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A B S T R A C T

Although graphene oxide (GO) has been widely used to enhance soil quality and crop yield, there is currently
little information regarding the effects of foliar application of GO on cadmium (Cd) toxicity to plants. In this
study, we investigated the response to GO in lettuce cultivated under Cd stress in hydroponic conditions. Lettuce
was grown from seeds in a nutrient solution supplemented with 2mg/L Cd and the leaves were sprayed with 0,
30, and 60mg/L GO. The results indicated that application of 30mg/L GO significantly increased the total
length, surface area, average diameter, and hair number of lettuce roots, and effectively alleviated the negative
effects of Cd on root growth. Furthermore, foliar application of 30mg/L GO, but not 60mg/L GO, significantly
improved the quality of lettuce, including reduction in Cd accumulation in leaves and roots and increase in
soluble sugar, protein, and vitamin C content. Transmission electron microscopy revealed that GO nanoparticles,
which entered the leaves and were subsequently transported to the roots via the vascular system (phloem),
reduced the damaging effect of Cd on cellular organelles, including the cell wall and membrane, chloroplasts,
and starch granules. The effect may be attributed to the absorption of GO by lettuce cells, where it fixed Cd2+,
thus reducing Cd2+ bioavailability, or to the improvement of Cd tolerance through regulation of lettuce me-
tabolic pathways. Gaussian simulation analysis revealed that Cd caused significant changes in the GO molecule,
resulting in detachment of an epoxy group from the GO carbon ring and breakage of OeH bonds in hydroxyl
groups, whereupon the oxygen freed from the OeH bond formed a new bond with Cd. Collectively, these results
indicate that foliar application of 30mg/L GO can enhance the tolerance of lettuce to Cd, promote plant growth,
and improve nutritional quality.
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1. Introduction

Heavy metals, which are highly toxic to plants, animals, and hu-
mans, are major environmental pollutants worldwide. Among these
metals, Cd is one of the contaminants most commonly released into soil
and water, as a consequence of various industrial activities, including
mining and plastic manufacturing, and agricultural practices, such as
the use of Cd-containing fertilizers and pesticides (Mishra et al., 2006).
Cd can be absorbed from the soil by plant roots and is subsequently
transported to the stems and leaves, where it suppresses photosynthesis
and respiration and reduces the uptake of water and nutrients, causing
irreversible damage to cellular structures and resulting in reduced crop
yields (Bedoui et al., 2008; Dias et al., 2013; He et al., 2015). For ex-
ample, Romero-Puertas et al. (2002) found that Cd altered the perme-
ability of plant cell walls and promoted protein degradation, thus ne-
gatively affecting plant growth. Furthermore, many studies have
indicated that Cd-contaminated plant material can pose a threat to both
animal and human health upon transmission through the food chain
(Keller et al., 2015; Bayçu et al., 2017). Therefore, environmental
pollution due to Cd has become a global concern, and effective mea-
sures aimed at reducing Cd toxicity to plants should accordingly be
developed.

Rapid advances in carbon nanoscience and nanotechnology have
provided innovative solutions to various problems in industry and
agriculture. Graphene oxide (GO), a two-dimensional carbon nanoma-
terial, has been widely used in heterogeneous catalyses, flow reactor
technology, biotechnology and biomedicine, the manufacture of
polymer composites, energy storage, and environmental protection
(Dreyer et al., 2014). Therefore, it is very important to assess the eco-
logical risk and health effects of GO before its application. Some studies
indicate that GO has a better biocompatibility with living organisms
when compared to other nanomaterials (Hu and Zhou, 2013; Akhavan
et al., 2012; Ruiz et al., 2011) and may exert positive effects on crop
plants (Younes et al., 2019; Anjum et al., 2014). Accordingly, GO has
been widely applied as an agent regulating plant loading with micro-
nutrients and preventing phytotoxicity of soil contaminants to improve
crop yield (Kabiri et al., 2017; Rizwan et al., 2019). However, few
studies have investigated the effects of GO in plants contaminated with
heavy metals, and the results are sometimes contradictory (Hu et al.,
2014; Gurunathan, 2015; Cheng et al., 2016; Rizwan et al., 2019). For
example, Yin et al. (2018) found that GO at 100–1500mg/L reduced
the detrimental effects of Cd2+ on the growth of rice buds and seeds
under hydroponic conditions, which was similar to the effect of foliar
spraying of zinc oxide nanoparticles on corn grown in Cd-polluted soil
(Rizwan et al., 2019). At the same time, Hu et al. (2014) observed that
root application of GO (0.1–10mg/L) enhanced the toxicity of arsenic
to wheat. Consistent with these results, our previous studies also in-
dicate that GO application to wheat seedling roots increased Cd accu-
mulation and reactive oxygen species production, resulting in cell da-
mage and biomass reduction (Gao et al., 2019a,b). Overall, these
findings suggest that the effects of GO on plants treated with heavy
metals may depend on GO dosage, application route, heavy metal type,
and plant species. Therefore, further studies are necessary to ascertain
the safety of using GO to alleviate Cd toxicity to particular plants, in-
cluding important crops.

Molecular dynamics is a numerical simulation method that can be
used to analyze the physical movements of and interactions between
atoms and molecules based on the classical equations of motion, which
enables examination of the structure, equilibrium, and dynamic char-
acteristics of molecular systems (You et al., 2019). In this regard,
Gaussian, a computational software package for quantum chemistry
that is widely used in chemistry, biochemistry, physical chemistry,
chemical industry, and other fields, represents a powerful tool for the
analysis of substitution effects, reaction mechanisms, potential energy
surfaces, excited state energy levels, and molecular dynamics. For ex-
ample, Borthakur et al. (2016) applied Gaussian 03 software to simulate

the interactions of inorganic ions within the GO slipping plane and
demonstrated that the effects on GO electrokinetic potential are ion-
specific and depend on ion polarizability. To date, however, Gaussian
has rarely been applied in environmental studies to elucidate the mo-
lecular mechanisms underlying the effects of various pollutants, in-
cluding heavy metals. Therefore, in the present study, we investigated
the feasibility of using Gaussian to examine the mode of interaction
between GO and Cd in plants.

The specific aims of this study were to determine the effects of foliar
application of GO on the Cd accumulation, cell structure, and quality of
lettuce grown under Cd stress, and to examine the interaction between
GO and Cd at the atomic level by molecular dynamics simulation.

2. Materials and methods

2.1. Reagents

Cd stock solution (1000mg/L) prepared from CdCl2 (99.0 % purity)
was obtained from the Hengshan Company (Tianjin, China). The stan-
dard sample of Cd (II) (GBW07604[GSV-3]) was provided by the Center
of National Standard Reference Material of China (Beijing, China)
Deionized water was prepared using a Millipore-Q water purification
system (Direct-Q 3, 5, 8; Merck Millipore, France). Plant soluble sugar,
protein, and vitamin C contents were measured using specific kits
(Nanjing Jiancheng Bioengineering Institute, Nanjing, China). All other
chemicals were of analytical grade and were purchased from Tianjin
Kemiou Chemical Reagent Co., Ltd (Tianjin, China).

2.2. Characteristics of GO

GO (thickness: 0.8–1.2 nm; purity: 96.0 %) was obtained from
Jining Lite Nano Technology Co., Ltd (Jining, China). Scanning electron
microscopy was performed using JSM-7500 F (JEOL, Japan). Raman
spectrometer (Thermo Fischer DXR, America) was used for the Raman
spectroscopy study, and the test laser wavelength was 532 nm. Samples
were prepared and dispersed in absolute ethanol, and transmission
electron microscopy (TEM) and zeta potentials determination were then
performed on a JEM-2100 F (JEOL, Japan) or ZS-90 (Malvern, UK),
respectively.

2.3. Lettuce culture

Lettuce (Lactuca sativa L. var. ramosa Hort.) seeds were provided by
Shandong Shouguang Xinrun Horticulture Co., Ltd (Shandong, China).
Seeds were sterilized by immersing in 5% sodium hypochlorite solution
for 15min, rinsed thoroughly with distilled water, placed in a seedling
tray containing distilled water, and cultivated in an artificial climate
chamber under the following conditions: a 12 h/12 h light-dark cycle,
60 % relative humidity, and temperature of 25 ± 1 °C.

2.4. Exposure experiment

When lettuce seedlings had produced two true leaves and one apical
bud, three plants of a similar size and shape were selected, gently
washed with deionized water to avoid root damage, and transplanted
into pots containing 1/4 Hoagland nutrient solution with or without or
with Cd (2.0mg/L). Thereafter, the lettuce leaves received foliar ap-
plications of 40mL GO at concentrations of 0, 30 or 60mg/L prepared
by homogenization for 30min using a KQ5200DE ultrasonic cleaner
(Kunshan, China), and then evenly sprayed with a watering pot until
the solution was dripping from the leaves; 1/4 Hoagland nutrient so-
lutions in pots was similarly replenished at 7-day intervals. All treat-
ments were performed in triplicate. The lettuce plants were cultured in
the artificial climate chamber under the same conditions described in
Section 2.2. After 28 days of growth, plants were collected for analysis.
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2.5. Physiological and biochemical analyses

2.5.1. Root morphology
Lettuce plants were washed repeatedly with distilled water and

dried with filter paper. Root growth indices, namely total length, sur-
face area, average diameter, and hair number, were analyzed using an
Expression imager (Epson Electronics America Inc., Wakefield, MA,
USA).

2.5.2. Cd content
Lettuce leaves were washed with deionized water. Roots were wa-

shed with 20mmol/L Na-EDTA for 10min to desorb Cd from the root
surface and then rinsed repeatedly with deionized water. Samples were
dried at 65 ± 1 °C until a constant weight had been attained, ground,
and aliquots (0.25 g) of each sample were placed in plastic dissolving
tanks, to which 7mL of HNO3 was added. After sample were digested at
115 ± 1 °C until the solution was transparent, the inner tank was re-
moved from the acid rack, and the solution was gradually heated at
180 °C until the liquid evaporated. The resulting residue was then dis-
solved in 2mL of 30 % H2O2 and filtered. Reagent blank and standard
samples were included in every experimental replication for quality
control. After adjusting the volume to 25mL with ultrapure water, Cd
content was measured by atomic absorption spectroscopy (Zeenet 700;
Analytik-Jena AG, Jena, Germany) at 228.8 nm. Cd2+ standards were
analyzed with every 10 samples. Relative standard deviation was<2.4
%, and the percentage recovery was 94.4 %–102 %. The detection limit
of atomic absorption spectroscopy for Cd was 0.05mg/L.

2.5.3. Lettuce quality analysis
Samples of leaves or roots (0.1 g) were homogenized in 1mL of

distilled water in an ice bath, transferred into capped centrifugal tubes,
and centrifuged at 8000 × g and 4 °C for 10min. The supernatants were
used to measure soluble sugar content using the anthrone method at
620 nm, protein content using a bicinchoninic acid assay at 562 nm,
and vitamin C content using a double-antibody sandwich enzyme-
linked immunosorbent assay at 450 nm. About 20 % of samples (roots
or leaves) were analyzed twice to ensure reproducibility.

2.5.4. Transmission electron microscopy
Lettuce leaves or roots were immersed in 20mM phosphate buffer,

pH 7, cut into 1–2-mm pieces using a new scalpel, and immediately
fixed in 3% glutaraldehyde solution in phosphate buffer at room tem-
perature for 2 h, followed by staining in 2% osmium tetroxide in the
same buffer at room temperature for 1 h. The samples were washed
twice in 20mM phosphate buffer (pH 7) and dehydrated in a graded
acetone series (10 %, 20 %, 30 %, 40 %, 50 %, 60 %, 70 %, 80 %, and
90 %, and twice in 100 %) for 20–30min per step. The dehydrated
samples were subsequently embedded in epoxy resin (ETON 812),
polymerized in an oven at 70 °C, cut into 50–60-nm sections using an
ultramicrotome (EM UC6; Leica, Wetzlar, Germany), and observed and
photographed under a transmission electron microscope (JEM1230;
JEOL Ltd., Tokyo, Japan).

2.6. Molecular dynamics analysis

Gaussian view 6 version (32-bit Windows, V32128445015899W-
5259 N; Gaussian Inc., Wallingford, CT, USA) was used to analyze the
interaction between GO and Cd. The structure of GO comprising six
rings was built according to the report of De Mendonça et al. (2018)
and optimized via B3LYP/6-31 molecular geometry using Gaussian
16W (G32131694014899W-5259 N; Gaussian Inc.). The generated chk
format file was converted to the fch format using Gaussian 16W and
molecular surface quantitative analysis of the fch file was performed
using a multifunctional wavefunction analyzer software (Beijing Kein
Research Center for Natural Sciences, Beijing, China) to calculate
electrostatic potential distribution on the GO surface, which was vi-
sualized using visual merchandize design. In the images thus obtained,
bluer and redder areas represent more negative and more positive
electrostatic potentials, respectively. The % chk= cd.chk instruction
was used to name the output file, % nprocshared=4 to call four pro-
cessors for calculation, and % mem=1GB to call 1 GB computational
memory. After that, the process of Cd adsorption to GO optimized at the
level of rmp2/3-21 G based on Cartesian coordinates (opt=Cartesian)
was simulated using Gaussian 16W.

2.7. Statistical analysis

All data were analyzed using SPSS 20.0 statistical software (SPSS
Corporation, Chicago, IL, USA) and presented as the mean ± standard
deviation. Duncan’s multiple range test was used to evaluate differences
between treatment groups. A P-value<0.05 was considered to indicate
statistical significance.

3. Results

3.1. Characteristics of GO

SEM analysis indicated that GO had a sheet structure with surface
ripples and wrinkles (Fig. S1), suggesting that GO had a peculiar surface
area with good flexibility (Wang et al., 2012). TEM images revealed
that GO in the water phase looked like gauze, with obvious edges and
wrinkles (Fig. S2). The zeta potential was negative (about 29mV),
showing good stability (Fig. S3). The Raman spectrum (Fig. S4) de-
monstrated a prominent D-band (1360 cm−1) indicating structural
defects caused by the attachment of hydroxyl and epoxide groups on
the carbon basal plane, and a wider G-band (1580 cm−1) representing
the symmetry and order of the GO structure. The intensity ratio (ID/IG)
of the D and G bands was 0.91, which was dramatically higher than that
of typical graphene, indicating that the oxygen-containing functional
group was connected with the carbon atom to form an sp3 hybrid bond
with disordered structure, leading to a higher degree of disorder in GO
(Chen et al., 2012).

Table 1
Effects of GO foliar application on lettuce roots morphology without and with Cd.

Cd content (mg/L) GO concentration (mg/L) Total root length (cm) Total root surface area (mm2) Average root diameter (mm) Root hairs number (unit)

0 0 216 ± 1.7b 21.1 ± 1.4b 0.35 ± 0.006a 497 ± 6.0b
30 235 ± 4.1a 23.3 ± 0.8a 0.36 ± 0.006a 516 ± 3.1a
60 221 ± 4.1b 22.5 ± 0.4b 0.35 ± 0.008a 506 ± 3.5b

2 0 178 ± 7.5b* 18.7 ± 0.6b* 0.29 ± 0.009b* 238 ± 5.5c*
30 192 ± 7.9a 20.4 ± 0.5a 0.32 ± 0.012a 291 ± 5.3a
60 181 ± 6.9b 19.7 ± 0.7ab 0.31 ± 0.009a 264 ± 5.7b

Different letters indicated statistically significant differences (P < 0.05) based on Duncan tests. The * indicated a significant difference between the Cd alone and the
control.
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3.2. Effects of the foliar application of GO on lettuce roots subjected to Cd
stress

The effects of GO on the root parameters of lettuce grown with or
without Cd are shown in Table 1. In the absence of Cd, the total length
of lettuce roots was increased by 8.7 % after spraying with 30mg/L GO,
whereas application of 60mg/L GO had no significant effects compared
to the control. In plants treated with 30mg/L GO and Cd, the total root
length exceeded that of plants treated with Cd alone (P < 0.05),
whereas application of 60 mg/L GO with Cd had no effect compared to
Cd alone (P > 0.05). Changes in the total root surface area and root
hair number were found to be consistent with those observed for total
root length.

In the absence of Cd, foliar application of GO was found to have no
significant effect on the average root diameter of lettuce plants.
Compared with the control, Cd alone significantly decrease the average
root diameter, whereas spraying plants with GO reversed this effect
(P<0.05 compared with the Cd group).

Analysis of root morphology confirmed the effects of Cd and GO on
root growth (Fig. 1), by showing that foliar application of 30mg/L GO
alleviated the toxic effects of Cd on lettuce roots, whereas treatment
with 60mg/L GO resulted in only slight improvement.

3.3. Effects of the foliar application of GO on Cd uptake in lettuce

Fig. 2 shows the effects of GO application on Cd accumulation in
lettuce roots and leaves. In Cd-exposed plants, spraying with 30mg/L
reduced Cd content in the roots and leaves by 19.9 % and 37.6 % (P <
0.05), whereas 60 mg/L GO reduced it by 6.6 % and 9.5 % (P > 0.05),
respectively, compared to Cd alone.

3.4. Ultrastructure of lettuce cells

Analysis of cellular ultrastructure indicated that the cell walls and
membranes of root cells (Fig. 3a) and chloroplasts containing normal
starch granules in the leaves (Fig. 3b) were intact in the control group.
However, in plants exposed to 2mg/L Cd, we observed damage to the
cell wall and disruption of the cell membrane in lettuce root cells
(Fig. 3c), whereas in leaves, this treatment was found to promote
leakage of the cytoplasm and disintegration of the compact chloroplast
structure (Fig. 3d). However, the deposition of GO in roots (vascular
organs) and leaves (chloroplasts and other organelles) following foliar
application was found to alleviate the cellular damage caused by Cd

Fig. 1. Root morphology in lettuce treated
with Cd and graphene oxide (GO). Control,
untreated plants; GO30, plants sprayed with
30mg/mL GO; GO60, plants sprayed with
60mg/mL GO; Cd2GO0, plants grown in the
presence of 2mg/mL Cd; Cd2GO30, plants
grown in the presence of 2mg/mL Cd and
sprayed with 30mg/mL GO; Cd2GO60, plants
grown in the presence of 2mg/mL Cd and
sprayed with 60mg/mL GO.

Fig. 2. Effect of graphene oxide (GO) on Cd content in lettuce. Different letters
indicate statistically significant differences (P < 0.05) based on the Duncan
test. GO0, no foliar application of GO; GO30, foliar application of 30 mg/mL
GO; GO60, foliar application of 60 mg/mL GO.
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Fig. 3. Transmission electron microscopy images of lettuce cells. Root (a, c, e, g, i, k) and shoot (b, d, f, h, j, l) cells of control plants (a, b) and plants grown with
2mg/mL Cd (c, d), sprayed with 30mg/mL graphene oxide (GO) (e, f), sprayed with 60mg/mL GO (g, h), grown with Cd and sprayed with 30mg/mL GO (i, j),
grown with Cd and sprayed with 60mg/mL GO (k, l). Arrows in different colors indicate the following: green, cell membrane; red, cell wall; light blue, chloroplasts;
navy blue, nucleus; purple, GO nanoparticles; yellow, starch granules.
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(Fig. 3c–i). Specifically, in plants treated with Cd plus 30mg/L GO, we
observed that the ellipsoidal shape of chloroplasts, compact chloroplast
structure, and some irregular starch granules in leaves were relatively
intact (Fig. 3i, j), whereas in plants treated with Cd plus 60mg/L GO,
although the integrity of root cell walls and membranes was preserved
(Fig. 3k), chloroplast structure still showed evidence of slight damage
(Fig. 3l).

3.5. Effect of foliar application of GO on the quality of lettuce under Cd
stress

Treatment of lettuce plants with Cd alone resulted in a significant
reduction in soluble sugar and protein content in lettuce leaves,

However, foliar application of 30mg/L GO to plants grown in Cd-
supplemented medium significantly increased soluble sugar and protein
content (P<0.05), whereas that 60mg/L, GO caused only a slight
increase in soluble protein (Fig. 4a, b) compared to treatment with Cd
alone.

Treatment with Cd alone caused a 27.7 % reduction in the vitamin C
content of lettuce leaves compared to control (P < 0.05), whereas
foliar application of 30 mg/L GO alone significantly increased it (P <
0.05) (Fig. 4c).When lettuce was exposed to Cd together with 30 and
60mg/L GO, vitamin C content increased by 33.7 % and 16.7 %, re-
spectively, compared to treatment with Cd alone (both P < 0.05;
Fig. 4c).

3.6. Mechanism of interaction between Cd and GO

3.6.1. GO surface electrostatic potential
The optimized structure obtained for GO is shown in Fig. 5a. Ana-

lysis of the surface distribution of electrostatic potential indicated that
the GO surface was predominantly characterized by a negative charge
(Fig. 5b). The maximum electrostatic potentials of hydrogen and
oxygen atoms in the hydroxyl group were +70.05 and -43.06 kcal/mol,
respectively, and in the carboxyl group they were 58.73 and
-42.06 kcal/mol, respectively. We also identified a zone with weak
negative potential in the central π region of the benzene ring. Quanti-
tative assessment of the electrostatic potential according to surface area
confirmed that the molecular surface of GO had a primarily negative
electrostatic potential (-20–0 kcal/mol) (Fig. 5c).

3.6.2. Structural changes in GO caused by Cd adsorption
Fig. 6 shows alterations in the GO structure induced by Cd ad-

sorption. Simulation analysis indicated that the relative positions and
structures of Cd and GO underwent changes in response to Cd ad-
sorption on the GO surface. The epoxy ring on the GO surface was
broken, an oxygen (44) was dissociated from the surface, a hydroxyl
bond (O36-H37) was disrupted, and a free oxygen (36) formed a
linkage with Cd (45), whereas a free hydrogen (46) bonded with oxygen
(44). The distance between Cd (45) and oxygen (36) decreased from
4.58 to 2.16 Å and that between Cd (45) and oxygen (44) increased
from 1.62 to 2.26 Å, whereas the distance between hydrogen (37) and
oxygen (36) increased from 0.95 to 1.71 Å and that between hydrogen
(46) and oxygen (44) decreased from 1.64 to 0.98 Å. Subsequent to Cd
adsorption, the bond angle of the non-participating portion of GO
changed slightly, whereas that of the participating portion altered sig-
nificantly. Thus, the bond structure changed from C(13)-O(36)-H(37) to
C(13)-O(36)-Cd(45), and the bond angle increased from 112.85° to
118.88°, respectively. Oxygen (44) and the carbon ring were not linked.
Furthermore, Cd adsorption changed the dihedral angle of C(8)-C(14)-
C(13)-O(36) from 175.77° to -176.78°. The structures C(14)-C(13)-O
(36)-H(37) and C(9)-C(13)-O(36)-H(37) became C(14)-C(13)-O(36)-Cd
(45) and C(9)-C(13)-O(36)-Cd(45), with the corresponding angles
changing from -130.20° and 39.44° to 54.92° and -28.99°, respectively.
The newly formed dihedral angle of C(13)-O(36)-Cd(45)-H(47) was
-78.44°.

4. Discussion

In this study, we investigated Cd accumulation and toxicity in let-
tuce sprayed with the GO nanoparticles. The results indicated that foliar
application of 30mg/L GO significantly stimulated root growth, in-
cluding the total length, surface area, and average diameter of roots, as
well as the number of root hair, irrespective of Cd exposure, which is
consistent with previous findings (Lahiani et al., 2015; Younes et al.,
2019). However, when GO was applied at a higher concentration
(60mg/L), its effect on root growth was weakened. These results in-
dicate that at low dosages, GO sheets can induce cell division and
proliferation and stimulate root growth (Ruiz et al., 2011), whereas at

Fig. 4. Effects of graphene oxide (GO) spraying on (a) soluble sugar, (b) soluble
protein, and (c) vitamin C content in lettuce treated with Cd. Different letters
indicate statistically significant differences (P < 0.05) based on the Duncan
test; the asterisk indicates significant difference between the Cd and control
groups.

M. Gao, et al. Journal of Hazardous Materials 398 (2020) 122859

6



high concentration, GO nanoparticles may aggregate and accumulate in
the epidermis and intercellular space, which reduces their transporta-
tion from leaves to roots and adsorption of Cd (Su et al., 2017). Wang
et al. (2013) also observed that transportation of Fe2O3 nanoparticles in
plants decreased at the increase of sprayed Fe2O3 nano-aerosol con-
centration from 1×106 to 5×106 nanoparticles/cm3.

Importantly, we found that foliar application of GO at a con-
centration of 30mg/L significantly reduced Cd uptake and accumula-
tion in lettuce roots and leaves, application of 60mg/L GO caused only
slight decreases. These observations are consistent with the findings of
previous studies investigating the effects of nanomaterials on Cd ac-
cumulation in plants. For example, Lian et al. (2019) found that foliar
exposure to TiO2 nanoparticles could significantly reduce Cd contents
in corn buds (by 15.2 %–17.8 %), thereby attenuating the toxic effects
of Cd. Furthermore, it has been observed that with the addition of Si,
Zn, Fe, and hydroxyapatite nanoparticles to soil can effectively reduce
Cd accumulation in plants by decreasing its bioavailability (Rizwan
et al., 2012; Cui et al., 2017; Yu et al., 2016; Yang et al., 2020). Rizwan
et al. (2012) also observed that foliar application of Si nanoparticles
significantly reduced Cd accumulation in wheat grain through a “di-
lution effect” (Adrees et al., 2015). Therefore, we speculate that the
foliar application of GO may reduce the Cd2+ content in lettuce by
enhancing the production of plant biomass (Rizwan et al., 2019). An-
other possible reason behind positive effects of GO may be that GO can
positively modulate the metabolic processes in lettuce so that its Cd
tolerance is improved (Lian et al., 2019). In addition, GO has a strong

absorbance capacity for Cd2+ and can accumulate it in the interlayer
space (Yin et al., 2018), thus preventing Cd2+ transport (Tan et al.,
2016) and reducing its bioavailability. However, He et al. (2019) found
that in rice, GO applied to roots enhanced Cd uptake from soil by
converting the inorganic form of Cd, which is not readily absorbed by
plants, into a more absorbable form. Similarly, we have previously
observed that when GO is supplied to lettuce via the roots, it promotes a
significant increase in Cd accumulation (Gao et al., 2019a). Accord-
ingly, we believe that the route of application and species-specific dif-
ferences are critical factors in defining the effects of nanoparticles on
the uptake of heavy metals by plants.

In the present study, we found that GO nanoparticles sprayed on
lettuce leaves could subsequently be detected in the cells of both leaves
and roots, including the cell walls, mitochondria, and chloroplasts, as
well as in the intercellular spaces, indicating that in lettuce, GO can be
transported from the leaves to roots. In this regard, previous studies
have shown that GO nanoparticles that are smaller than the cell wall
pores in the leaves, can readily enter leaf cells and be transported to the
other organs and back via the vascular system (Zhao et al., 2015;
Chichiricco and Poma, 2015; Su et al., 2019). Similar to our study, Hu
et al. (2014) revealed, using TEM and Raman spectroscopy, significant
deposition of GO in leaves and roots of wheat seedling treated with GO
and GO plus arsenic. In peppers and eggplants sprayed with graphene,
it was localized in the chloroplasts and could be transported into epi-
dermal cells and the underlying palisade tissue, indicating a role of the
stomata and endocytic vesicles in graphene absorption (Younes et al.,

Fig. 5. Optimized structure and surface electrostatic potential of graphene oxide (GO). (a) The optimized GO structure (red, oxygen; light grey, hydrogen; dark grey,
carbon). (b) Surface distribution of the electrostatic potential; blue and red indicate negative and positive charges, respectively. (c) Molecular surface areas at
different electrostatic potential intervals.
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2019; Liu et al., 2009; Chichiriccò and Poma, 2015). Chen et al. (2019)
also observed in TEM images that reduced GO could be transferred from
the roots to leaves in pea. In contrast, Zhao et al. (2015) and Chen et al.
(2017) found that although GO was readily taken up by plant roots, its
translocation to the aboveground organs was comparatively limited.
Furthermore, it has been shown that 30-nm TiO2 nanoparticles do not
accumulate in corn root cells with a diameter of 6.6 nm (Asli and
Neumann, 2009). Thus, the size of GO nanoparticles appears to be an
important factor with respect to their effective translocation within
plants.

Our findings indicate that the exposure of lettuce plants to Cd
promoted significant leakage of the root cell cytoplasm and morpho-
logical changes in leaf cell chloroplasts, as well as structural damage
and a reduction in the size of starch grains. However concomitant foliar
application of GO alleviated these detrimental effects of Cd on lettuce,
which may be attributed to the decreased bioavailability of Cd. Our
results are in agreement with the results of the study by Lian et al.
(2019), who observed that foliar application of ZnO nanoparticles

significantly decreased the uptake and migration of Cd and ZnO in
maize, suggesting that nanoparticles may activate plant antioxidant
defenses and stimulate energy metabolism to oppose the Cd-induced
stress and cell damage. Li et al. (2013) have also demonstrated that
spraying lettuce with silicon and/or cerium sols hindered Cd uptake,
increased Cd fixation on cell walls, and reduced Cd accumulation in the
shoots and roots. In contrast, Hu et al. (2014) found that root appli-
cation of GO exacerbated the detrimental effects of As on the cell wall
and plasma membrane and enhanced electrolyte leakage from the cell,
thereby confirming that the specific effects of GO can be dependent on
the application route.

Given that soluble sugars are readily hydrated, their increase in
response to stress can directly reduce osmotic potential, promoting
water retention and preventing dehydration and further damage to
plant cells and tissues (Ma et al., 2009). Soluble proteins play an im-
portant role in controlling plant growth and floral organ morphogenesis
(Kučerová et al., 2019), and their content and composition are in-
evitably affected by plant response to stress. In the present study, we
found that foliar application of GO increased soluble sugar and protein
contents in lettuce leaves and alleviated the negative effects of Cd.
These observations are consistent with the findings of Younes et al.
(2019), who showed that the presence of GO nanosheets in chloroplasts
promoted carbon fixation, induced sugar metabolism, and increased
fructose, sucrose, and starch content in the GO-treated leaves of peppers
and eggplants, consequently enhancing plant yield. Similarly, it has
been shown that strawberries sprayed with selenium nanoparticles have
higher critical osmotic pressure, which could be attributed to increases
in the contents of total soluble carbohydrates and free proline (Zahedi
et al., 2019).

Vitamin C is an antioxidant and inhibitor of N-nitrosamine forma-
tion (Okafor and Nwogbo, 2005), and its content in agricultural plants
is considered an important nutritional index (Konstantopoulou et al.,
2010), given that 90 % of the vitamin C required by humans is derived
from leafy vegetables (Lee and Kader, 2000). In the present study, we
found that application of GO at the concentration of 30mg/L increased
the vitamin C content in lettuce leaves regardless of Cd treatment, in-
dicating that foliar application of GO can enhance the nutritional
quality of Cd-exposed lettuce.

GO can interact with Cu, Cd, Zn, and other heavy metal ions via
complexation, ion exchange, and electrostatic attraction (Lv et al.,
2016). In the present study, we examined the mechanisms underlying
the interaction between GO and Cd based on simulation analysis using
the Gaussian software. The results revealed that the surface of GO had
predominantly a negative electrostatic potential, which is consistent
with the findings of Zhao et al. (2011), who showed that the central
layer of GO provided a large number of negatively charged ion ex-
change sites that could attract positively charged metal ions. The GO
surface is characterized by a number of oxygen-containing functional
groups, including carboxyl, hydroxyl, and epoxy groups, and our si-
mulation experiments revealed the roles played by hydroxyl and epoxy
groups in Cd adsorption (the role of carboxyl groups will be addressed
in our next study). Subsequent to Cd adsorption by GO, local bond
lengths, as well as bond and dihedral angles, in the GO molecule un-
derwent certain changes, indicating that Cd caused alterations in the
local GO structure. Changes in bond angles and atomic distances reflect
those in the vibration frequency of Cd adsorbed by GO, whereas
changes in dihedral angles correspond to those in surface potential
energy (Walrafen, 2004). However, further studies are needed for
comprehensive understanding of the mechanisms underlying the in-
teraction between GO and Cd, as well as their relevance to the quality of
leafy vegetables.

5. Conclusions

In this study, we found that spraying lettuce leaves with graphene
oxide at the concentration of 30mg/L could significantly stimulate

Fig. 6. Atom cluster models of graphene oxide (GO) before (a) and after (b)
simulation of Cd adsorption. Red, oxygen; light grey, hydrogen; dark grey,
carbon; yellow, Cd.
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lettuce root growth, reduce the bioaccumulation of Cd in the roots and
leaves, attenuate Cd-related cell damage, and improve lettuce quality,
including increased content of soluble sugars, proteins, and vitamin C.
Gaussian simulation analysis revealed that Cd adsorption by GO re-
sulted in the disruption of the OeH bond of hydroxyl groups on the GO
surface and formation of a bond between Cd and the oxygen of surface
epoxy groups. Collectively, our findings indicate that foliar application
of 30mg/L GO may reduce the risk of Cd entering the human body via
transmission through the food chain.
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