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Abstract
The red yeast (Rhodotorula mucilaginosa: Rho) has abundant extracellular polymeric substances (EPS) and intracellular vesicles
(Ves). This study explored the mechanisms of Rho to resist Cu toxicity from extracellular to intracellular, i.e., EPS, membrane,
and Ves. The Cu2+ concentrations were set from 0 to 200 mg/L. In contrast to other heavy metals (e.g., Pb2+), low
Cu2+ stress has no evident stimulation to EPS production. In particular, GSH content in EPS did not show signif-
icant changes. The Cu removal was decreased from ~ 35 to ~ 0% as Cu stress raised from 0 to 200 mg/L, which
confirmed the low binding of Cu cations to EPS. Moreover, redox peaks at − 0.35 V (reduction) and − 0.02 V
(oxidation) in EPS were observed based on electrochemical analysis. Subsequently, the potential Haber-Weiss reac-
tion in EPS lowered fungal ability to shield against the Cu toxicity. Then, the contrast of Cu concentration between the
extracellular and intracellular regions was enlarged. Moreover, the thickness of cell membrane decreased from 450 to 116 nm
during the elevation of Cu stress. These accelerated the transport of Cu cations into intracellular, but the redox reaction in both
cell membrane and intracellular region was limited. Under transmission electron microscopy, the intracellular Ves showed
evident sorption of Cu cations (100 mg/L). However, the Ves started to deform and gradually lost their activity at 200 mg/L.
Therefore, this study successfully elucidated the correlated extracellular and intracellular mechanisms of metal detoxification by yeast.

Key points
•This study provides a comprehensive explanation for the invasion of Cu2+ into fungal (Rhodotorula mucilaginosa) cells based on
microbial physiological and biochemical analysis, electrochemical analysis, and transmitted electron microscopy.
•Cu nanoparticles are involved in redox reactions in the EPS, thus greatly reducing the prophase protection for fungal cells by
EPS.
•At 200 mg/L Cu2+ stress, deformation of cell membrane intensifies the contrast of Cu concentrations between extra- and
intracellular regions. This further suppresses the transportation of Cu2+ by intracellular vesicles.
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Introduction

Copper (Cu) is a trace element for living things. However, the
excessive use of Cu has been causing global pollution due to
the rising human activities such as mining, industrial process-
ing, and utilization of pesticide and chemical fertilizers
(Kaplan 1999; Wei et al. 2017). Cu pollution also causes se-
rious economic losses (Sakhaee and Kazeminia 2011), e.g.,
hindering the survival and development of fry (Gouva 2020)
and damaging lipids, proteins, and DNA of crops (Rehman
et al. 2019). In addition, Wilson’s, Alzheimer’s, and
Parkinson’s diseases are all related to the imbalance of Cu
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homeostasis (Bulcke et al. 2015). Therefore, Cu pollution re-
quires our great attention.

Oversupply of Cu2+ partially disrupts the homeostasis bal-
ance between reactive oxygen species and antioxidant sub-
stances within the cells (Kan et al. 2019). It causes protein
damage and lipid peroxidation, under either aerobic or anaer-
obic conditions. Microorganisms can survive from metal tox-
icity via their specific resistance systems (Silver and
Walderhaug 1992). Their tolerance to heavy metals is critical
to the successes of bioremediation (Tian et al. 2020).
Extracellular polymeric substances (EPS) play an important
role in helping microorganism to resist heavy metal stress
outside of the cell, primarily via sorption and chelation
(Kenney and Fein 2011). Intracellular stability of cells is reg-
ulated via a variety of metabolic pathways (e.g., tricarboxylic
acid cycle, glycolysis pathway). For example, bacteria have
evolved various mechanisms encoded by either chromosomal
or plasmid genes via reducing Cu transport and enhancing
efflux of Cu (Cervantes and Gutierrezcorona 1994). In addi-
tion, the presence of membranes complicates the homeostasis
mechanism of heavy metals in bacteria, e.g., cytoplasmic
membrane, cell membrane, and periplasmic space
(Bondarczuk and Piotrowska-Seget 2013; Solioz et al.
2010). In particular, it was proposed that cell membrane con-
tributes significantly to the adsorption of Cu2+ (Eisses et al.
2005). Similar to bacteria, cell wall and membrane in fungi
also help to shield against Cu toxicity (Ramsay and Gadd
1997).

Red yeast Rhodotorula mucilaginosa is able to tolerate
200 mM Cu2+ and 500 mM Pb2+ (Kan et al. 2019).
Saccharomyces cerevisiae removes 37% of the Cu2+ within
3 h (Gorobets et al. 2004). The carboxyl and amino groups in
the cell wall of fungi contribute substantially to the sorption of
Cu (Gorobets et al. 2004; Pearce and Sherman 1999; Wang
2002). It was proposed that superoxide dismutase or maroon
can affect the tolerance of fungal cells to Cu2+ (Cervantes and
Gutierrezcorona 1994; Kan et al. 2019). Vesicles (Ves) con-
tain a variety of proteins, organic acids, organic bases, and
other substances, which are capable of binding heavy metals
(Liu et al. 2014b). As an important transport carrier in cells,
Ves are able to transport toxic metals from intracellular to
extracellular (Miyayama et al. 2009). However, the function
of Ves in Cu detoxification has not been fully elucidated.

EPS have high heavymetal tolerance and strong adsorption
capacity, which are usually considered the first “battle line” to
shield against heavy metal toxicity. They have a greater bind-
ing capacity for metals than any currently known mineral
sorbents (Quigley et al. 2002). Proteins in EPS exhibit a rela-
tively high adsorption capacity for cations, followed by
nucleic acid, and the least for polysaccharides (Wei et al.
2017). Additionally, the redox-active groups in EPS can inter-
act with metal cations, causing electron transfer among the
ions (Harish et al. 2012). The variety of biochemical

components causes various pathways of heavy metal fixation.
For example, P species within EPS can bond with Cu2+ at a
low level (0–2.5 mg/L) (Wang et al. 2015). Glutathione
(GSH) can reduce the valence state of heavy metals (Yadav
2010) and form complex with various heavy metals (Podanyi
and Reid 1988), which was usually considered as a high effi-
cient component to reduce heavy metal toxicity (Li et al.
2019).

The objective of this study was to investigate the detoxifi-
cation of Cu2+ by the red yeast Rhodotorula mucilaginosa
(Rho), via extracellular and intracellular pathways. Rho with
a high ability to produce abundant EPS was incubated under
various Cu2+ stress from 0 to 200 mg/L. The adsorption ca-
pacity, microbial physiology, and cell morphology of Rho
were investigated.

Materials and methods

Collection and incubation of Rho

The Rho strain was isolated from orchard rhizosphere soil and
registered at China General Microbiological Culture
Collection (CGMCC) as No. 16597. Rho was pre-cultured
in potato glucose broth (PDB) medium. The broths were in-
cubated at 28 °C on an orbital shaker at 180 rpm.

The Cu2+ concentrations were adjusted to 0, 50, 100, and
200 mg/L respectively, prepared by adding CuSO4•5H2O
powder (Xilong Scientific Ltd.) into pure water. Then, 1-mL
Rho suspension and 100-mL PDB medium were accordingly
added to 250 mL Erlenmeyer flasks for incubation. All the
treatments were then shaken at a rate of 180 rpm at 28 °C
for 72 h with four replicates. After incubation, the sample
bacterial liquid was separated to three parts following
our previous protocol (Jiang et al. 2020b).

Cell count

1 mL of bacterial liquid was taken and counted in the blood
cell counting chamber under light microscope, and the total
bacterial number in 100 mL of bacterial liquid was calculated
under an Olympus BX53 microscope (Olympus Corporation,
Tokyo, Japan) with an Olympus LC30 camera (Olympus Soft
Imaging Systems, Munster, German) and an oily lens
(MSPlan × 100 objective lens).

ICP analysis

Bacterial liquid (35 mL) was centrifuged at 2743g for 3 min.
The centrifuged supernatant was filtered with a 0.22-μm
membrane for analysis by inductively coupled plasma (ICP).
The concentration of Cu2+ in the supernatant was determined
by an inductively coupled plasma optic emission spectrometry
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(ICP-OES) instrument (Agilent 710, Agilent Technologies,
USA). Calibration curve of Cu2+ (1, 2.5, 5, 10, 20 mg/L)
was prepared.

TEM analysis

Partial precipitates after centrifugation were fixed using glu-
taraldehyde with a volume fraction of 2.5% and stored at 4 °C.
Then, 60–80-nm unstained sections for transmission electron
microscopy (TEM) were cut with a diamond knife on an
Ultramicropore Leica EM UC7 slicer (Daitonme, Ultra 45°).
To acquire the high-quality TEM images, a set of sections
were stained with uranyl acetate and lead citrate. TEM was
performed by the Hitachi HT7700 system (for stained section)
and the FEI Tecnai G2 F20 TEM system (for unstained
sections).

EPS extraction

The remaining 60-mL medium was collected for EPS extrac-
tion. Rho incubated for 3 days was centrifuged at a high speed
(12,000g, 20 min) at 4 °C, followed by centrifugation
(17,000g, 20 min) to remove cell residues. According to the
previous protocol, the supernatant after separation was used
for the extraction of EPS (Jiang et al. 2020b).

ATR-IR analysis

After dialysis, the extractant was transferred to a centrifuge
tube and freeze-dried to complete the EPS extraction for ATR-
IR. Finally, protein, polysaccharide, and GSH were extracted
from EPS and measured (Jiang et al. 2020b). Attenuated total
reflection Fourier transform infrared spectroscopy (ATR-IR)
was applied on a Nicolet iS5 Fourier transform infrared spec-
trometer with Thermo Scientific OMNIC software (Thermo
Fisher Scientific Inc., Madison, USA). The spectral region of
800–2000 cm−1 was scanned 16 times for each sample at a
spectral resolution of 4 cm−1.

Electrochemical characteristics of Rho after Cu2+

adsorption

ACHI 660D electrochemical workstation (Shanghai Chenhua
Instrument Inc., China) was used to carry out cyclic voltamm-
etry (CV) of Rho before and after Cu2+ adsorption. CV is a
three-electrode system consisted of a platinum wire auxiliary
electrode, a saturated calomel reference electrode (SCE), and
the modified glassy carbon electrode (GCE) working
electrode.

For fabrication of the aptasensor, the GCE (glassy carbon
electrode, 5 mm diameter) was carefully polished by using 0.3
and 0.05 μm of α-Al2O3 powder suspension, followed by
sonication in ethanol and ultrapure water. After nitrogen

drying, the prepared bare GCE was coated with water dis-
persed Rho samples (50 μL, 20 mg/mL) and then dried
(65 °C, 2 h). 10 μL 0.5 wt% Nafion solution was covered
on the above-modified electrode and dried in air. A saturated
calomel electrode and a Pt wire were used as reference and
counter electrodes, respectively. The electrochemical behav-
iors were investigated at a scan rate of 10 mV s−1 within the
scan range from 0.8 to − 0.8 V.

Statistical analysis

SPSS statistical software (v17.0, IBM) was used to analyze
the data, and the significance level was P < 0.05. The differ-
ences between groups are determined by single-factor analysis
of variance (Tukey). The data in the figure are the mean of
standard deviation (N = 4).

Results

Adsorption of Cu and cell counts

The sorption of Cu showed dramatic fluctuation under differ-
ent degrees of Cu stress. At 50 mg/L Cu2+, the Cu2+ removal
by Rho was ~ 35%. At 100 mg/L, the Cu2+ removal was
lowered to < 10%. At 200 mg/L, no evident sorption was
observed, which suggested the weak microbial sorption due
to the strong toxicity of Cu2+ (Fig. 1A). Cell counts also con-
firmed the strong Cu2+ toxicity to fungal cells. At 0 to 50mg/L
Cu2+, there was a significant decrease in the number of Rho
cells from 135 to 60 (× 109/50 mL) (Fig. 1B). When the Cu2+

concentration increased to 100–200 mg/L level, the cell
counts were dramatically declined to 30 and 18 (× 109/
50 mL) (Fig. 1B).

Measurements of polysaccharides and proteins

The EPS yield was 3328 mg (per L medium) without Cu2+

stress (Fig. 2A). When the concentration of Cu2+ was 50 mg/
L, the EPS yield was slightly elevated to 3550 mg. When the
concentrations of Cu2+ raised to 100 and 200 mg/L, the EPS
production was decreased to 2784 and 2290 mg, respectively.
The change of protein within EPS demonstrated a similar
trend to that of EPS. The protein content was 53 mg (per g
EPS, extracted from the surviving Rho) without Cu2+ stress
(Fig. 2B). At the Cu2+ level of 50 mg/L, the protein concen-
tration (per g EPS) was significantly elevated to 96 mg (Fig.
2B). At 100 mg/L, the concentration decreased to 81 mg. At
200 mg/L, the abundance decreased to 62 mg, close to that in
the treatment with 0 mg/L Cu2+.

GSH was also extracted from EPS and was measured (Fig.
2C). At 0–50 mg/L, the GSH concentrations in EPS (per 1010

cells, extracted from the survived Rho) slightly decreased
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from 1.72 to 1.52 nmol, following by a slight increase of GSH
to1.88 nmol at 100 mg/L. Then, at 200 mg/L Cu, there was a
markable increase of GSH at 7.62 nmol. However, this value
might be virtually enlarged due to the debris of the dead cells,
because the standard error is as high as 3.93. The content of
polysaccharides from EPS was ~ 800 mg/g at 0–100 mg/L
Cu2+ levels (Fig. 2D). However, at 200 mg/L, it dramatically
declined to 664 mg (per g EPS) (Fig. 2D). The fluctuation of
polysaccharides is also consistent with those of EPS and pro-
teins in EPS.

ATR-IR analysis of EPS

ATR-IR spectra showed multiple characteristic peaks of the
extracted Rho EPS after incubation (Fig. 3). The peaks at ~
1640 and 1730 cm−1 are attributed to C=O stretching vibration
in carboxyl groups, e.g., -COOH (Mancilla et al. 2009; Wyatt
et al. 2013). The C-O-C, C-N, C=O, N-H vibrations are highly
related with proteins and saccharides in EPS (Zhang et al.
2018). As the Cu2+ increased to 200 mg/L, the peaks of car-
boxyl (1641 cm−1) and carboxylic acid ester (1727 cm−1) dis-
appeared. Both of the two peaks could be the functional
groups of polysaccharides (Gomez-Ordonez and Ruperez
2011). The intensity of the ~ 1640 and 1730 cm−1 peak
showed an evident decline during the elevation of Cu stress,
confirming the Cu toxicity (lower production of organic com-
ponents). The peaks at 1011 cm−1 are usually assigned to the
characteristic C-O-C vibration within the sugar ring (Gomez-
Ordonez and Ruperez 2011), confirming the abundant poly-
saccharides in EPS. In addition, the peak at 1238 cm−1 is
assigned to C-N stretching vibration (Kang et al. 2017).
Particularly, the 1541 cm−1 peak, which is assigned to the
N-H band in amide II component (Jiang et al. 2020b),

disappeared in all the spectra (see Fig. 3). This peak is con-
sidered as an indicator of GSH in EPS (Li et al. 2019).
Therefore, ATR-IR spectra proved that GSH production did
not increase with rising Cu concentrations, which matched the
biochemical results in Fig. 2C.

Electrochemical characterization of Rho modified
electrodes

The Rho-Cu composite was studied by cyclic voltammetry in
PBS buffer (pH = 7.0). At the scanning rate of 10 mV s−1, no
significant peak value was observed in the yeast collected
from 0 mg/L medium (Fig. 4), indicating that there were few
active substances under the oxidation/reduction states. The
yeast cells after incubation with 200 mg/L Cu2+ (no wash)
showed clear redox peaks at − 0.35 V (reduction) and −
0.02 V (oxidation), respectively (Shen et al. 2015). This was
corresponding to the reversible valence transition of Cu2+/
Cu+. After the removal of labile EPS (after wash), the oxida-
tion peak disappeared. Only a weak reduction peak (− 0.35 V)
appeared, indicating the presence of sole and low reducing
active substances.

Cell morphology under transmitted electron
microscopy

At the millimeter scale, the integrity of the capsule was grad-
ually degraded with the increasing Cu2+ concentrations. At
50 mg/L, only a few cells lost its membrane integrity (see
the boxed cell in Fig. 5A). The primary damage was evidently
observed on the cell membrane (see the downright corner in
Fig. 5B). The thickness of the cell membrane was ~ 450 nm
and the sizes of the typical large Ves under transmission

Fig. 1 The removal rate of Cu2+ (A) and cell counts of Rho (B) after 72-h incubation at different Cu2+ concentrations (0, 50, 100, and 200 mg/L)
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electron microscopy (TEM) were 330–400 nm (diameter). At
100 mg/L, more cells were deformed (Fig. 5C, D). Their cell
membrane had completely lost its integrity; i.e., the membrane
is not as smooth as usual. The Ves diameter and number of the
cells of 100 mg/L are significantly larger than those of 50 mg/
L treatment, whereas the thickness of the membrane decreased
to ~ 315 nm. At 200 mg/L, the cells were further distorted and
the cytoplasmwas unclear under TEM (Fig. 5E, F). It was also
difficult to identify the Ves with regular shape. Moreover,
both the thickness of membrane and cell size showed evident
decline, i.e., down to 116 nm and 2510 nm respectively.

In the unstained sections (exclude the influences of Pb/U
particles), it showed that excessive Cu nanoparticles
transported into the cell membranes (Fig. 6A, B). TEM im-
ages indicated that metal particles were distributed on the sur-
face of the intracellular Ves (see the circled area in Fig. 6B).

At 200 mg/L Cu2+ (Fig. 6C, D), the Ves of the cells were
obviously deformed; e.g., the edge of the cells was more ir-
regular. These evidences were consistent with the results from
the above Fig. 5E, F. Meanwhile, as the rising Cu2+ concen-
tration, Cu was adsorbed onto the intracellular Ves (see the
circled area in Fig. 6D). The sorption of heavy metals on the
cell membrane can be clearly observed under TEM (Jiang
et al. 2020a). However, there was no identifiable sorption of
Cu nanoparticles on Rho membrane (Fig. 6A, C).

Discussion

Both extra- and intracellular pathways contribute to the detox-
ification of Cu2+ in Rho. EPS are considered as critical extra-
cellular zones to shield the cells against heavy metal stress.

Fig. 2 The yields of EPS (A), proteins (per g EPS) (B), GSH (per 1010 cells) (C), and polysaccharides (per g EPS) (D) after 72-h incubation at different
Cu2+ concentrations (0, 50, 100, and 200 mg/L)
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However, EPS might have limited ability to resist Cu2+ toxic-
ity, especially under high Cu stress. Based on our results, Rho
maintained its ability regarding the production of EPS when
Cu2+ < 100 mg/L (see Fig. 2A). However, when the concen-
tration of Cu2+ arrived at 200 mg/L, the number of cells and
the EPS show a significant downward trend (Fig. 1B and Fig.
2A). Meanwhile, the removal rates of Cu2+ were almost under
the detection limit (Fig. 1A). Due to the destruction of EPS
structure by Cu2+, the cells would have higher possibility to be
exposed to the Cu2+ stress (Sheng et al. 2013). Additionally,
without EPS adsorption, the low removal rate of Cu2+ further
enhanced the contrast of cations concentration inside/outside
Rho cells, enlarging the permeability of Cu2+. The shrinkage

of the cells under TEM during the raising Cu levels also con-
firmed this rising contrast between extracellular and intracel-
lular region (due to the efflux of cell fluid to the region with
high ion concentration). Both the enhanced exposure and ion
concentration differences led to the continuous high Cu tox-
icity to Rho cells.

Formation of GSH-heavy metal complex is an important
pathway during detoxification. Many heavymetals can induce
GSH synthesis to a certain extent in microorganisms, allevi-
ating the oxidative damage (Luna et al. 1994). However, we
observed that the content of GSH remained almost unchanged
under the stimulation of Cu2+. It may be due to that high
concentration of heavy metal cations can inhibit glutathione
reductases (GR) activity (Canesi et al. 1999). This is different
from the pathways for many other heavy metal cations. For
example, the contents of GSH from EPS are enhanced under
stress of Pb2+, Hg2+, and Zn2+ (Canesi et al. 1999; Li et al.
2019). It is possible that these heavy metals own a lower rate
of oxidation process compared with Cu (Liu et al. 2014a).
Only Cd2+ shows similar strong toxicity to GSH. Therefore,
as well as Cd, the declined GSH could be due to that the GSH
formed by L-glutathione oxidized cannot make up for the
GSH consumed by detoxification (Swiergosz-Kowalewska
et al. 2006).

Redox reactions can appear in both extracellular and intra-
cellular regions under Cu2+ stress. Rho showed a reversible
valence changing from Cu2+ to Cu+, which may be related to
the oxidative function of yeast secretion in vitro (Bishop et al.
2007). Cu2+ complexed with EPS may undergo reversible
valence conversion between Cu2+/Cu+. Both oxidation and
reduction reactions were identified in EPS (see the contrast
betweenwash/no-wash treatments in Fig. 4). Cu2+ can interact
with free radicals (especially oxygen), then generate reactive
oxygen species (ROS) (including O2

−, H2O2, and OH) to
cause toxicity to microorganisms (Eqs. 1 and 2). Haber-
Weiss reaction produces highly active ·OH (Eq. 2), which is
extremely toxic:

O2−þ Cu2þ→O2þ Cuþ ð1Þ

CuþþH2O2→Cu2þþOH−þ �OH ð2Þ

Then, the strong cytotoxic effect of Cu2+ in this study may
be due to the formation of excessive free radicals in the cells
through repeated oxidation cycle, causing substantial damages
to mitochondrial lipid peroxidation and DNA (Gaetke and
Chow 2003). To the contrast, the weak toxicity of Pb to yeast
cells (based on our previous study) (Jiang et al. 2020b) may be
related to the disability of Pb to generate ·OH in cells through
Haber-Weiss reaction. It should also be addressed that the
Haber-Weiss reaction can also occur in intracellular region,
as well as in EPS. However, after removal of labile EPS, the
weak reduction intensity and the disappeared oxidation signal

Fig. 4 Electrochemical analysis of Rho cells collected from the
treatments with no Cu stress and 200 mg/L Cu2+ incubation. For the
Rho cells collected after incubated at 200 mg/L Cu2+, part of the dried
cells was also washed to remove labile EPS for comparison

Fig. 3 ATR-IR spectra of the extracted EPS from Rho after incubation at
different Cu2+ concentrations (0, 50, 100, and 200 mg/L)
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suggested the limited possibility of intracellular redox
reaction under Cu stress.

The cell membrane did not show the high ability to absorb
Cu cations as confirmed by Cu nanoparticles on cell mem-
brane (Fig. 6). The cell membrane thickness treated with
200 mg/L Cu2+ was only 1/4 of that exposed to 0 mg/L
Cu2+. Meanwhile, the membrane is more irregular and no
evident metal nanoparticles (usually is dark under TEM due
to the high atomic weight) were observed in the unstained
section (see Fig. 6C). These morphological changes of cell

membrane may be related to the conformational changes of
phospholipid molecules in cell membrane (Suwalsky et al.
1998). In addition, the increased contrast of extracellular and
intracellular ion concentrations may also lead to these defor-
mations. These phenomena will degrade the function of mem-
brane to shield against Cu cations, whereas the penetration of
Cu into cells will be enhanced. Furthermore, after EPS remov-
al, the peak values of redox and oxidation states were de-
creased or even disappeared, indicating that the redox reaction
on the cell membrane was weak (Fig. 4).

Fig. 5 Transmission electron microscope (TEM) imaging on the Rho sections (stained) after 72-h incubation at Cu2+ levels of 50 (A and B), 100 (C and
D) and 200 (E and F) mg/L
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Ves is the primary component in intracellular detoxifica-
tion (Jiang et al. 2020b). Previous studies demonstrated that
Cu cations can be transported from the cytoplasm to Ves by
metal carriers located on their membrane. Heavy metal trans-
porters and metal chelating proteins in Ves can be stored via
binding to metal cations (Miyayama et al. 2009; Nevitt et al.
2012). At 100 mg/L, a large number of Cu cations were ob-
served on the Ves (Fig. 6), which confirmed that the cells are
still functional. TEM results also indicated a significant in-
crease in the number and size of Ves with increasing Cu2+

concentration, which confirmed that the ability of intracellular
Ves to transport Cu cations was activated. However, the
shapes of the Ves were tortured under 200 mg/L Cu2+ stress
(see Fig. 5F). Then, the detoxification by Ves would be sig-
nificantly weakened. Therefore, Ves have limited ability to
assist the efflux of Cu, which is different from other heavy
metals, e.g., Ves own high ability to transport Pb cations under
up to 2500 mg/L Pb2+ stress (Jiang et al. 2020b).

EPS and intracellular Ves are functional in Cu detoxifica-
tion as Cu < 100 mg/L. However, the production of EPS and
the transportation of Ves were significantly inhibited
whenCu2+ level over 100mg/L in Rho, which greatly reduced
the ability of Cu detoxification for fungal cells. Meanwhile,
the deformation of the cell membrane caused its weakened
sorption of Cu nanoparticles. We proposed that EPS cannot
bind to abundant Cu cations, which accelerates the penetration
of Cu into intracellular region. The redox reaction in EPS

further increases Cu toxicity. Then, the contrast of Cu concen-
tration between extracellular and intracellular is enlarged.
Finally, the degraded cell membrane and Ves enhanced Cu
toxicity.
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