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Environmental Significance
CuO nanoparticles (NPs) have raised concerns due to their applications in 

agriculture as fertilizers and pesticides. CuO NPs could undergo transformation in plant 
tissues (e.g., roots, shoots, leaves and seeds). However, the specific locations and 
reducing substances for the transformation are currently unknown. Our results showed 
that CuO NPs were transformed to Cu2O, Cu2S and Cu-acetate after incubation with 
plant cells. The transformation of CuO NPs initially occurred on cell walls. 
Galacturonic acid and cysteine are responsible for the formation of Cu2O and Cu2S 
NPs, respectively. After internalization, CuO NPs could also be transformed to Cu2O 
and Cu2S through interacting with protoplasts and mitochondria. These findings 
provide new insights for better understanding the transformation of metal-based NPs in 
living organisms and environments.
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Abstract

    The transformation of CuO nanoparticles (NPs) during interacting with 

Nicotiana tabacum L. cv. Bright Yellow-2 (BY-2) cells was investigated in this study. 

CuO NPs were taken up, and transformed to Cu2O, Cu2S and Cu-acetate after 

incubation with plant cells for 12 h based on high resolution transmission electron 

microscope and X-ray absorption near-edge spectroscopy analysis. The 

transformation of CuO NPs initially occurred on cell walls with Cu2O and Cu2S being 

the main transformation products. Galacturonic acid as an important component of 

cell walls was mainly responsible for reducing CuO to Cu2O and cysteine for the 

formation of Cu2S. Cu2+ ions could not be transformed to any Cu-based particles 

(CuO, Cu2O, or Cu2S) on cell walls. After internalization, CuO NPs could also be 

transformed to Cu2O and Cu2S through interacting with protoplasts as well as 

mitochondria, confirming that CuO NPs were able to transform intracellularly. 

Moreover, Cu2O NPs showed higher toxicity to plant cells as compared to CuO NPs 

with similar individual size, indicating that the transformation of CuO NPs enhanced 

their toxicity to plant cells. These findings could provide new insights for better 

understanding the transformation and fate of metal-based NPs in living organisms and 

environments.

Keywords:

BY-2 cells; Cu2O; high resolution transmission electron microscope; extracellular 

polymeric substances; cell wall; toxicity
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1. Introduction

Engineered nanoparticles (NPs) have been widely applied as fertilizers, 

pesticides, plant protection or pathogen detection in agriculture due to their 

outstanding properties.1-3 It is reported that NPs could be taken into plants by roots 

and then translocated inside plants under root exposure.4-7 After uptake by plants, 

original NPs such as CuO NPs could be transformed to other species (e.g., Cu2O, 

Cu2S).5, 8, 9, 10 After transformation, their properties such as individual size and surface 

structure of NPs (e.g., CuO NPs) could be changed in plants, which may further affect 

their interaction with plants.4 Plants are the primary producer in environmental 

ecosystems, and the interaction of NPs with plants can influence food safety and 

human health via food chain.6 Therefore, it is important to understand the 

transformation processes of NPs in plants and the possible impact of these processes 

to phytotoxicity.

In terms of CuO NPs, it is reported that the transformation occurred in different 

tissues of plant, such as roots, shoots, leaves and seeds with different transformed 

products. For instance, CuO NPs were reduced to Cu2S in a floating plant (Eichhornia 

crassipes) roots,5 and Cu2O and Cu2S in maize (Zea mays L.) roots.9 CuO (64%) and 

Cu(I)-S (36%) species were detected in the wheat shoots when the roots were exposed 

to CuO NPs.8 Cu(II) in CuO NPs was reduced to Cu(I) and the proportion of Cu2O 

was increased from roots to leaves of rice (Oryza sativa L.).10 In addition, 6.0% of Cu 

was in the form of Cu2O in the harvest seeds detected by X-ray absorption near-edge 

spectroscopy (XANES), when Arabidopsis thaliana was exposed to CuO NPs.6 
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Although CuO NPs could be transformed to other Cu species in different tissues, the 

specific locations for the transformation in plant cells are currently unknown. 

Transformation of CuO NPs relates to redox, sulfidation, and dissolution processes 

with the assistance of biomacromolecules in the biological systems.11 It has been 

noted that the reducing substances (e.g., sugar, enzyme, organic acid) may relate to 

the redox and sulfidation processes of NPs.9 In addition, CuO NPs are soluble, and 

can release dissolved ions.12 It can be expected that the dissolution process also may 

induce further transformation of CuO NPs. Dimkpa et al. reported that Cu2S and 

Cu(I)-cysteine products were formed in the shoots of Cu2+-treated wheat indicated by 

XANES.13 However, we recently found that CuO NPs were reduced to Cu2O NPs as 

confirmed by high resolution transmission electron microscope (HRTEM) analysis, 

and the biotransformation was mainly following the NP internalization rather than the 

dissolved ions in algae.14 These different results may be attributed to different species 

and culture conditions. However, the contribution of different substances on CuO NP 

transformation, and the formation of CuO NPs (or Cu(I) species) from the dissolved 

Cu2+ ions in plant are still unclear.

Additionally, transformation may further alter the toxicity of CuO NPs. It is 

observed that the transformed CuS NPs showed significantly lower toxicity than 

original CuO NPs in murine macrophages,15 while showing higher toxicity in 

Japanese medaka (Oryzias latipes).16 Although these studies yielded inconsistent 

results, it can be deduced that the toxicity of CuO NPs did change after 

transformation. It is reported that Cu2O NPs exhibited higher toxicity to bovine aortic 

Page 6 of 38Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



endothelial cells than CuO NPs at concentrations higher than 10 μg/mL due to the 

oxidation of Cu+ to Cu2+, which caused the oxidative stresses to the mitochondria and 

thus resulted in the autophagy of the endothelial cells.17 However, the toxicity of 

Cu(I) species transformed from CuO NPs in plants or plant cells is currently 

unknown. Therefore, we hypothesized that CuO NPs can be reduced to Cu(I) species 

by reducing substances such as GlaA-containing polysaccharides, the primary 

reducing sugar in plant cell walls,18 and the transformed Cu species may alter the 

toxicity to plant cells. In the present work, we chose plant cells, the basic unit of 

plants, to investigate the transformation of CuO NPs at cellular level. The main aims 

of this study were to (1) localize the transformation sites of CuO NPs in plant cells; 

(2) probe the reducing substances that are responsible for CuO NP transformation; 

and (3) explore the effect of CuO NP transformation on the toxicity to plant cells. The 

information provided in the present work will be important for understanding the 

transformation and fate of metal-based NPs in plants.

2. Materials and Methods

2.1 Characterization of CuO NPs and Cu2O NPs

CuO NPs were purchased from Sigma-Aldrich, and Cu2O NPs were obtained 

from Beijing Dk Nano technology Co., LTD. The size, morphology and crystal plane 

of individual NPs were observed by HRTEM (JEM-2100, JEOL, Japan). Briefly, CuO 

NPs were suspended in ethanol and 1/2 MS medium (Table S1), respectively, and the 

Cu2O NPs were suspended in ethanol by sonication (100 W, 40 kHz) for 30 min. 

Then, a drop of suspension was added onto a nickel grid for the following TEM 
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observation. X-ray diffraction (XRD, Bruker D8 ADVANCE, Germany) was used to 

characterize the crystal structure of the CuO and Cu2O NPs. The zeta potentials and 

hydrodynamic diameters of CuO NPs (12 mg/L) and Cu2O NPs (10.8 mg/L) in 

ultrapure water (pH 5.8) and 1/2 MS medium (pH 5.8) were determined by a Zetasizer 

(Nano-ZS90, Malvern Instruments, Ltd., UK). For the dissolution of Cu2O NPs, after 

incubation for 0, 0.5, 2, 6, 12, 24, and 36 h, the suspended Cu2O NPs in 1/2 MS 

medium (10.78 mg/L) were filtered through a 0.22-μm membrane filter after 

centrifugation twice at 10,000 rpm for 30 min,12 and then determined with inductively 

coupled plasma mass spectrometer (ICP-MS) (Perkin Elmer NexION 350X, Shelton, 

USA). Dissolution of CuO NPs (12 mg/L) was determined by following the same 

approach in our previous work.12

2.2 CuO NP distribution and transformation as observed by TEM

The morphology and distribution of CuO NPs in plant cells were analyzed by 

HRTEM. Nicotiana tabacum L. cv. Bright Yellow-2 (BY-2) cells (5×105 cells/mL) 

were provided from the College of Life Sciences and Oceanography, Shenzhen 

University. The 24 h median effective concentration (EC50) of CuO NPs to BY-2 cells 

was 12 mg/L.12 Thus, the concentration of CuO NPs used in this study was selected at 

12 mg/L. The un-exposed BY-2 cells and CuO NP-exposed (12 mg/L, 20 mL, 12 h) 

cells (5×105 cells/mL) were washed three times with 20 mM ethylene diamine 

tetraacetic acid (EDTA) and phosphate buffer (PBS, 20 mM, pH 7.2), respectively.12 

After centrifugation (1,000 ×g, 10 min), the collected cells were further fixed in 3% 

glutaraldehyde for 12 h. The cells were then washed with PBS three times and 
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post-fixed in 1% osmium tetraoxide. After fixation, the cells were dehydrated in 

acetone, and embedded in EPON812 resin. The ultrathin sections were made for 

HRTEM observation along with energy dispersive spectroscopy (EDS, INCA100, 

Oxfordshire, UK).

2.3 XANES analysis of Cu species after CuO NP exposure

XANES was used to analyze the Cu species of CuO NPs after interacting with 

whole cells and cell walls. For whole cells, after exposure to CuO NPs (12 mg/L) over 

12 h, plant cells (5×105 cells/mL) were collected, washed with EDTA and PBS, 

freeze- dried (FD5-series, SIM, USA), and then ground into fine powders for XANES 

analysis. For cell walls, they were firstly extracted from cells that were pre-treated 

with CuO NPs (12 mg/L, 12 h) according to the methods of Zhong and Lauchli as 

follows.19 Briefly, cells were firstly washed with EDTA and PBS after exposing to 

CuO NPs (12 mg/L, 12 h), added into ice-cold ethanol solution (95%, v/v) to 

dehydration, and ground to powder in the mortar containing liquid nitrogen. These 

powders were added ice-cold 75% ethanol to sonicate (120 W) for 2 min, and cultured 

in ice-bath for 20 min. The suspensions were then centrifuged for 10 min (1,000 ×g). 

The pellets at the bottom were washed with ice-cold acetone, methanol-chloroform 

mixture (1:1, v/v), methanol and ultrapure water for 20 min, respectively. Each time, 

the supernatants were discarded after centrifugation. The finally collected pellets were 

the extracted cell walls, which were freeze-dried and ground to powder for further 

XANES analysis. In this experiment, the cells exposed to CuO NPs (12 mg/L, 12 h) 
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were defined as CE. The cell walls extracted from CuO NP-exposed (12 mg/L, 12 h) 

cells were denoted as CW.

XANES data at the K-edge of Cu (8979 eV) were collected at the beamline 

14W1 at Shanghai Synchrotron Radiation Facility (SSRF, Shanghai, China). The 

spectra of the following commercial Cu reference standards (CuSO4, CuS, 

Cu2(OH)PO4, Cu-citrate, CuO NPs, Cu-acetate, Cu2O, Cu2S) in their solid powder 

forms were collected using X-ray transmission mode. However, the whole cells after 

CuO NP exposure and the cell walls extracted from CuO NP-exposed cells were 

collected from fluorescence mode by Lytle detector because of the low Cu 

concentration.20 XANES data processing and linear combination fitting (LCF) were 

analyzed by ATHENA software.21

2.4 Transformation of CuO NPs and Cu2+ in the presence of cell walls or 

extracellular polymeric substances

Plant cells were treated with CuO NPs (12 mg/L) or Cu2+ (0.8 mg/L) for 12 h. 

Cu2+ at 0.8 mg/L was selected based on the dissolution of CuO NPs (12 mg/L) in the 

medium from our previous study.12 After exposure, cells were washed with EDTA 

and PBS for several times, and then cell walls were extracted as mentioned in 2.3 and 

suspended in ultrapure water for HRTEM observation. These cell walls were defined 

as “cell walls from CuO NP-exposed cells”. In addition, the cell walls extracted from 

untreated plant cells were exposed to CuO NPs (12 mg/L) or Cu2+ (0.8 mg/L) over 12 

h for further observation with HRTEM. These cell walls were named as “CuO 

NP-exposed cell walls”. In addition, plant cells were cultured in the medium for 3 
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days, and filtered by a sterilized 18-μm stainless steel sieve. The filtrate was 

considered as extracellular polymeric substances (EPS).22 The EPS were further 

reacted with CuO NPs (12 mg/L) or Cu2+ (0.8 mg/L) for 12 h. The solutions were then 

dropped onto the nickel grid for further HRTEM observation.

2.5 Transformation of CuO NPs during interaction with cell wall components

Galacturonic acid (GalA) was used to investigate the role of reducing sugar in 

the transformation of CuO NPs. The actual GalA contents of cell walls extracted from 

the un-exposed and CuO NP-exposed cells were measured. Briefly, the cell walls of 

un-exposed cells and CuO NP-exposed (12 mg/L, 12 h) cells were extracted by 

following the approach above. Then, the extracted cell walls of un-exposed and CuO 

NP-exposed cells were hydrolysed with 2 M trifluoroacetic acid (TFA) at 121 °C for 

1 h. The suspension containing cell walls was sealed and filled with N2 rapidly. After 

cooled down to room temperature, the cell wall solution was concentrated to dryness 

in a rotary evaporator. The residues were extracted with methanol, and evaporated to 

dryness again. The final extracted GalA was diluted with ultrapure water, and sealed 

in -20 °C under N2 for further determination. GalA content was determined according 

the method of Blumenkrantz and Asboe-Hansen at 520 nm by Microplate Reader 

(Thermo, USA).23 Uronic acid accounted for 30.8% of cell walls in tobacco 

mesophyll,24 and changed with different growth stages.18 Consequently, the final 

content of GlaA was chosen as 40% of cell walls. In this study, the yield of cell walls 

was 50 mg as extracted from 4 g fresh cells in 100 mL medium, which was slightly 

higher than that reported by a previous study (about 1 g cell walls from 100 g fresh 
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cells).25 Therefore, the final exposure concentrations of GlaA and CuO NPs were 

selected as 200 and 12 mg/L, respectively. The commercial GlaA (Beijing Solarbio 

Science & Technology Co., Ltd., Beijing, China) was then used for the CuO NP 

transformation investigation. CuO NPs (12 mg/L) were added into the GlaA solution 

prepared in ultrapure water, and incubated for 12 h at 25 °C under N2 in dark. One 

drop of GlaA-treated CuO NP samples was placed onto the nickel grid for HRTEM 

observation. In addition, the above sample (named “CuO NPs+GalA”) was 

freeze-dried for Fourier transform infrared spectroscopy (FTIR, Spectrum 100, 

Perkin-Elmer Inc., USA) analysis.

Moreover, L-cysteine was used to represent the S-containing proteins in cell 

walls. The protein content was 18 mg per g tobacco cell walls,26 and thus the 

concentration of L-cysteine was calculated at 9 mg/L. L-cysteine (Sinopharm 

Chemical Reagent Co., Ltd., Shanghai, China) and CuO NPs (12 mg/L) were 

thoroughly mixed in ultrapure water, and incubated for 12 h at 25 °C under N2 in 

dark. Then, one drop of the mixed solution was dropped onto the nickel grid for 

HRTEM observation.

2.6 Transformation of CuO NPs during incubation with protoplast and 

mitochondria

The protoplasts were isolated as described by Shepard and Totten with slight 

modification.27 Briefly, plant cells were incubated with mixed enzyme solution (3% 

cellulase R10, 0.4% macerozyme R10, 400 mM mannitol, 20 mM MES and 10 mM 

CaCl2, pH 5.8) in dark for 6 h in a shaker (60 rpm/min, 24°C). Then, the cells were 
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filtered by a sterilized 18-μm stainless steel sieve, and incubated with sucrose solution 

(25% w/v). The protoplasts were collected by centrifugation at 800 ×g for 5 min, and 

purified by W5 medium (154 mM NaCl, 5 mM glucose, 0.03% MES, 5 mM KCl, 125 

mM CaCl2, pH 5.8) for 3 times. The protoplasts were broken under sonication (120 

W) for 2 min and then filled with N2 immediately for 5 min for further study. 

Mitochondria were isolated by suspending the extracted protoplasts in mitochondrial 

wash buffer (440 mM sucrose, 50 mM Tris HCl, 20 mM EDTA, pH 8.0), and 

collected by centrifugation at 16,000 ×g for 20 min at 4 °C.28 The obtained protoplasts 

and mitochondria were incubated with CuO NPs (12 mg/L) for 12 h under N2. After 

incubation, the protoplasts and mitochondria were made into ultrathin sections, and 

observed by HRTEM.

2.7 Cell viability upon exposure to CuO and Cu2O NPs

Cell viability was determined by the 2, 3, 5 - triphenyltetrazolium chloride (TTC, 

Sigma) method. Briefly, cells (5×105 cells/mL) were incubated with CuO NPs (12 

mg/L) or Cu2O NPs (10.8 mg/L) for 2, 4, 8, 16 and 24 h in 24-well plates in 1/2 MS 

medium at 25 °C. TTC (0.3%, v/v) was added into the culture after removing the 

supernatant by centrifugation (1,000 ×g, 10 min). The obtained cells were cultured for 

10 h, and centrifuged at 1,000 ×g for 10 min to remove the supernatant. After adding 

95% ethanol into the culture, the cultures were heated at 60 °C for 15 min. The optical 

densities at 485 nm were determined by a Microplate Reader (Thermo, USA).

2.8 Statistical analysis

The mean value ± standard deviation (SD) of triplicates for each treatment was 
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calculated. One-way analysis of variance (ANOVA) by Tukey test using the SPSS 

18.0 statistical software, was applied to evaluate the significant differences. The p < 

0.05 was considered as significant difference.

3. Results and Discussion

3.1 Characterization of NPs

The TEM images in Figure 1A show that CuO NPs were spherical particles and 

the size of individual NPs was around 40-50 nm. In addition, CuO NPs were 

composed of pure polycrystal CuO particles (1-2 nm) as revealed by HRTEM (Figure 

S1A). CuO NPs suspended in 1/2 MS medium formed aggregates (Figure S1B). The 

1/2 MS medium did not contribute to any transformation of CuO NPs (Figure S1C). 

The size of Cu2O NPs was 50 nm (Figure 1B). XRD revealed that CuO NPs showed 

crystalline structure, and did not contain any Cu2O in the samples. The main 

diffraction peaks were corresponded to (11-1) and (111) crystal faces for CuO NPs 

(Figure 1C). Cu2O NPs were composed of Cu2O crystals, and no impurities (e.g., 

CuO) were detected in the Cu2O NPs. The main crystal faces for Cu2O NPs were 

(111) and (200) (Figure 1D). Both CuO NPs and Cu2O NPs were negatively charged 

in both ultrapure water and 1/2 MS medium (Table S2). The hydrodynamic diameters 

of CuO NPs and Cu2O NPs in 1/2 MS medium were 557.5±28.60 and 570±31.45 

nm, respectively. This indicated that CuO NPs and Cu2O NPs aggregated in both 1/2 

MS medium and ultrapure water (Table S2).

3.2 Speciation of Cu in plant cells after CuO NP exposure

Black dots were found on the cell wall surface (Figure 2B), inside the cell wall 
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(space between cell wall and plasma membrane) (Figure 2C, 2D) and in the vacuole 

(Figure 2A). All the detected black dots contained Cu (ranged from 2.44 to 4.95%, 

weight percentage) as confirmed by EDS (Figure S2), suggesting that these black dots 

were Cu-containing particles. From HRTEM analysis, it is clear that the particles on 

the cell wall surface consisted of CuO and Cu2O (Figure 2E), and the sizes (1-2 nm) 

were the same as the polycrystal CuO particle sizes (Figrue S1A). The crystal planes 

were (111), (110) and (11-2) for CuO, and (200) for Cu2O (Table S3). In addition, 

CuO, Cu2O and Cu2S were identified inside the cell wall (space between cell wall and 

plasma membrane) and vacuole (Figure 2F, 2G). Inside the cell walls, the crystal 

planes of CuO were mainly (11-2) and (110). The crystal spacings were calculated to 

be 0.296 nm and 0.33 nm, corresponding to Cu2O (110) and Cu2S (002), respectively 

(Table S3). In the vacuole, the crystal planes of CuO were (11-2), (20-2), (002), and 

(110). The crystal planes of Cu2O and Cu2S in vacuole were the same as that inside 

the cell walls. It is noted that the pristine CuO NPs did not contain Cu2O or Cu2S as 

detected by HRTEM and XRD (Figure S1, Figure 1). However, no elemental Cu can 

be detected in the un-exposed cells (Figure S3). Therefore, the transformation of CuO 

should firstly take place along interacting with plant cell walls. In addition to the 

formation of Cu2O, CuO NPs were transformed to Cu2S during CuO NP 

internalization.

XANES was used to further identify the Cu species in CuO NP-exposed plant 

cells and cell walls. Normalized Cu K-edge XANES spectra and the percentage of 

Cu-species of CE (cells after exposed to 12 mg/L CuO NPs for 12 h) and CW (cell 
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walls extracted from CuO NP-exposed cells) are shown in Figure 3. Fitting spectra of 

CE and CW display a mixture of CuO NPs, Cu2S, Cu2O and Cu-acetate. In CE group, 

Cu species were mainly CuO (34%), Cu2S (21%), Cu2O (32%), and Cu-acetate 

(13%). In CW group, the percentages of CuO (42%) and Cu-acetate (28%) were 

higher than those in CE group, while the proportions of Cu2O (15%) and Cu2S (15%) 

in CW were slightly lower. In the un-exposed cells, Cu species were not detected by 

XANES because of detection limit, suggesting that the Cu background in plant cells 

had no influence on the analysis of Cu species in CuO NP-exposed cells. All these 

results indicate that CuO NPs were transformed into Cu2O, Cu2S, and Cu-acetate on 

the cell walls and in the cells. Additionally, CuO NPs were primarily reduced to Cu(I) 

species (e.g., Cu2O, Cu2S) on the cell walls.

Cell wall was the initial location for the interaction of CuO NPs with plant cells. 

We thus further investigated the transformation of CuO NPs by cell walls and EPS. 

CuO NPs were transformed to Cu2O and Cu2S in both “CuO NP exposed-cell walls” 

and “cell walls extracted from CuO NP-exposed cells” treatments (Figure 4D, 4E). 

The crystal planes of CuO, Cu2O and Cu2S are listed in Table S4. However, after 12-h 

incubation, the transformation of CuO NPs was not found in the EPS treatment 

(Figure 4F). Combining these TEM (Figure 2) and XANES (Figure 3) results, it can 

be concluded that partial Cu(II) in CuO NPs was transformed to Cu(I) firstly on cell 

walls. The detected Cu-species were hypothesized to be formed by interacting of CuO 

NPs with cell wall components (e.g., polygalacturonic acid or other reducing 

substances), which was further discussed in the next section.
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3.3 Transformation of CuO NPs during interacting with cell wall components

Spielman-Sun et al. reported that CuO NPs could be transformed to Cu(II)-O-R 

species due to the bound of Cu ions to polygalacturonic acid in plant cell walls.4 

However, the specific reducing agents related to the transformation of CuO NPs to 

Cu(I) by cell walls were currently unknown. Plant cell walls were made up of 

carbohydrates, proteins, and aromatic compounds.18 Thus, functional groups in the 

cell walls such as carboxylic, amino, sulfhydryl, and hydroxy groups are major 

sources of adsorption/binding sites for metal ions.29 GlaA-containing polysaccharides 

are the major reducing sugar in plant cell walls.18 Therefore, CuO NPs were treated 

with GalA to investigate the transformation mechanisms by cell walls. As shown in 

Figure 5B, the formation of Cu2O was observed. The crystal spacings of CuO were 

0.141 and 0.233 nm which were in accordance with (31-1) and (111) crystal planes, 

respectively. The crystal spacings of Cu2O (221) and (200) were 0.143 and 0.218 nm, 

respectively. We then further studied the content of GalA in the cell walls under the 

exposure of CuO NPs (12 mg/L) for 12 h, which was significantly increased (Figure 

5C). The content of GalA in cell walls extracted from CuO NP-exposed cells 

increased by 61.5% compared with that from un-exposed cells. Similarly, Miao et al. 

reported that aldehyde containing substances was increased when algae exposed to 

silver NPs.30 When exposed to Cd(II), the uronic acid contents in Synechocystis sp. 

BASO671 increased by 14.8%, and the GalA proportion of EPS increased from 

0.08% in control group to 2.6% in Cd(II) group.31 GalA is a vital fungal glucan 

elicitor, playing an important role in plant defensive responses. The increased content 
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of GalA may be due to the cell defense against adversity stress (CuO NP exposure). 

The FTIR data showed the changed groups after GalA incubated with CuO NPs 

(Figure S4). A new band appeared at 2559 cm-1 in the “CuO NPs+GalA” treatment, 

which was assigned to the OH stretching of COOH dimers,32 suggesting the formation 

of COOH (e.g., formic acid). The strong vibration bands at 1726 cm-1 and 1710 cm-1 

of GalA were related to the C=O stretching vibration of COOH,32 and shifted to 1622 

cm-1 of “CuO NPs+GalA”. These bands changed in intensity and position, which 

were possibly due to the binding of GalA with copper ions or CuO NPs. The band 

(624 cm-1) in “CuO NPs+GalA” indicated the presence of Cu2O.33 However, the peak 

at 538 cm-1 was for CuO.34 Given that neither GalA treatment nor CuO NPs showed 

Cu2O band, it can be concluded that CuO was transformed to Cu2O with the 

assistance of GalA. Previous study showed that the ring of the GalA was opened and 

the aldehydic group was formed during the binding and redox process.35 It was 

possible that the formed aldehyde groups were oxidized to carboxyl groups. 

Meanwhile, CuO was reduced into Cu2O. Panigrahi et al. reported that reducing 

sugars were used as reducing agent for the synthesis of metal NPs (e.g., gold, 

silver).36 In the GalA-iron system, Fe (III) was reduced to Fe (II) by GalA, while the 

aldehydic end group and the final carbon group of GalA were oxidized to formic acid 

and carboxylic forms, respectively.35 Also, Branca et al. reported that D-Galacturonic 

acid transformed chromium (VI) into water-soluble chromium (V) species.37

In addition, Cu2S was also formed during the interaction of CuO NPs with cell 

walls. Cysteine was used to investigate the contribution of sulfhydryl groups on the 

Page 18 of 38Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



reduction of Cu(II) to Cu(I). After incubated with L-cysteine for 12 h, CuO NPs were 

transformed to Cu2S with the crystal planes of Cu2S (-223) and (213) as determined 

by HRTEM (Figure 5D). The formation of Cu2S may be ascribed to the following 

processes: CuO was reduced to Cu2O, and then transformed to Cu2S directly on the 

CuO surface; or the formed Cu2O directly reacted with sulfide (e.g., cysteine).38, 39 

Although only Cu2S particles were found during the interaction of CuO NPs with 

L-cysteine, Cu2O and Cu2S particles did occur on the cell walls and in cells (Figure 

2). These results indicated that cysteine was primarily responsible for the formation of 

Cu2S.

In addition, previous study reported that Cu2+ ions could form Cu-based NPs 

during interacting with plants. Cu0 NPs were detected in the rhizosphere of 

Phragmites australis and Iris pseudoacorus when treated with Cu ions.40 Arachis 

hypogaea L. leaf could reduce Cu2+ to Cu2O NPs with aldehyde groups in the 

reducing sugars as reducing agents.33 In the present work, it is possible that the 

detected Cu2O or Cu2S NPs in plant cells were formed from the Cu2+ ions released by 

CuO NPs. Therefore, Cu2+ ions were directly incubated with the extracted cell walls 

or EPS. It is shown that no black particle was found from TEM images when Cu2+ 

ions were interacted with extracted cell walls or EPS for 12 h (Figure S5). This 

suggested that Cu2+ ions cannot be formed into CuO, Cu2O or Cu2S particles along 

interacting with cell walls or EPS in the present work. Therefore, CuO, Cu2O or Cu2S 

particles in the cell walls were formed from the transformation of CuO NPs rather 

than the released Cu2+ ions. This finding was supported by the results that Cu2+ did 
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not contribute to the formation of Cu2O NPs in algae.14 Cu2+ ions dissolved from 

CuO NPs were mainly in the form of Cu complexes by binding with organic ligands 

(e.g., cysteine) in plant cells.13

3.4 Intracellular transformation of CuO NPs

The pore size of cell wall is about 5-20 nm,41 which limits cellular internalization 

of exogenous particles such as CuO NPs. As shown in Figure S1, individual CuO NPs 

were composed of particles at 1-2 nm. The sizes of these particles were less than the 

pore size of cell walls, which made it possible for them to enter the cells. Besides, it is 

reported that the uptake of NPs by endocytosis was an important way of plant cells.12 

Previous study suggested that trace metals were taken up by cells which formed 

metal-based complexes on the plasmalemma.29 Once entering cells, there were also 

redox substances inside the cells. Thus, in the following study, the isolated protoplasts 

were incubated with CuO NPs for 12 h to investigate the redox reaction of CuO NPs 

inside cells. As shown by HRTEM, CuO NPs were reduced into Cu2O (Figure 6B) 

and Cu2S after incubation with the isolated protoplasts (Figure 6C). The crystal and 

the corresponding crystal spacings were summarized in Table S5.

The intracellular proteins and organic acids containing sulfhydryl groups may 

account for the formation of Cu2S inside cells. In addition, mitochondria were the 

main organelle played vital roles in cell redox homeostasis.42 The isolated 

mitochondria were used for CuO NP transformation to identify their role in the 

reduction of CuO NPs. After incubating with mitochondria for 12 h, CuO NPs were 

also reduced into Cu2O and Cu2S (Figure 6E, 6F). It is reported that the reduction of 
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Cu2+ in the copper complexes was influenced by hydrated electron, radical or ionic 

species generated by energetic electrons or the ligands.43 In our previous study, CuO 

NPs inhibited the activity of NADH dehydrogenase complex (complex I) and 

cytochrome c reductase complex (complex III) in mitochondria, blocked the transfer 

of electrons.12 Complex I contains FeS centers. The inhibited activity of complex I led 

to the accumulation of H+ and FeS centers. CuO thus could interact with H+ and FeS 

to produce Cu2O and Cu2S. Also, the inhibited activity of complex III could result in 

the accumulation of H+, leading to a stronger acidic environment which may 

contribute to the dissolution of CuO NPs. The chemical reactions are shown in 

equations (1) and (2) as follows.

                     (1)             2H + +2CuO + 2e ― →Cu2O + H2O

            (2)        4H + +FeS + 2CuO + 2𝑒 ― →Cu2S + Fe2 + +2H2O

After transformation, the toxicity of CuO NPs may be changed. The toxicity of 

CuO and Cu2O NPs represented as Cu(II) and Cu(I) species to plant cells were thus 

investigated, and the cell viabilities are shown in Figure S6. At the equivalent weight 

of Cu, Cu2O NPs showed significantly higher toxicity to plant cells than CuO NPs for 

all the exposure times (0-24 h). After exposure for 2 h, cell viability of Cu2O NPs was 

sharply reduced to 5.2% compared with control, while that of CuO NPs was 79.0%. 

Over 24 h, cell viability was still 56% for CuO NPs. Toxicity of these two NPs were 

originated from both particles and released ions. Our previous study showed that Cu2+ 

concentration released from CuO NPs was just 0.73 mg/L after incubation for 36 h.12 

The concentration of Cu ions released from Cu2O NPs was 1.55 mg/L after 0.5 h, 
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which was much higher than that from CuO NPs (Figure S7). Both the zeta potentials 

and hydrodynamic diameters did not show any significant difference between CuO 

NPs and Cu2O NPs in 1/2 MS medium (Table S2). Therefore, the higher dissolution 

of Cu2O NPs may be the main reason for the observed higher toxicity than CuO NPs. 

Indeed, Seo et al. found that Cu2O was much more toxic to endothelial cells than 

CuO, and the oxidation process of Cu+ ions to Cu2+ ions was responsible for the 

oxidative stress and consequent cell death.17 Given the higher toxicity of Cu2O NPs, 

the transformation of Cu (II) in CuO NPs to Cu(I) may enhance the toxicity. Cu is an 

essential element for plant, but is toxic in excess. Part of Cu(II) ions needs to 

transform to Cu(I) before entry into cells and inside cells, since CRT/COPT families 

(high affinity transporters) are only able to recognize Cu(I) and then donate Cu(I) to 

chaperones.44 This may explain why Cu(II) was transformed to Cu(I) by plant cells. 

Plants and microbes surrounding the plant roots could supply reducing environments 

by producing reducing substances.9, 45 In addition, non-aerated soil or wetland are 

typical reducing environments.11 Consequently, NPs could undergo transformation in 

the natural environment, and the toxicity of the transformed product may be different 

from the original NPs.

4. Conclusions

In the present study, it is observed that CuO NPs underwent reduction and 

sulfidation when interacting with plant cells. The transformed products were detected 

as Cu2O, Cu2S and Cu-acetate. The transformation of CuO NPs firstly occurred on 

plant cell walls, associated with reducing sugars (e.g., GlaA) and sulfur-containing 
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proteins (e.g., L-cysteine). It should be noted that the dissolved Cu2+ did not form any 

Cu-containing particles on plant cell walls and/or through EPS. The transformation of 

CuO NPs also occurred intracellularly, and protoplast and mitochondria were the 

main locations for CuO NP transformation. When exposed to equivalent weight of 

Cu, Cu2O NPs exhibited higher toxicity than CuO NPs, implying that the 

transformation may elevate the toxicity upon CuO NP exposure. Reductive 

compounds are ubiquitous in the organisms or environment. Given that 

transformation may occur in organisms, this could be a possible mechanism for the 

high toxicity of CuO NPs to different organisms. Moreover, the transformation of 

CuO NPs could also occur in environments (e.g., benthic environments). Once 

released into environment, comprehensive understandings on the toxicity of 

transformed NPs should be paid much more attention.

Supplementary Information.

Seven figures and five tables. This material is available free of charge via the Internet 

at http://pubs.rsc.org/.
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Figure 1. TEM and XRD images of NPs. Images (A) and (B) are TEM images of CuO 

NPs and Cu2O NPs, respectively. Images (C) and (D) are XRD spectra of CuO NPs 
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and Cu2O NPs, respectively. The peaks corresponding to red/blue lines suggest 

CuO/Cu2O crystal planes.
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Figure 2. TEM images of cells after exposure to CuO NPs (12 mg/L) for 12 h. Images 

(B) and (D) are the enlarged images from (A) and (C), respectively. (E), (F): HRTEM 

images of black points indicated by blue arrows in (B) and (D), respectively. Image G 

is HRTEM of particles in (A) marked with blue arrows. Black points are analyzed by 

EDS, and the weight percentages of Cu are listed around the black particles in the 

TEM images (marked with blue arrows). cw: cell wall; cyt: cytoplasm; va: vacuole.
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Figure 3. Cu species in the “CuO NP-exposed cells” and “cell walls extracted from 

CuO NP-exposed cells” as identified by XANES. (A): The XANES curves of Cu 

species in the whole cells and cell walls. In panel (A), the black dashed line is the 

fitting curve. (B), (C): the percentages of Cu components in cells and extracted cell 
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walls. CE is the cells exposed to CuO NPs (12 mg/L) for 12 h. CW is the cell walls 

extracted from cells under the exposure of CuO NPs (12 mg/L) for 12 h.
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Figure 4. TEM images of cell walls and EPS after incubation with CuO NPs. (A): Cell 

walls extracted from un-exposed cells, and then incubated with CuO NPs (12 mg/L) 

for 12 h. (B): Cell walls extracted from cells under exposure of CuO NPs (12 mg/L, 

12 h). (C): EPS exposed to CuO NPs. Cells cultured for 3 days and then filtered with 

18-μm stainless steel sieve. The filtrate EPS was further incubated with CuO NPs (12 

mg/L) for 12 h. (D), (E), (F) are HRTEM images enlarged from (A), (B), (C) marked 

with red dashed boxes.
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Figure 5. TEM images of CuO NPs after incubation with GlaA and L-cysteine. (A): 

TEM image of CuO NPs (12 mg/L) after incubation with GlaA (200 mg/L) for 12 h. 

(B): HRTEM image of GlaA-treated CuO NPs enlarged from (A) (marked with red 

dashed box). (C): Intracellular GlaA content of cell walls under exposure of CuO NPs 

(12 mg/L) for 12 h. (D): HRTEM image of L-cysteine (9 mg/L) treated CuO NPs (12 

mg/L) over 12 h. The crystal spacings of CuO (31-1) and (111) are 0.141 and 0.233 

nm, respectively. The crystal spacings of 0.218 and 0.143 nm correspond to Cu2O 

(200) and (221), respectively. The crystal spacings of Cu2S (-223) and (213) are 0.355 

and 0.288 nm, respectively. D. W.: cell wall dry weight.
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Figure 6. TEM images of CuO NPs after exposure to protoplasts and mitochondria 

extracted from un-exposed cells. (A), (D): TEM images of CuO NPs (12 mg/L) 

exposed to protoplast and mitochondria for 12 h, respectively. (B), (E): HRTEM 

images enlarged from (A) and (D) that are marked with red dashed boxes. Images (C) 

and (F) are HRTEM images enlarged from (A) and (D) as marked with yellow circles, 

respectively.
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Graphic Abstract

CuO NPs were transformed to Cu2O, Cu2S, and Cu-acetate on the cell walls and 

inside plant cells. 
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