydration products formation in
cement paste.

3.2. Environmental reactions with disinfection agents in water
treatment systems

Fullerenes have been found to be transformed with chlorine in
the dark environment (Wu et al., 2016). Once entered into the water
and wastewater treatment systems, GO could also experience
changes of physicochemical properties (Li et al., 2016). GO surface
O-functionalities changed significantly due to the oxidation of
quinone groups under the treatment of chlorination and
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chloramination. Large sized GO nanosheets became scrolled,
attributed to the benzene ring destruction on the edge (Li et al.,
2016). The chlorination process can also alter the surface charge
of GO from —45 mV to —50 mV in magnitude due to the oxidation of
—OH to —COOH group on the surface (Du et al., 2017). Reduced GO
can stimulate anammox activity, which is recognized as the most
widely used biological nitrogen removal method in water treat-
ment plants, by bacterial growth stimulation and accelerating the
anammox reaction rate, with its own structure oxidized
(Tomaszewski et al., 2019). The effect of ozonation and hydroxyl
radical attacked has been studied and results revealed that ozon-
ation resulted in GO crumpling, GO edge truncation, holes gener-
ation (5—15 nm), and small-sized carbon fragments. When
hydroxyl radical was combined in the system, GO could be further
oxidized and cleavage some aromatic rings on GO (Du et al., 2019).
Studies on interaction between DBP products and GO demon-
strated that GO structure was wrinkled and the surface was not
obviously crumpled after chlorination. But after bromination, the
structure of GO was obviously crumpled and wrinkled, indicating
GO was broken into small fragments (Liu et al., 2019a).

3.3. Adsorption of environmental pollutants by GO

Environmental pollutants such as heavy metal ions, dyes and
organic contaminants are inevitably released into the natural
aquatic environment and then become co-existing matters in the
aqueous solution. On the other hand, GO is of importance for
adsorbent applications in water treatment technologies due to a
large surface area to mass ratio, high negative charge density and
abundant oxygen-containing functional groups (Perreault et al.,
2015b). Understanding how environmental pollutants interact
with GO in water can help us better to understand the probable
toxicity effect on human health and ecosystem. The interaction
between GO and adsorbed pollutants will have an important in-
fluence on the fate and transformation of GO in aquatic
environments.

Although the specific interactions for each type of pollutant may
be different, several interactions exist between GO and adsorbed
pollutants including electrostatic attraction, hydrogen bonding,
bonding interaction and Lewis-base—acid interaction (Wei et al.,
2019; Zhao et al., 2014). Due to the presence of ionizable oxygen-
containing groups, GO was negatively charged in neutral and
basic solutions, and hence electrostatic attraction plays an impor-
tant role in the adsorption of positively charged pollutants. The
adsorption of heavy metal ions (e.g. Pb%>*, Cu®*, Hg?*) (Perreault
et al., 2015b), cationic dyes (e.g. methylene blue and rhodamine
B) (Aniruddha Molla, 2019) and surfactants (e.g. dodecyl trime-
thylammonium bromide, sodium dodecyl sulfate, Triton X-100)
(Zhang et al., 2019a) was mediated through electrostatic interaction
between GO and these pollutants (Liu et al., 2019b). Besides, elec-
trostatic interactions was suggested to be one of most important
mechanisms contributing to GO interaction with some organic
micro-organic pollutants such as tetracycline (He et al., 2020),
phenolic compounds (Catherine et al., 2018). Hydrogen bonding
interaction was responsible for the adsorption of the adsorbates
containing oxygen functional groups by GO (Reynosa-Martinez
et al,, 2020). For instance, Lopez-Honorato et al. investigated the
effect of the degree of oxidation on As(Ill) adsorption (primarily
H3As03) by GO, and DFT calculation showed the interaction be-
tween GO and As(lll) through hydrogen bonding (Reynosa-
Martinez et al., 2020). The degree of oxidation could affect the
adsorption capacity of As(lll), but had no effect on cytotoxicity. It is
noting that the hydrogen-bonding interaction may be weakened by
the formation of hydrogen bonds between GO and water molecules

in aqueous solutions. 7w bonding interaction was used to explain the
adsorption of organic micro-pollutants by GO such as pesticides
(Wang et al., 2020) and aromatic compounds (Huan Tang et al.,
2020). It is also worth mentioning that multiple interactions may
operate simultaneously in the adsorption of organic micro-
pollutants onto GO in aqueous solution. For instance, Wang group
demonstrated that both the w—m interaction and hydrogen bonds
played significant roles in the adsorption of tetracycline antibiotics
and chlorophenols onto GO, where they were mainly driven by the
hydrophobic effect and ultimately stabilized by the hydrogen
bonding and w-7 interaction. These results were confirmed by
using DFT calculation and Molecular Dynamics (MD) simulation (Ai
et al, 2019; Wei et al., 2019). Lewis acid—base interactions
including ligand exchange, metal ion exchange and complexation
have been applied to understand the adsorption of heavy metal
ions (Zhao et al., 2014) and some radionuclides (Wang et al., 2016a)
in aqueous solution. For example, Wei et al. studied the adsorption
performance of GO towards metallic hard (Na*, Mg?"), soft (Cd?™,
Pb%*) and borderline ions (Ni%*, Cu?*, Zn?*, Co?*), suggesting the
adsorption capacities of hard ions were substantially lower than
that of soft and borderline ones (Kong et al., 2020). Wang et al.
summarized that interactions of fission product elements and ac-
tinides with GO, which were mainly dominated by outer-sphere
surface complexation at low pH values, and by inner-sphere sur-
face complexation at high pH values. The results were obtained
based on the results of batch techniques, surface complexation
modeling, spectroscopic analysis and DFT calculations (Wang et al.,
2016a).

3.4. Summary of environmental pathway of GO in the dark aquatic
environment

The coexistence of GO with natural and discharged components
in aquatic environments could alter its stability, transformation,
toxicity and so forth. This section focused on summarizing main
reactions between GO and natural constituents (NOM, salts and
clay minerals)and disinfection agents (chlorine and ozone). The
adsorption behaviors of environmental contaminants (heavy metal
ions and organic micro-pollutants) by GO in dark aqueous solution
was also summarized in this section. DFT calculation has been
demonstrated to be very useful for exploring the adsorption
mechanisms between environmental contaminants (e.g. organic
micro-pollutants, heavy metal ions and radionuclides) onto GO. By
combining with DFT calculations, the experimental results can be
more accurately analyzed and conclusion can be drew in a solid
way (Wei et al., 2019). During the past decades, progress has been
made in understanding environmental pathway of GO. However,
the aquatic environment is a complex system, thus the combined
effects of components such as NOM-heavy metal mixtures, NOM-
organic mixtures on GO transformation and related toxicity need
to be deeply investigated. Moreover, there is still a great knowledge
gap between the laboratory results and the actual transformation
behavior of GO in natural aquatic environments. On the other hand,
with the rapid development of economic and industry, different
types of new chemicals will enter the natural environment, which
also render the identification of GO transformation pathways and
the associated health and environmental impact assessment as big
challenges.

4. Environmental interactions with aquatic organisms and
potential toxicity

4.1. Interactions with organism

Once GO released to the aquatic environment, we should
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Fig. 4. Toxic effect of GO to freshfish and shrimp. (A) The effect of GO + Cd and GO + Zn on affecting the metabolism rate and ammonia excretion of Geophagus iporangensis. (B)
The eco-toxicological effects of GO + Cd and GO + Zn on shrimp (Palaemon pandaliformis as the model) (De Medeiros et al., 2020; De Melo et al., 2019).

concern about its effects on organisms such as fish. Barbieri et al.
investigated the toxicity of GO using a freshfish model, Geophagus
iporangensis, which belonged to the Cichlidae family in the Ribeira
de Iguape River basin in Brazil (Fig. 4A). The fish metabolism rate
was greatly affected with GO + Cd and GO + Zn system. Ammonia
excretion change was negligible with exposure to GO + Cd, in stark
contrast to that with exposure to GO + Zn (rate increasing 47%) (De
Medeiros et al., 2020). The ecotoxicological effects of co-exposure
with GO + Cd and GO + Zn were also monitored by toxicity tests
and metabolism evaluation in shrimp (Palaemon pandaliformis as
the model) (Fig. 4B). For GO alone samples, GO did not exhibit
obvious eco-toxicity up to 5.0 mg/L after 96 h exposure. However,
the co-exposure of GO + Cd and GO + Zn inhibited the original
metabolism of P. pandaliformis (De Melo et al., 2019). In addition,
GO at expected environmental concentrations (1-100 pg/L) can
hinder the development of zebrafish embryos due to excessive ROS
generation (especially superoxide anion radical), protein carbon-
ylation and DNA modification (Zhang et al, 2017). GO also
possessed potential environmental risk to zebrafish, evidenced by
inhibiting the cell growth and delaying the zebrafish embryos
when the concentration reached 50 mg/L (Chen et al., 2012). Acheta
domesticus (Gryllidae, Orthoptera, Insecta), which was native to
Southwestern Asia, was often used for initial toxicological tests
before mammals. After GO was injected into Acheta domesticus, the
oxidative stress and enzyme activity enhanced. Acheta domesticus,
was also trying to cope with the stress, in the very first 24 h. They
also found that HSP 70 levels increased, suggesting that new pro-
teins were generated (Dziewiecka et al., 2016). Lee et al. evaluated
the toxicity of GO using zebrafish as in vivo model system (Jeong
et al., 2015). They demonstrated that GO could disturb and mis-
pattern the trunk blood vessel development and exhibit the dose-
dependent gross morphological defects (Jeong et al., 2015). The
fresh water fish Anabas testudineus has also been used as the model
fish to evaluate the toxic effects induced by GO. Results revealed
that GO could induce oxidative stress within cell and mitochondria
in the freshwater fish, evidenced by augmented accumulation of
lipid peroxides, enzyme activity, alleviated total red blood
corpuscle count and the protein level changes (Paital et al., 2019).
When using zebrafish as the model species, GO was also found to
change the primary gut microbiota composition in zebrafish, evi-
denced by increasing the abundance of Fusobacteria and the genus
Cetobacterium and Lactobacillus and decreasing that of Firmicutes
and the genus Pseudomonas. The microbial community structure
was also shift compared to that without GO treatment (Zheng et al.,
2019). Wang et al. used Caenorhabditis elegans as the animal model,
and they found that GO could greatly disrupt the protein-protein
interaction, evidenced by the inhibition of the interaction (Zhao
et al, 2020b). In addition, GO could alter the intestinal Wnt
signaling pathway, suggesting its toxicity induction in Caeno-
rhabditis elegans (Liu et al., 2020a). When GO was at high

concentration (500 mg/L), A. salina showed lethal effects induced
by GO. However, even at low concentration of GO (i.e., 1 mg/L),
growth inhibition could be observed. When GO was with Phe or
Cd**, the toxicity enhanced, probably due to the promoted toxi-
cants bioaccumulation (Lu et al., 2018). For adult zebrafish, the
antioxidant metabolism can be disturbed by GO. Even after 168 h-
recovery in clean water, homeostasis could not be restored
completely (Souza et al., 2019). GO could cause acute and chronic
effects to Ceriodaphnia dubia with the mean effective concentration
to be 1.25 mg/L of GO (Souza et al.,, 2018). GO exposure to adult
zebrafish (Danio rerio) could result in increasing the number of gill
cells, but no genotoxicity was observed in blood cells (Souza et al.,
2017). To Daphnia magna (D. magna), GO exhibited significant
toxicity with 48 h-LC50 of 84.2 mg/L and the 21 d-LC50 for chronic
toxicity of 3.3 mg/L. Additionally, HA mitigated toxicity of GO to
D. magna by 32.3%. The presence of HA could reduce the body
accumulation in D. magna (Zhang et al., 2019d). The effect of HA on
the ecotoxicity of GO was also confirmed by Castro and colleagues
(Castro et al., 2018). They estimated the toxic effect by using 9 or-
ganism in the aquatic environment: Raphidocelis subcapitata (green
algae), Lemna minor (aquatic plant), Lactuca sativa (lettuce),
Daphnia magna (planktonic microcrustacean), Artemia salina (brine
shrimp), Chironomus sancticaroli (Chironomidae), Hydra attenuata
(freshwater polyp), and Caenorhabditis elegans and Panagrolaimus
sp. (nematodes) (Castro et al., 2018). Hu et al. reported that the
heart rate of zebrafish larvae was increased and pericardial edema
was induced by changing protein expression. The oxidative stress
and disorders of mitochondrial was also observed in the process
(Zou et al., 2018).

4.2. Interactions with algae

Some studies have been monitored on evaluating the interac-
tion between GO and algae. For example, GO nanosheets released
into the aquatic environment could not alter the algal growth,
whereas GO-ER composite could promote algal reproduction by
34% and chlorophyll biosynthesis by 65—127% after 4 days due to
the upregulated amino acids metabolism and the downregulated
fatty acid biosynthesis (Hu et al., 2017). However, Hu et al. esti-
mated the eco-toxicity of GO to protozoa Euglena gracilis as the
model algae organism and found that the inhibition growth can be
observed and antioxidant enzyme activities enhanced at GO con-
centration above 2.5 mg/L, suggesting the GO toxicity to the
representative algae (Hu et al., 2015). The toxicological effects of GO
was also evaluated with green algae Raphidocelis subcapitata. The
algal density and autofluorescence changed with specific concen-
trations of GO, thus induce the toxicity of GO. ROS generation and
membrane damage could also been observed (Nogueira et al.,
2015). GO did not shown obvious damaging effects to the Micro-
cystis aeruginosa algal cell, evidenced by the negligible effect on the
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algal growth. But extracellular algal organic matter was greatly
influenced after the interaction between GO with algae (Xin et al.,
2018). The extent of oxidation on GO also played an important
role on the toxicity towards algae (Raphidocelis subcapitata). GO
with heavy oxidation exhibited stronger toxic effects to Raphido-
celis subcapitata than that with light oxidation. The authors pro-
posed that the difference might be because GO with slight
oxidation could serve as a “nano-blade” to induce the mechanical
damage to algal cells, due to fewer oxygen functional groups on GO
surface (Malina et al., 2019). GO could induce obvious toxicity to
Scenedesmus obliquus (S. obtiquus) with 20.6 mg/L of 72-h LC50.
And the humic acid in the aqueous system could mitigate the
toxicity of GO to S. obliquus by 28.6% due to the alleviated oxidative
damage by HA to S. obliquus on surface envelopment (Zhang et al.,
2019d). Similarly, Rosal et al. proved that GO-wastewater mixtures
(with polar pharmaceuticals, metabolites and artificial sweeteners)
were found to be less influenced with lower toxicity to the uni-
cellular green alga Chlamydomonas reinhardtii compared with GO
alone samples (Martin-de-Lucia et al., 2018). Zhou et al. demon-
strated that HA could mitigate the toxicity of GO. They proposed
three possible mechanisms with the HA alleviation of toxicity: (1)
The contact of GO with algae cells were reduced after HA was
adsorbed on GO; (2) The physical penetration and damage was less
by decreasing GO deposition on algae cells by interacting with HA;
(3) Serving as an antioxidant to react with ROS that might be toxic
to algae cells (Zhang et al., 2018). GO could also induce algae
toxicity with IC10 of 0.66 mg/L and IC50 of 4.96 mg/L. The inhibition
rate could be altered once the media was changed (Markovic et al.,
2020).

4.3. Interactions with bacteria

Antibacterial applications are prevalent with two-dimensional
(2D) nanomaterials in recent years due to their environmental-
friendly mode of antibacterial action. GO has been intensively
studied on the antibacterial effects against various bacteria (Tashan
et al., 2019). Several reviews have included the antibacterial activ-
ities of GO (Fadeel et al., 2018; Xin et al., 2019; Zheng et al., 2020).
So here in our review, we filled the gap of most recent antibacterial

A

Graphene oxide

@ Signaling molecule

studies rather than repeat the summary in other reviews that have
been reported. Based on previous studies, sharp edges of GO
nanosheets played important roles in the antibacterial activities by
puncturing or penetrating into the cell membranes, leading to the
bacterial cell destruction and leakage of intracellular components
(Krishnamoorthy et al., 2012; Liu et al., 2011; Tu et al., 2013). Zhang
et al. recently found that GO could act as a chemoattractant that the
bacteria could be lured to the sheet surface (Fig. 5A). The mecha-
nism exploration revealed that GO could be attached to the cell
membrane and disturb the bacterial signaling network by trans-
membrane chemoreceptors. Bacterial cell would be aggregated and
migrated to the GO surface by an activated chemotactic system.
This is quite a new and interesting discovery that proposed the new
mechanism on antibacterial activities of GO (Zhang et al., 2020a).
The degree of oxidation on GO also exhibited different antibacterial
activities toward E. coli, evidenced by strongest intracellular ROS
and loss of glutathione induced by highly oxidized GO (Barrios
et al., 2019). Zhang et al. demonstrated that superoxide anion
radical played a very important role by disturbing GO reduction,
thus induce GO react with the membrane-bound cytochrome c of
E. coli (Zhao et al., 2018). When using benzophenone chemistry to
functionalize GO on the membrane surfaces, functionalized GO
membrane showed up to 90% inhibition rate compared to that with
pristine membranes (Fig. 5B) (Kaneda et al., 2019). The physical
properties have always been demonstrated to be key factors on
changing the antibacterial activities of GO. For example, GO with
small size exhibited excellent antibacterial efficiency when used as
membrane surfaces (Perreault et al, 2015a). By changing the
orientation of GO (vertically aligned GO), enhanced antibacterial
efficiency could be achieved via increased edge density for prefer-
ential membrane disruption (Fig. 5C) (Lu et al., 2017). External
factors, such as solar irradiation, was also a key factor on affecting
antibacterial activities of GO. Under solar irradiation, GO exhibited
greater cell membrane disruption and oxidative stress to bacteria
(i.e. E. coli), resulting in enhanced antibacterial activities (Hou et al.,
2017). GO was found to be able to disrupt the bacteria cell mem-
branes with sharp edges based on the contact. In addition, the
Gram-negative bacteria (with outer membrane) can be more
resistant than the Gram-positive bacteria (no outer membrane)

Photo-Grafted Graphene Oxide

Fig. 5. Antibacterial Activities of GO. (A). GO as a chemoattractant to be lured on the sheet surface (B) Functionalized GO membrane in effectively controlling biofouling (C)
Enhanced antibacterial activity exhibited with vertically aligned GO (Kaneda et al., 2019; Lu et al., 2017; Zhang et al., 2020a).
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(Akhavan and Ghaderi, 2010). Rodrigues et al. investigated the ef-
fects of GO to the wastewater microbial community and they found
that GO could significantly impact the bacterial metabolic activity
and bacterial viability in the activated sludge due to the generation
of ROS (Ahmed and Rodrigues, 2013). Yu et al. conducted the
antibacterial activities of GO under light irradiation and found that
light-induced electrons could promote the GO reduction, thus
enhance the antibacterial activities of GO, due to more carbon-
centered free radicals generated (Chong et al., 2017).

4.4. Interactions in the intracellular level

GO, when served as a film, did not show any toxic effects on the
mammalian cells, by contrast, promoted mammalian cell attach-
ment and proliferation (Ruiz et al., 2011). Hu et al. demonstrated
that GO could induce oxidative stress, alter membrane transport
and influence amino acid metabolism when estimating the GO
toxicity in the intracellular level (Li et al., 2018b). Chen et al. pro-
posed that cytotoxicity mechanisms were due to the iron deficiency
induced by binding with the oxygen functional groups of GO rather
than the regular mechanism, such as plasma membrane damage or
oxidative stress when using eukaryotes (i.e. Saccharomyces cer-
evisiae, Candida albicans, and Komagataella pastoris) and pro-
karyotes (Pseudomonas fluorescens) as models (Yu et al., 2017). Size
was also a key factor in the interaction between GO and cells. Small
nanosheets were proved to be able to enter cells by clathrin-
mediated endocytosis, and large size could enhance phagocytotic
uptake of GO nanosheets (Mu et al., 2012).

The evaluation of interactions between nanomaterials and DNA
is also an important part for the assessment of potential risk of
nanomaterials in the intracellular level. For carbonaceous nano-
materials, fullerenes are the most studied (Takenaka et al., 1999;
Wang et al., 2009). Here for the first time, we summarized the in-
teractions between GO and DNA (Tang et al., 2012). GO has been
proved to possess the DNA cleavage activities (Xu et al., 2019).
Recent study showed that a size-dependent trend of DNA interca-
lation ability into plasmid DNA base pairs was observed, and the
ability of smaller size GO was stronger (Xu et al., 2019). GO nano-
sheets, when combined with Cu?*, can cut DNA in the oxidative and
hydrolytic GO/Cu®* system (Ren et al., 2010). Graphene quantum
dots (GQDs) together with Ni** and/or Zn?>* conjugate systems
could induce DNA cleavage, but GQDS, Ni**, Zn?* alone didn’t have
the ability. The ability of the conjugate system was attributed to the
ROS generation catalyzed by the metal ions (Liu et al., 2016b). The
DNA activity of GQDs/copper ions (Cu®*) can be accelerated by the
formation of transient reactive radicals with the GQDs/Cu®* three
dimensional metal complexes for high efficient DNA cleavage
(Zheng et al.,, 2014). GQDs can also prove to enhance the DNA
cleavage activities of doxorubicin (DOX), when used as anti-cancer
drug applications (Wang et al., 2013). GO can induce DNA cleavage
obviously, as an electron shuttle to transfer electron to molecular
oxygen, producing ROS in the presence of reductant nicotinamide
adenine dinucleotide (NADH) (Zhao et al., 2017). Shang et al. found
that OH-GQDs could induce DNA damage and cytoskeleton signal
pathways in HET-1A cells (Li et al., 2018a). The ability of cleavaging
DNA with GO provided insights into the potential environmental
risk of GO in the aquatic environment. On the other hand, it might
be a way of using GO to dispose and manage the biological con-
taminants in the environmental fields.

4.5. Summary of environmental interactions with aquatic
organisms and potential toxicity

The interactions between GO and the aquatic organism
discriminated due to the various synthesis method and

composition of GO, as well as the diverse organisms. The excellent
antibacterial activities of GO showed great potential in antibacterial
applications due to the contact mode of antimicrobial action. The
DNA cleavage activities of GO could potentially apply on managing
the biological contaminants in the environmental area. However,
from the results of evaluating the toxicity of GO, we should pay
attention to the safety assessment of GO since some studies showed
that GO could be toxic to the aquatic organism. In addition, long-
term toxicity assessment and more factors affecting the in-
teractions with aquatic organisms should be considered. Benefits
and toxicities induced by GO should be balanced when using it as
applications.

5. Outlook and perspective

The potential of GO, the most studied graphene derivative, for
environmental and other industrial applications have been well
recognized. As the potential for large-scale of production is higher,
more concerns come alone due to its inevitable release to the
natural aquatic environment. From the current studies, we could
know that environmental transformation is very important
pathway with GO. This review is the first to summarize photo
transformation of GO by dividing into different light sources. The
same product of photochemical reaction of GO in all photochemical
reaction is reduced GO. And all others products of GO under irra-
diation are quite different with various sources, thus the light
source is extremely important in studying the transformation of
GO. When GO is in the dark aquatic environment, GO could interact
with a variety of natural constituents including NOM, salts, BSA,
pollutants and some disinfection agents in the aquatic environ-
ment. The stability and chemical composition can be greatly
influenced. And the release of GO could finally possess potential
risk to the whole ecosystem. There are still challenges in evaluating
the environmental transformation of GO. For example, the difficulty
in environmental transformation of GO was limited by the various
technical synthesis confusion, short-term evaluation and the
complicated constituents in natural waters. Since GO can be syn-
thesized in different methods, the composition of GO on the surface
varies, which can make great difference in results in estimating the
environmental transformation of GO. Besides, once GO was
released into natural aquatic environment, long-term evaluation
was needed since the existing studies were mostly in short term.
The constituents of natural waters in different areas could also
influence the environmental transformation of GO. New emergency
of pharmaceuticals and chemicals in natural waters, which could

Photo-transformation
Solar irradiation
Light UV irradiation
source Visible light
Ultrafast Laser

Fenton Reaction
Chlorine Reaction

Pathway in the Dark
Reactions with Natural Constituents
Reactions with Disinfection Agents
Adsorption of Pollutants

Potential Toxicity Future Outlook
Interactions with Organism Other 2D nanomaterial
Interactions with Algae MoS,,
Interactions with bacteria Mxene,
IntracellularLevel ...

Fig. 6. Overview of this review study and future outlook.
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interact with GO, also strengthens the obstacle in estimating the
environmental transformation of GO. Therefore, more factors were
needed to make thorough assessment of environmental trans-
formation of GO to fulfill the present challenges.

This review enlightens us to pay attention to behaviors of other
two-dimensional GO-like nanomaterials, such as MoS; (Chen et al.,
2017; Karunakaran et al., 2018; Liu et al. 2014, 2016a; Tong et al.,
2019; Wang et al,, 2016b; Yu et al., 2018; Zhu et al., 2018; Zou
et al., 2019), Mxenes (Ding et al., 2020; Kuznetsov et al., 2019;
Rasool et al., 2016), black phosphorus (Li et al., 2019b; Wang et al.,
2019a; Zhang et al., 2019b; Zhou et al., 2019), which have been
intensively applied and studied in recent years (Fig. 6). This review
will contribute to give a more thorough and detailed environmental
assessment summary of this most popular nanomaterial, GO, in the
very past decade.
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