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Abstract
During bioleaching of Cobalt from waste lithium-ion batteries, the biooxidation activity of acidophilic bacteria is inhibited 
by a high concentration of Co ion in the liquid phase. However, the mechanism for  Co2+ toxicity to acidophilic bacteria has 
not been fully elucidated. In this study, the effects of  Co2+ concentration on the biooxidation activity for  Fe2+, intracellular 
reactive oxygen species (ROS) level and antioxidant defense systems in a mixed-culture of acidophilic bacteria (MCAB) 
were investigated. The results showed that the biooxidation activity of the MCAB was inhibited by  Co2+. Furthermore, it 
was indicated that the intracellular ROS contents of the MCAB under conditions of 0.4 M and 0.6 M  Co2+ were 2.60 and 
3.34 times higher than that under the condition of 0 M  Co2+. The increase in intracellular malondialdehyde content indicated 
that the oxidative damage was induced by  Co2+. Moreover, the antioxidant systems in MCAB were affected by  Co2+. It was 
observed that the  Co2+ exposure increased the catalase and glutathione peroxidase activities while reducing the superoxide 
dismutase activity and the intracellular glutathione (GSH) content. It was found that an exogenous GSH supplementation 
eliminated excess intracellular ROS and improved the biooxidation activity of the MCAB.
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Abbreviations
ABTS  2,2′-Azino–bis(3-ethylbenzothiazoline-6-sul-

fonic acid diammonium salt)
CAT   Catalase
Co  Cobalt
FL  Fluorescence intensity
GSH  Glutathione
GSH-Px  Glutathione peroxidase
H2O2  Hydrogen peroxide
·OH  Hydroxyl radical
LOOH  Lipoperoxide
MCAB  Mixed-culture of acidophilic bacteria

MDA  Malondialdehyde
ORP  Oxidation–reduction potential
ROS  Reactive oxygen species
O

⋅

2
  Superoxide anion

SOD  Superoxide dismutase
TBA  Thiobarbituric acid
WLIBs  Waste lithium-ion batteries

Introduction

ROS are unavoidable intermediates of various biochemical 
reactions in aerobic cellular metabolism. They are mainly 
composed of radicals such as superoxide anion ( O⋅

2
 ), 

hydroxyl radical (·OH) and non-radical oxygen species 
[e.g., hydrogen peroxide  (H2O2)] generated by the partial 
reduction of oxygen (Ray et al. 2012). Low levels of ROS 
are essential for cells to perform their biological functions 
because they are involved in regulations of many important 
cellular pathways (Wang et al. 2015). Excessive ROS could 
lead to lipid peroxidation, DNA damage, membrane damage, 
mutagenesis, cellular aging and apoptosis (Liu et al. 2014).

Organisms have two antioxidant systems for the elimi-
nation of ROS, namely enzymatic and non-enzymatic 
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antioxidant systems. The former mainly contains SOD, CAT, 
thiol/disulfide system and the glutathione system. The lat-
ter includes some small-molecule antioxidants such as GSH 
and phenolics. Normally, a balance between ROS produc-
tion and clearance is maintained under the synergistic action 
of antioxidant enzymes and small molecule antioxidants in 
organisms. However, the ROS induced by heavy metals 
may destroy the balance and lead to the oxidative damage 
of organisms (Wang et al. 2015).

Cobalt is an important industrial metal with various appli-
cations (Chen et al. 2016). Because of its excellent physi-
cal, chemical and mechanical properties, cobalt is used in 
many different products, such as alloys, magnetic materials 
and catalysts (Mudd et al. 2013). Cobalt is also widely used 
in lithium-ion batteries (Chen et al. 2017). With the rapid 
development of lithium-ion battery market, cobalt consump-
tion is increasing rapidly (Mudd et al. 2013). However, it is 
quite difficult to obtain cobalt because there are not many 
Co-dominant mines (Chen et al. 2016). Cobalt usually exists 
in Cu and Ni ores as an associated metal, and the recovery 
rate of Co from these ores is usually low (Mudd et al. 2013). 
Nowadays, a large amount of cobalt is deposited in mine 
tailings, smelter slags, or electronic wastes. Among them, 
WLIBs are an important source of cobalt. Therefore, it is 
desirable to recover cobalt from WLIBs.

Bioleaching is considered a promising technology for 
cobalt recovery from WLIBs owing to its low costs and 
environmentally friendliness. Acidophilic bacteria, such 
as Acidithiobacillus ferrooxidans, Sulfobacillus thermo-
sulfidooxidans, Leptospirillum ferriphilum, Acidithioacil-
lus thiooxodans and Alicyclobacillus acidocaldarius are 
commonly studied for bioleaching of metals from e-wastes 
(e.g., WLIBs), metal oxides and sulfide ore (Wu et al. 2018). 
Mixed cultures have shown better performances in metal 
recovery than pure cultures (Jiang et al. 2017; Liang et al. 
2013). Several researchers have studied the bioleaching of 
cobalt from WLIBs using these acidophilic bacteria (Xin 
et al. 2016; Zeng et al. 2013). The low pulp density is one of 
the most frequently encountered problems in bioleaching of 
WLIBs (Xin et al. 2016). Many optimization strategies have 
been tried to resolve the problem, such as the control of pH 
(Xin et al. 2016), the use of a different energy source (among 
S,  Fe2+ or  FeS2) (Mishra et al. 2008) and the addition of a 
catalyst (Zeng et al. 2012). However, few have focused on 
the  Co2+ stress in acidophilic bacteria. During the bioleach-
ing of cobalt from WLIBs, the biooxidation activity of bac-
teria is negatively affected by the accumulation of  Co2+, and 
the decreased bacterial activity requires a low pulp density.

Compared with many other heavy metal ions, the toxic-
ity of  Co2+ is relatively limited, but exposure to  Co2+ can 
still cause certain damages to organisms (Barras and Fonte-
cave 2011). Exogenous  Co2+ in soil stunted the growth of 
pak choi (Liu et al. 2018). The viability, development and 

behavior of aquatic species are affected by  Co2+ (Zeeshan 
et al. 2017). The growth of Escherichia coli is stopped by 
 Co2+ at a higher concentration (> 1 mM) (Barras and Fonte-
cave 2011). Co toxicity has been explained using its redox 
properties and chemical affinity for sulfur atoms (Barras and 
Fontecave 2011). Because of its redox properties, Co could 
catalyze the generation of ROS and lead to the oxidative 
damage of cells. However, few studies have addressed the 
effect of oxidative stress induced by  Co2+ on acidophilic 
bacteria.

This work investigated the effects of oxidative stress 
induced by the  Co2+ exposure on the MCAB during the 
bioleaching of WLIBs. The production of ROS and the 
damage of cells under different concentrations of  Co2+ were 
assessed. The effects of  Co2+ on total antioxidant activity 
(TAA) and reactive oxygen radical scavenging activity 
(RSA) in the MCAB were studied. In addition, the response 
of various antioxidant systems in the MCAB, namely enzy-
matic and non-enzymatic antioxidant systems, were investi-
gated at different concentrations of  Co2+. The effect of exog-
enous GSH on the activity of the MCAB was also studied. 
This study could provide a novel approach to regulate the 
bioleaching process of WLIBs.

Materials and methods

Bacteria and materials

The MCAB was provided by a gold mine in China and has 
been domesticated for several years in previous studies (Wu 
et al. 2018) to achieve a high bacterial biooxidation activity 
for  Fe2+. In this work, the metatranscriptomic analysis was 
used to determine the original community structure of the 
MCAB. Briefly, total RNA was extracted from MCAB using 
Trizol (Invitrogen, Shanghai, China) followed by DNase 
digestion and RNase column purification. The quality of 
RNA was detected by 1% agarose gel electrophoresis. Then 
the rRNA was removed using Ribo-Zero rRNA Removal 
Kits (Illumina, Shanghai, China). The metratranscriptomic 
RNA library was obtained by TruSeq™ RNA Sample Prep 
Kit (Illumina, Shanghai, China), and was amplified using 
HiSeq  3000/4000 PE Cluster Kit (Illumina, Shanghai, 
China). The amplified products were sequenced by an Illu-
mina Hiseq 3000 (Illumina, Shanghai, China). The raw data 
were stored in Sequence Read Archive (SRX5575021). After 
quality control, all sequences were annotated to indicate 
taxonomic level using Non-Redundant Protein Sequence 
Database. The community structure was defined based on 
the assigned annotation. The result was shown in Fig. 1. The 
predominant organisms were L. ferriphilum, A. acidocaldar-
ius and S. thermosulfidooxidans. 9 K medium was adopted 
to culture the MCAB. It contained the following: 3.0 g 
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 (NH4)2SO4, 0.1 g KCl, 0.5 g  MgSO4·7H2O, 0.5 g  K2HPO4, 
0.01 g Ca(NO3)2, 44.2 g  FeSO4·7H2O and 0.2 g yeast extract 
in 1 L distilled water. The initial pH was adjusted to 1.20 
by sulfuric acid. The MCAB was cultivated in a rotary 
shaker (TQHZ-2002A, Taicang, Jiangsu, China) at 42 °C 
and 180 rpm.

Effect of  Co2+ on bacterial activity

Tests were carried out in a 250 mL Erlenmeyer flask with 
90 mL 9 K medium and 10 mL seed culture of the MCAB. 
Different amounts of  CoSO4·7H2O were added into the 9 K 
medium to obtain the final concentrations of  Co2+ at 0 M, 
0.2 M, 0.4 M and 0.6 M. Samples were collected every 12 h 
to analyze pH, oxidation-reduction potential (ORP),  Fe2+ 
concentration and bacterial number. Samples were collected 
at 48 h to analyze the relative abundance of communities. 
Acidophilic bacteria can be used for the bioleaching of 
cobalt from WLIBs, and the growth of acidophilic bacteria 
need to obtain energy from the biooxdation of  Fe2+. Thus, 
when the iron-oxidation capability of bacteria decreases, 
the activity of acidophilic bacteria is likely inhibited. A low 
activity of acidophilic bacteria leads to a large decline in 
bioleaching efficiency of Co from WLIBs (Niu et al. 2014). 
Therefore, it is useful to use the bacterial iron-oxidation 
capability as a characterization index of bacterial activity.

pH and ORP were measured by a pH and Eh meter 
(Model FE20, Mettler, China). The concentration of  Fe2+ 
was measured by titration (Wu et al. 2018). The bacterial 
number was counted under a microscope using a hemo-
cytometer. The relative abundance of communities in the 
cells was analyzed in the V4 region of 16S rDNA using a 
high-throughput DNA sequencing technique. Briefly, one 

milliliter of MCAB culture at 48 h incubation was collected, 
the cells were harvested by centrifugation at 16,000g for 
5 min at room temperature. The DNA was extracted by 
Power Soil DNA Isolation Kit (MO BIO Inc., USA). Then 
the V4 region of 16s rDNA was amplified using PCR prim-
ers: 338F (5-ACT CCT ACG GGA GGC AGC AG-3) and 806R 
(5-GGA CTA CHVGGG TWT CTAAT-3). After that, the 
amplified products were sequenced by Illumina Hiseq 3000 
(Illumina, Shanghai, China), and then the sequence data 
were aligned by BLAST in the Silva database.

Cell extract preparation

Two liters of a MCAB culture in its late exponential growth 
phase was collected. Bacteria were harvested by centrifuga-
tion at 16,000g for 5 min at room temperature. They were 
then resuspended in 100 mL of fresh 9 K medium as a bac-
terial concentrate and shaken for 30 min at 42 °C, 180 rpm. 
After that, the cells were collected by centrifugation and 
were resuspended again in fresh 9 K medium supplemented 
with 0 M, 0.2 M, 0.4 M or 0.6 M  Co2+. Then, the culture 
was incubated in a water bath for 1 h at 42 °C. Afterwards, 
the cells were collected by centrifugation, followed by 
washing one time with fresh 9 K medium (pH 1.2, without 
 FeSO4·7H2O) and then washing twice with a buffer (30 mM 
Tris–HCl, 30 mM NaCl, pH 8.0) in an ultrasonic bath. Cell 
extract was prepared by ultrasonic disruption in the buffer. 
The protein concentration in the cell extract was measured 
with the Bradford assay (Bradford 1976).

Determinations of ROS and MDA

The intracellular level of total ROS was measured using 
the Reactive Oxygen Species Assay Kit (Beyotime, China). 
Cells were resuspended in fresh 9 K medium supplemented 
with 0 M, 0.2 M, 0.4 M or 0.6 M  Co2+ and cultured for 
1 h at 42 °C. The ROS was measured by DCFH-DA assay 
according to kit instructions. The fluorescence intensity (FL) 
was determined using a micro-plate reader (VARIOSKAN 
LUX, Thermo Fisher, Finland). The ratio of FL to protein 
concentration was defined as the intracellular ROS content 
(FL/protein).

The content of MDA was measured from the productions 
of MDA and thiobarbituric acid (TBA) following Draper and 
Hadley (1990).

Total antioxidant activity and reactive oxygen 
radical scavenging activity assay

Total antioxidant activity of the MCAB extracts was meas-
ured by 2,2′-azino–bis(3-ethylbenzothiazoline-6-sulfonic 
acid diammonium salt) (ABTS) assay, as described pre-
viously (Re et  al. 1999). The O⋅

2
 scavenger ability was 

Fig. 1  Community composition of the mixed culture of acidophilic 
bacteria used in this work
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measured according to Liu et al. (2014). Briefly, the O⋅

2
 scav-

enger ability was determined by the inhibition ratio between 
autoxidation and oxidation rate with the addition of MCAB 
extracts. The ·OH scavenger activity was assessed by the 
method used by Liu et al. (2014). The assay was conducted 
by mixing 1.5 mM  FeSO4, 6 mM  H2O2, 20 mM sodium 
salicylate and MCAB extracts. After the mixture was incu-
bated in dark for 30 min, the absorbance of the mixture 
was measured at 562 nm.  H2O2 decomposition activity was 
determined according to Liu et al. (2014) with minor modi-
fication. Briefly, the assay was performed by mixing MCAB 
extracts and 0.1 mM  H2O2 with the volume ratio of 1:1. The 
mixture was incubated for 30 min at 30 °C in the dark, and 
then 1 M KI was added. After 10 min, the mixture’s absorb-
ance was measured at 390 nm.  H2O2 decomposition activity 
was determined by measuring the reduction of  H2O2.

Antioxidant assay

SOD activity was estimated according to Marklund and 
Marklund (1974). Briefly, 0.1 mL MCAB extracts was 
added into 2.5 mL Tris–HCl buffer (0.1 M, pH 8.0) at 
25 °C. After 0.15 mL pyrogallol (4.5 mmol/L) was added, 
the changes of absorbance at 320 nm were measured for 
3 min. The SOD activity was quantified by the inhibition of 
pyrogallol self-oxidation. The water was used to determine 
the self-oxidation rate. The SOD quantity that inhibits the 
autoxidation of pyrogallol by 50% is defined as one SOD 
unit. The activity of GSH-Px was measured according to 
Aydin et al. (2001). Briefly, the reaction mixture contained 
50 mmol/L Tris buffer (pH 7.6), 2 mmol/L reduced glu-
tathione, 1 mmol/L  Na2EDTA, 4 mmol/L sodium azide, 
0.2 mmol/L NADPH and 1000 U glutathione reductase 
(GR). After mixing and incubating 50 µL MCAB extracts 
and 950 µL reaction mixture for 5 min at 37 °C, the reac-
tion was initiated with 8.8 mmol/L  H2O2. The decrease 
of absorbance at 340 nm was measured for 2 min. One 
GSH-Px unit was defined as 1 mmol of GSH oxidized/min. 
CAT activity was estimated according to Xu et al. (2015). 
The reaction mixture contained 2.5 mL PBS (50 mM, pH 
7.4), 0.5 mL MCAB extracts. The reaction was initiated 
with 0.1 mL  H2O2 (0.1 M). The changes in absorbance at 
240 nm were measured for 3 min. The amount of enzyme 
that decomposed 1 µmol  H2O2 in 1 min was defined as 
one CAT unit. The content of GSH was determined by the 
method of Ellman (Ellman 1959; Liu et al. 2014). Briefly, 
the mixture contained 0.5 mL Tris–HCl (0.25 M, pH 8.0), 
0.25 mL methanal (3%) and 0.25 mL MCAB extracts. After 
the mixture was incubated for 20 min, 3 mL 5,5-dithiobis-
2-nitrobenzoic acid (1 mM) was added. Then the mixture 
kept at room temperature for 5 min. The absorbance of the 
mixture was measured at 412 nm. Total phenolic contents 

were estimated by Folin–Ciocalteau method according to 
Cheung et al. (2003).

Effect of exogenous GSH on intracellular ROS 
content and bacterial growth

The determination of ROS and MDA were similar to 
Sect. 2.4. The difference was that the cells were resuspended 
in fresh 9 K medium containing 0.4 M  Co2+ with or without 
0.30 g/L GSH.

Different concentrations of GSH (0 g/L, 0.1 g/L, 0.3 g/L, 
0.5 g/L) was added to the 9 K Medium containing 0.4 M 
 Co2+ with 10% (v/v) inoculum. Incubation was carried out 
in a rotary shaker at 42 °C and 180 rpm. Samples were with-
drawn twice a day to analyze pH, ORP and  Fe2+ concentra-
tion. Samples were collected at 48 h to analyze the relative 
abundance of communities.

Different amounts of  CoSO4·7H2O were added to the 9 K 
medium to reach final concentrations of  Co2+ at 0 M, 0.2 M, 
0.4 M and 0.6 M with and without 0.3 g/L GSH. Samples 
were withdrawn twice a day to analyze pH, ORP and  Fe2+ 
concentration.

Statistical analysis

In this work, all tests under different conditions of 0 M, 
0.2 M, 0.4 M and 0.6 M  Co2+ were conducted in three cul-
ture replicates and all of the above analytical tests were 
carried out in triplicates. Mean values with the standard 
deviations were shown. P < 0.05 was adopted for statistical 
significance.

Results

Effect of  Co2+ on bacterial activity

During the bioleaching of WLIBs, researchers typically kept 
a low pulp density of WLIBs (few moved above 4.0% w·v−1) 
even though many optimization strategies, such as the con-
trol of pH (Xin et al. 2016) and the addition of a catalyst 
(Zeng et al. 2012), had been explored. The Co concentra-
tion in the pulp density of 4.0% (w·v−1)  LiCoO2 (a most 
studied cathode active material of WLIBs) is about 0.4 M. 
Accordingly, Co concentrations of 0 M, 0.2 M, 0.4 M and 
0.6 M were selected to investigate the toxicity of  Co2+ on 
the MCAB. In this work,  Fe2+ was the main energy source 
for the MCAB, so the energy uptake by the MCAB could be 
gauged by measuring the change of the  Fe2+ concentration. 
It was demonstrated by Liu et al. (2017) that at low pH, 
the chemical oxidation rate of  Fe2+ was far slower than the 
biooxidation rate of  Fe2+. As shown in Fig. 2a, the pH in the 
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Fig. 2  Changes of pH (a), ORP (b),  Fe2+ concentration (c) and bacte-
rial number (d) with time under condition of different  Co2+ concen-
trations in biooxidation for  Fe2+. Community composition (e) at 48 h 

incubation under condition of different  Co2+ concentrations. The tests 
were conducted in three culture replicates and P < 0.05 was adopted 
for statistical significance
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culture medium gradually increased with time, but the pH 
increase was suppressed by an increased  Co2+ concentration.

As shown in Eq. (1), the biooxidation of  Fe2+ was an 
acid-consuming process. The more acid consumed in the 
culture means the higher biooxidation activity of the bac-
teria. Ballor et al. (2006) demonstrated that ORP can be 
used to indicate bacterial biooxidation activity. It is shown 
in Fig. 2b that the ORP under the condition of 0 M  Co2+ rose 
from 398 mV to 671 mV rapidly, but the ORP values under 
the conditions of 0.4 M and 0.6 M  Co2+ were still less than 
480 mV after 84 h. It indicated that the biooxidation activ-
ity of the MCAB was inhibited by  Co2+. These results were 
confirmed by Fig. 2c, which shows that the consumption of 
 Fe2+ decreased with more  Co2+. As shown in Fig. 2d, the 
MCAB biomass decreased with the increase of  Co2+ con-
centration in the first 48 h. The biomass reached to 11.89, 
4.51, 3.12 and 1.89 (× 107 cells/mL) under the conditions of 
0 M, 0.2 M, 0.4 M and 0.6 M  Co2+, respectively. The result 
indicated that the growth of the MCAB was inhibited by 
 Co2+. As shown under the conditions of 0 M and 0.2 M  Co2+ 
in Fig. 2c, d, the biomass did not appear to decrease imme-
diately after the  Fe2+ was exhausted. This trend might be 
due to the fact that the  Fe2+ was not the sole energy source 
in the medium, the MCAB could also use yeast extract as an 
energy source when  Fe2+ was exhausted. Xue et al. (2014) 
reported S. thermosulfidooxidans was a mixotroph which 
could use both  Fe2+ and yeast extract as energy source. But 
L. ferriphilum was a chemolithoautotroph which could only 
utilize the  Fe2+ as energy source (Zhang et al. 2010). The 

(1)4Fe
2+

+ 4H
+
+ O

2

Bacteria

⟶ 4Fe
3+

+ 2H
2
O.

biooxidation of  Fe2+ by S. thermosulfidooxidans could be 
accelerated by the addition of yeast extract, and S. thermo-
sulfidooxidans could easily switch from autotrophic growth 
to heterotrophic growth when yeast extract was the sole sub-
strate (Norris et al. 1996). However, high concentration of 
yeast extract have a toxic effect on chemolithoautotrophic 
bacteria (Van Hille et al. 2009), so only a small amount of 
yeast extract (0.2 g/L) was added into the medium in this 
test. After 48 h, the biomass decreased under the conditions 
of 0 M and 0.2 M  Co2+.

As shown in Fig. 2e, the relative abundances of L. fer-
riphilum and S. thermosulfidooxidans in the MCAB were 
much more than others. The high proportion of those two 
strains (about 99.0%) indicates that L. ferriphilum and S. 
thermosulfidooxidans were the dominate strains in the 
MCAB. Moreover, the concentration of  Co2+ did not change 
the species in the MCAB, but rather the relative abundance 
of the two strains. The relative abundance of L. ferriphilum 
increased from 38.4% at 0 M  Co2+ to 93.9% at 0.6 M  Co2+. 
Apparently, it had a higher cobalt resistance than that of S. 
thermosulfidooxidans. There might be many reasons for the 
effect of  Co2+ on the biooxidation activity of the MCAB. 
 Co2+ can enhance the generation of ROS, which could be the 
reason for cobalt toxicity in the MCAB (Kubrak et al. 2012).

Effects of  Co2+ on intracellular ROS and MDA

ROS are unavoidable intermediates in the process of 
microbial growth and metabolism, which can participate 
in many biochemical reactions. However, excessive ROS 
have negative effects on bacterial biooxidation activities. 
As shown in Fig. 3a, the contents of the intracellular ROS 
in the MCAB under the conditions of 0.4 M and 0.6 M 

Fig. 3  Intracellular levels of ROS (a) and MDA (b) after incubation for 1 h under condition of different  Co2+ concentrations. The tests were con-
ducted in three sample replicates and P < 0.05 was adopted for statistical significance
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 Co2+ were 2.60 and 3.34 times higher than that under the 
condition of 0 M  Co2+. The result proved that the pres-
ence of  Co2+ did enhance the generation of ROS in the 
MCAB. Fantino et al. (2010) also found that the content 
of ROS in E. coli was increased by a high concentration of 
 Co2+. Jomova and Valko (2011) believed that  Co2+ would 
react with oxygen or hydrogen peroxide to produce ROS 
through Fenton-type reactions.

The intracellular MDA concentration can serve as a bio-
marker for oxidative stress and lipid peroxidation (Zheng 
et al. 2018). It is shown in Fig. 3b that the intracellular 
MDA concentration of the MCAB increased with the con-
centration of  Co2+. This suggests that the presence of  Co2+ 
could cause lipid peroxidation in the MCAB cells, which is 
in agreement with the findings of several other researchers 
(Garoui et al. 2013; Lwalaba et al. 2017).

Total antioxidant activity and radical scavenging 
activity analysis

Under normal conditions, ROS are produced continuously, 
and the radical scavenging system of microorganisms elimi-
nate these ROS in time so that there is a dynamic balance 
between ROS production and elimination.  Co2+ can disrupt 
this balance leading to oxidative damage in bacterial cells. 
Thus, the radical scavenging system of the MCAB can be 
disrupted by  Co2+. In this section, the effect of  Co2+ on the 
total antioxidant activity and the radical scavenging activity 
of the MCAB were investigated, and the results are shown 
in Fig. 4.

The total antioxidant activities of the MCAB were evalu-
ated by the  ABTS·+ radical method (Liu et al. 2014). As 
shown in Fig. 4a, the total antioxidant activities of the 

Fig. 4  Total antioxidant activity (a), O⋅

2
 scavenger activity (b),  H2O2 

decomposition activity (c) and ∙OH scavenger activity (d) of MCAB 
after incubation for 1  h under condition of different  Co2+ concen-

trations. The tests were conducted in three sample replicates and 
P < 0.05 was adopted for statistical significance
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MCAB decreased with an elevated concentration of  Co2+. 
The result suggests that the radical scavenging system in the 
MCAB was disrupted by  Co2+, which led to the accumula-
tion of ROS. ROS are mainly composed of O⋅

2
 , ·OH and 

 H2O2. Radical scavenging activities are also used as indica-
tors of antioxidant activities (Liu et al. 2014). As shown in 
Fig. 4b, the O⋅

2
 scavenger activity dropped from 32.3% at 

0 M  Co2+ to 8.6% at 0.6 M  Co2+. The result indicates that 
 Co2+ inhibited the O⋅

2
 scavenger activity of the MCAB. As 

shown in Fig. 4c,  Co2+ promoted the  H2O2 decomposition 
activity of the MCAB. The  H2O2 decomposition activity 
increased from 60.6% at 0 M  Co2+ to 92.7% at 0.6 M  Co2+. 
This might be because Co treatment could increase the activ-
ity of some antioxidant enzymes, such as CAT and GSH-Px. 
Those enzymes could catalyze  H2O2 to produce water and 
oxygen.  Co2+ had little effect on the ·OH scavenger activity 
of the MCAB as indicated by Fig. 4d.

Effects of  Co2+ on antioxidant enzymes and small 
molecule antioxidants

The ability of bacteria to remove ROS is mainly achieved 
by two major antioxidant systems, namely enzymatic and 
non-enzymatic antioxidant systems. SOD, CAT and GSH-Px 
are common antioxidant enzymes in most bacteria, and the 
effects of  Co2+ on those enzymes’ activities of the MCAB 
are shown in Fig. 5.

SOD is an important antioxidant enzyme which catalyzes 
the disproportionation of O⋅

2
 . It is illustrated by Fig. 5a that 

the SOD activity showed a rapid decline with the increasing 
concentration of  Co2+. This means that the SOD activity was 
inhibited by  Co2+ aggressively. Kurhaluk and Tkachenko 
(2016) reported that Co-treatment led to a significant 
decrease in the SOD activity.

CAT is a terminal oxidase which also widely exists in 
animals, plants and microorganisms. It can catalyze  H2O2 
to produce water and oxygen. It is shown in Fig. 5b that the 
CAT activity under the condition of 0.6 M  Co2+ was 2.13 
times higher than that under the condition of 0 M  Co2+. The 
result is in agreements with the findings by Lwalaba et al. 
(2017). Their Co-treatment resulted in the increase of CAT 
activity.

GSH-Px can catalyze the reaction of GSH with  H2O2. 
It can also block the secondary reaction of free radicals 
induced by lipoperoxide (LOOH) and reduce the damage of 
LOOH to organisms (Brigelius-Floh et al. 2009). As shown 
in Fig. 5c, the GSH-Px was increased by the addition of 
 Co2+.

Small molecule antioxidants can directly participate in 
the reduction of ROS and play an important role in maintain-
ing the balance between antioxidant defense and ROS pro-
duction in bacteria. The GSH content in the MCAB under 
different concentrations of  Co2+ is shown in Fig. 5d. GSH 

decreased from 22.7 µmol/L at 0 M  Co2+ to 14.2 µmol/L at 
0.6 M  Co2+, indicating that the production of intracellular 
GSH was inhibited by  Co2+.

Phenolics are also important small molecule antioxidants, 
which have strong ROS scavenging capacities. Phenolics 
were detected in the MCAB, but their contents were not 
affected by  Co2+ as shown in Fig. 5e.

Impact of exogenous GSH on intracellular ROS 
and biooxidation activity of MCAB

GSH can help microorganisms to resist oxidative stress and 
metal ion toxicity by eliminating intracellular ROS (Mul-
ler 2011). Several studies (Goswami et  al. 2006; Wang 
et al. 2016) reported that the activity of bacteria could be 
improved by adding exogenous GSH. The effect of exog-
enous GSH on the MCAB which exposure to 0.4 M  Co2+ is 
shown in Fig. 6.

It is illustrated by Fig. 6a that the level of intracellular 
ROS was decreased by the addition of 0.3 g/L GSH. More-
over, as shown in Fig. 6b, the content of MDA was also 
reduced by the exogenous GSH. Thus, the exogenous GSH 
supplementation not only eliminated excess intracellular 
ROS, but also reduced lipid peroxidation of the MCAB. It 
is indicated by Fig. 6c, d that the biooxidation activity for 
 Fe2+ by the MCAB was improved by the exogenous GSH 
supplementation and the optimal activity was attained when 
0.3 g/L GSH was added. There was a trend that ORP and 
the biooxidation of  Fe2+ under the condition of 0.5 g/L GSH 
were less than those of 0.3 g/L GSH. The trend is due to that 
intracellular ROS are essential for cells to perform their bio-
logical functions, so too low levels of ROS have a negative 
effect on cells. Excessive concentration of GSH may lead to 
too low levels of ROS which inhibit the biooxidation activ-
ity of MCAB. Hu et al. (2004) reported that the bioleaching 
of sphalerite by Thiobacillus ferrooxidans could be greatly 
improved at the concentration of l-cysteine less than 0.4 g/L 
but markedly inhibited at the concentration above 0.6 g/L. 
As GSH contains l-cysteine, the report indicates that an 
optimal concentration of exogenous GSH supplementation 
exists. As shown in Fig. 6d, e, the planktonic cell count in 
the MCAB did not increase significantly with a higher con-
centration of exogenous GSH and the microbial community 
composition of the MCAB shifted slightly as well with the 
relative abundances of L. ferriphilum in all groups around 
80.0%. The biooxidation activities for  Fe2+ by the MCAB 
at different concentrations of  Co2+ in the presence 0.3 g/L 
exogenous GSH are shown in Fig. 7a, b. It demonstrates 
that the biooxidation activity was improved by 0.2 M and 
0.4 M  Co2+ concentrations, but not by 0 M and 0.6 M  Co2+ 
concentrations. This might be due to the fact that the oxida-
tive stress on the MCAB was not strong under the condi-
tion of 0 M  Co2+, so the biooxidation activity of the MCAB 
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Fig. 5  SOD (a), CAT (b) and GSH-Px (c) activities, GSH (d) and phenolic (e) contents of MCAB after incubation for 1 h under condition of dif-
ferent  Co2+ concentrations. The tests were conducted in three sample replicates and P < 0.05 was adopted for statistical significance
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Fig. 6  Intracellular levels of ROS (a) and MDA (b) after incubation 
for 1 h under condition of 0.4 M  Co2+ with and without 0.3 g/L GSH. 
Time period evaluation of ORP (c),  Fe2+ concentration (d) and bac-
terial number (e) under condition of 0.4 M  Co2+ with different con-

centrations of GSH in biooxidation for  Fe2+. Community composition 
(f) at 48  h incubation under 0.4  M  Co2+ with different  concentra-
tions of GSH. The tests were conducted in three culture replicates and 
P < 0.05 was adopted for statistical significance
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was not enhanced by GSH. However, under the condition 
of 0.6 M  Co2+, the oxidative stress on the MCAB was too 
severe for GSH to be effective. These results are confirmed 
by Fig. 7c. It shows that the levels of intracellular ROS under 
the condition of 0 M  Co2+ were only 1.63 FL/protein without 
GSH and 1.53 FL/protein with GSH. However, the level of 
intracellular ROS under the condition of 0.6 M  Co2+ was as 
high as 5.08 FL/protein even with 0.3 g/L GSH. Moreover, 
the level of intracellular ROS decreased most significantly 
under the conditions of 0.2 M and 0.4 M  Co2+ concentra-
tions. The results here demonstrate that an exogenous GSH 
supplementation could improve the bioxidation activity by 
reducing intracellular ROS if the  Co2+ concentration was 
not too high.

Discussion

Cobalt is an important component in lithium-ion batteries 
used to improve performances. However, cobalt resources 
are scarce and the price of cobalt is high. With electric 
vehicles gaining popularity, the demand for cobalt is fur-
ther expanding. When lithium-ion batteries reach their ser-
vice life, recovering cobalt from WLIBs can not only reduce 
environmental pollution but also avoid the waste of cobalt 
resources. Bioleaching, as a green metal recovery technol-
ogy, can be used to recover cobalt from WLIBs.

Acidophilic bacteria are commonly used for bioleaching, 
which live in the environment with the characteristics of 
high acidity, high pulp concentration and high metal ion 

Fig. 7  Changes of ORP (a) and  Fe2+ concentration (b) with time 
under condition of different  Co2+ concentrations with and without 
0.3 g/L GSH in biooxidation for  Fe2+. Intracellular levels of ROS (c) 
after incubation for 1 h under the condition of different  Co2+ concen-

trations with and without 0.3 g/L GSH. The tests were conducted in 
three culture replicates and P < 0.05 was adopted for statistical sig-
nificance
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concentration. Such an environment can easily stimulate 
the production of intracellular ROS, so acidophilic bacteria 
should contain an antioxidant system for the depletion of 
ROS. Cardenas et al. (2012) demonstrated that almost all 
bioleaching microorganisms contain at least one copy of a 
superoxide dismutase-encoding gene (Cu/Zn-SOD, Fe/Mn-
SOD or Ni-SOD). However, there are no genes predicted to 
encode for SOD in Leptospirillum species (Cardenas et al. 
2012), but Ferrer et al. (2016) detected the SOD activity 
when studying the antioxidant activity of Leptospirillum 
CF-1. They believe that the SOD activity of strain CF-1 
came from a non-proteinaceous metabolite. The activity 
of CAT, SOD and the glutathione reductase system were 
detected when Zheng et al. (2018) investigated the effects of 
cadmium exposure on expression of glutathione synthetase 
system genes in A. ferrooxidans, which was a bacterium in 
the MCAB in this work. All these studies confirmed that 
the acidophilic bacteria have antioxidant activities. How-
ever, there are very few reports about oxidative stress and 
antioxidant defenses in acidophilic bacteria in response to a 
heavy metal ion exposure. Thus, more efforts are required to 
explore the effects of ROS on acidophilic bacteria.

In the bioleaching of cobalt from WLIBs, a high concen-
tration of  Co2+ affects the activity of bacteria. Therefore, in 
this work, the cobalt sulfate was used to simulate the toxicity 
of  Co2+ to acidophilic bacteria and the results demonstrated 
that the biooxidation activity of acidophilic bacteria was 
indeed inhibited by  Co2+ (Fig. 2). So far, there are only a few 
reports about the effect of  Co2+ on acidophilic bacteria, and 
the study on cobalt resistance by acidophilic bacteria is still 
lacking. Barras and Fontecave (2011) summarized the cobalt 
resistance mechanism of E. coli and Salmonella enterica, 
and found that the genes involved in the biosynthesis of Fe-S 
clusters were related to the Co efflux.

The community structure of MCAB was changed in this 
work. The original predominate organisms in MCAB were L. 
ferriphilum, A. acidocaldarius and S. thermosulfidooxidans, 
but under the condition of 0 M  Co2+ at 48 h incubation, L. 
ferriphilum and S. thermosulfidooxidans were the dominate 
organisms, and reached to 38.4% and 61.6%, respectively. 
The addition of 0.2 g/L yeast extract might be the reason 
for the change of the relative abundances of these species. 
S. thermosulfidooxidans could use yeast extract as a carbon 
source and energy source (Xue et al. 2014), but L. ferriphi-
lum could only utilize  CO2 as carbon source (Tyson et al. 
2004). The yeast extract promotes the growth of S. thermo-
sulfidooxidans. What’s more, with the increased concentra-
tion of  Co2+, the relative abundances of different species in 
MCAB were changed. The relative abundance of L. ferriphi-
lum increased from 38.4% at 0 M  Co2+ to 93.9% at 0.6 M 
 Co2+, while that of S. thermosulfidooxidans decreased from 
61.6% to 5.7%. It is shown that L. ferriphilum has higher 
cobalt resistance than S. thermosulfidooxidans. Tian et al. 

(2007) reported that the maximum metal concentrations 
whereby metabolic activity of L. ferriphilum still occurred 
were 5–10 mM  (Co2+) and 30–40 mM  (Ni2+). As there are 
few reports on cobalt resistance of S. thermosulfidooxidans, 
nickel resistance is selected to interpret the metal resistance 
of MCAB because the properties of cobalt and nickel are 
similar. Nies (1999) demonstrated that nickel toxicity was 
comparable to that of cobalt. Dopson et al. (2003) found 
that the maximum metal concentration whereby meta-
bolic activity of S. thermosulfidooxidans still occurred was 
5 mM  Ni2+. Those reports support that L. ferriphilum could 
tolerate a higher concentration of  Ni2+ and  Co2+ than S. 
thermosulfidooxidans.

It is indicated by Fig. 3 that the oxidative stress and oxi-
dative damage caused by the addition of  Co2+ were impor-
tant factors leading to the inhibition of bacterial biooxida-
tion activity. The oxidative stress caused by  Co2+ was also 
reflected in other organisms (Harrison et al. 2009). The rise 
of ROS may be due to two factors: (1) The generation of 
ROS could be catalyzed by Co through Fenton-type reac-
tions (Barras and Fontecave 2011). Leonard et al. (1998) 
demonstrated that ROS is able to be generated by the reac-
tion of  Co2+ with  H2O. (2) The antioxidant system in acido-
philic bacteria may be disrupted by the addition of  Co2+. As 
a result, the intracellular ROS could not be removed effec-
tively. As shown in Fig. 4a, the total antioxidant activity of 
the MCAB was inhibited by  Co2+. This confirms that the 
disorder of antioxidant system in acidophilic bacteria in the 
MCAB was caused by  Co2+.

The antioxidant activity of acidophilic bacteria was mani-
fested by antioxidant enzymes and small molecule antioxi-
dants. SOD could catalyze the disproportionation of O⋅

2
 to 

produce hydrogen peroxide and oxygen. Then the hydrogen 
peroxide was decomposed to water by the catalysis of CAT 
and GSH-Px. The decrease of SOD activity indicated that 
the antioxidant system of acidophilic bacteria in the MCAB 
was disrupted by the addition of  Co2+. The increase of CAT 
and GSH-Px activity was the response of the antioxidant to 
prevent cells from oxidative damages.

In addition to antioxidant enzymes, small molecule anti-
oxidants (such as ascorbate, cobalamin and GSH) also play 
an important role in the resistance of the oxidative stress. 
Ascorbate is an effective antioxidant which is beneficial con-
trol of lipid peroxidation of cellular membranes (Bendich 
et al. 1986). But ascorbate could be oxidized rapidly (about 
6 h) by air in the aqueous solution, and the oxidation of 
ascorbate could be accelerated by  Fe2+ and  Cu2+. The 9 K 
medium used in this work contains a high concentration of 
 Fe2+, so it may be not a good idea to use ascorbate as ROS 
scavenger in this paper. Cobalamin is a cobalt-coordinated 
tetrapyrrole which can participate in anti-oxidative protec-
tion (Sakultung et al. 2008). Ferrer et al. (2016) found that 
the exogenous addition of cobalamin in Leptospirillum 
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group II strain CF-1 reduced the level of intracellular ROS 
and stimulated the growth and survival of cells when the 
cells were exposed to oxidative stress. Cobalamin is stable 
at pH 4.5–5.0 and decomposes in strong acid (pH < 2.0). The 
MCAB used in this work grows under the condition of pH 
1.20, so the addition of cobalamin may be not suitable for 
anti-oxidative protection of MCAB in this paper. However, 
cobalamin may have an active effect on the cobalt-induced 
anti-oxidation when the microorganism lives in the condi-
tion of pH > 2.0. GSH is one of the most commonly used 
small-molecule antioxidants. GSH can remove ROS directly 
by participating in the reduction process of ROS through 
the transformation of their thiol oxidation–reduction state. It 
also plays a role in scavenging ROS through glutathione per-
oxidase. In this work, the content of intracellular GSH was 
decreased by the addition of  Co2+. The reduction of GSH 
may be due to several reasons. (1) The sulfhydryl group with 
a high affinity in GSH could form mercaptide complexes 
with several metals (AS et al. 2007). (2) The redox reac-
tion between GSH and Co-induced free radicals leads to the 
decrease of GSH (Garoui et al. 2013). Helbig et al. (2008) 
reported that the removal of GSH led to a strong decrease of 
heavy metal resistance in Escherichia coli. Several studies 
(Goswami et al. 2006; Wang et al. 2016) reported that the 
biooxidation activity of bacteria could be improved by an 
exogenous GSH supplementation. Begg et al. (2015) found 
that GSH could improve the growth of Streptococcus pneu-
moniae and decrease sensitivity to oxidative stress in a high 
cellular concentration of cadmium (~ 17 mM). In this work, 
the exogenous GSH supplementation could also eliminate 
intracellular ROS and MDA contents, and thus increasing 
the biooxidation activity of the MCAB.

In general, this work confirmed that the increase of the 
intracellular ROS content caused by  Co2+ stress was one of 
the important reasons for the decrease of bacterial biooxida-
tion activity during the bioleaching of WLIBs. Exogenous 
small molecule antioxidants could reduce the intracellular 
ROS and increase the biooxidation activity of acidophilic 
bacteria.

Conclusion

This work studied the  Co2+ toxicity on the MCAB. It was 
found that the biooxidation activity of the MCAB could be 
inhibited by  Co2+. The balance between ROS production 
and elimination in the MCAB was disrupted by  Co2+ and it 
led to oxidative damage in cells. The antioxidant systems in 
the MCAB, namely enzymatic and non-enzymatic antioxi-
dant systems, were affected by  Co2+. It was observed that 
the CAT and GSH-Px activities increased while the SOD 
activity and the content of intracellular GSH decreased 
with an elevating concentration of  Co2+. Furthermore, it 

was proven that the exogenous GSH supplementation could 
effectively reduce the intracellular ROS caused by  Co2+ 
and thus improving the biooxidation activity of the MCAB. 
These results in this work are useful in developing opera-
tional strategies for the bioleaching of WLIBs with a high 
pulp density loading.
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