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Copper mining bacteria: Converting toxic copper ions 
into a stable single-atom copper
Louise Hase Gracioso1,2†, Janire Peña-Bahamonde3†, Bruno Karolski1, Bruna Bacaro Borrego1,2, 
Elen Aquino Perpetuo1,4*, Claudio Augusto Oller do Nascimento5, Hiroki Hashiguchi6,  
Maria Aparecida Juliano7, Francisco C. Robles Hernandez8*, Debora Frigi Rodrigues3*

The chemical synthesis of monoatomic metallic copper is unfavorable and requires inert or reductive conditions 
and the use of toxic reagents. Here, we report the environmental extraction and conversion of CuSO4 ions into 
single-atom zero-valent copper (Cu0) by a copper-resistant bacterium isolated from a copper mine in Brazil. Further-
more, the biosynthetic mechanism of Cu0 production is proposed via proteomics analysis. This microbial conversion 
is carried out naturally under aerobic conditions eliminating toxic solvents. One of the most advanced commer-
cially available transmission electron microscopy systems on the market (NeoArm) was used to demonstrate the 
abundant intracellular synthesis of single-atom zero-valent copper by this bacterium. This finding shows that 
microbes in acid mine drainages can naturally extract metal ions, such as copper, and transform them into a 
valuable commodity.

INTRODUCTION
The dielectric, magnetic, optical, antimicrobial, imaging, and catalytic 
properties of copper make this element a candidate for applications in 
photoelectrochemical cells, sensors, solar cells, inks, and antimicrobial 
coatings (1, 2). Recent studies have also found that many microorgan-
isms, such as bacteria (3, 4) and fungi (5), can produce inorganic 
nanoparticles (NPs), such as Ag (6), Au (7), Cu (8, 9), CuO (10, 11), 
and magnetite (12), among others (13). A few studies described the 
synthesis of Cu NPs (8, 9) ranging from 10 to 40 nm intra- and ex-
tracellularly by a sustainable method using bacteria. These studies 
described the involvement of reductase enzymes, such as NADPH 
(reduced form of nicotinamide adenine dinucleotide phosphate)–
dependent enzymes with redox potential for metal ion reduction 
(14–16). Yet, we are not aware of any report of a natural synthesis 
of single-atom Cu0 (size in the range of 170 to 179 pm) using micro-
organisms or their mechanisms of biosynthesis and stabilization.

The importance of producing monoatomic metallic copper is 
the potential of single atoms in catalysis, doping, and energy appli-
cations to maximize the efficiency of metal-atom utilization (17, 18). 
However, the single-atom synthesis is still a challenge, mainly be-
cause atom isolation is rather complicated and requires complex 
synthesis involving toxic chemicals (19, 20). Alternative methods, 
such as chemical vapor deposition, sputtering, and femtosecond 
laser ablation, among others, are complex, and the efficiency is 
still limited (2, 17, 21, 22). Here, we discovered an environmental 

bacterium found in a copper mine that can synthesize single atoms 
of Cu0 in a sustainable manner. Its biosynthetic mechanism was 
proposed using the proteomics approach. This sustainable synthesis 
of Cu0 is carried out in microbial growth media, eliminating the use 
of toxic solvents. The isolation of the monoatomic copper directly 
from naturally occurring copper mines (Pará/Brazil) (latitude 6°27′ 
15.848″S and longitude 50°4′37.507″W) suggests that microorgan-
isms can potentially extract ions and metals from the environment 
and transform in a highly valuable commodity. This finding, by itself, 
implies that microbes can extract copper from contaminated sites and, 
thus, improve sustainability.

RESULTS AND DISCUSSION
The discovery of an isolate from the genus Bacillus that is able to 
produce monoatomic copper inside the cells was recorded initially 
based on the visual observation of color changes in the bacterium 
growth media with CuSO4 after 48 hours (Fig. 1A). The change in 
the growth media from green (CuSO4 + bacteria) to “orange color” 
represented the transformation from CuSO4 to Cu0 (Fig. 1A). The 
confirmation of the presence of monoatomic copper was demon-
strated using aberration-corrected atomic resolution transmission 
electron microscopy (TEM). The cross-sectional TEM image (Fig. 1B) 
shows the bacteria after 48-hour incubation with CuSO4 [copper 
sulfate (100 mg/liter)]. Lower- and higher-magnification TEM 
images, respectively, inside the bacterial cross section are shown in 
Fig. 1 (C and D). Furthermore, it is possible to observe the individ-
ual copper atoms, particularly in the inset in Fig. 1D.

To determine the size of the radii of the generated copper atoms, we 
analyzed approximately 13,000 atoms from 13 TEM microstructures 
(similar to those in Fig. 1E). The size of each atoms was within the 
predicted atomic radii of copper in the literature (1.7 and 1.85 Å) 
(Fig. 1E). The box plot summarizes the actual population distribution 
and sizes of all the measured atoms in the different TEM images 
considered (Fig. 1F). Results showed that over 75% of the copper atoms 
fall within 1.89 ± 0.19 Å, which corresponds to metallic copper’s 
theoretical atomic radii ± the microscope’s resolution (70 pm) (23, 24). 
Therefore, our result is clearly within the theoretical/experimental 
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size of the metallic copper atom with an standard deviation way below 
that of the microscope resolution. Larger sizes observed were consid-
ered overlapping atoms that are further demonstrated in the double 
Gaussian histogram for the single and double atoms (Fig. 1E). The 
identified atoms fall within the expected range for a neutral atom 
(zero valence, Cu “0”). The ionic radii for copper Cu1+, Cu2+, and 
Cu3+ are in the range of 0.54 to 0.63 Å (23–25), which are notably 
smaller than the atomic copper. Therefore, the presence of copper in 
the samples must be only from the actual metallic copper.

The distribution of the elements in the cells was determined by 
energy dispersive spectroscopy (EDS) (Fig. 2). We selected a molyb-
denum grid to ensure that all copper signals detected by EDS belong 
solely to those in the bacteria (Fig. 2). A similar logic was followed 
for the electron energy-loss spectroscopy (EELS) analysis (Fig. 3). The 
backscattered image (Fig. 2) shows a clear contrast between the 
heavier and lighter atoms, in this case, copper versus carbon, nitro-
gen, and oxygen. The EDS map for copper shows a highly homo-
geneous distribution, and there is no significant agglomeration, as 
demonstrated in the statistical analysis (Fig. 1, D and E). Similarly, 
the EDS spectra (Fig. 2) reveal the actual chemical makeup of the 
sample. These results demonstrate that copper is one of the most 
abundant species in the sample, and the type of copper is zero- 
valent (Cu0) as was further demonstrated by x-ray photoelectron 
spectroscopy (XPS) analyses (Fig. 3).

The characterization of copper using EELS from the backscat-
tered image in Fig. 3A is shown in Fig. 3 (B and C). In the first EELS 
spectrum (Fig. 3B), one can see the presence of carbon, nitrogen, 
and oxygen that are typical components of organic matter, which 
are part of the bacteria. The respective energy level for each is 290, 
400, and 530 eV. Those values are in direct agreement with those 
reported by the EELS manufacturer database (Gatan). Copper is 
usually detected in the 931- to 953-eV range. In the present work, 
copper is untraceable by EELS (Fig. 3C) and is attributed to the 
monoatomic copper thickness, which is a known limitation of this 

technique. The identification of copper with EDS, XPS, and even 
visually (48 hours; Fig. 1A) but not with EELS is not a trivial find-
ing. This finding is the key to demonstrate that the frameworks of 
copper present in our sample are in sizes below the traceable limits 
for EELS. The EELS result further demonstrates that the single atoms 
of copper are likely homogeneously distributed throughout the 
bacterium, and the presence of copper agglomerates is improbable, 
unlike the other elements (e.g., C, N, and O) that were clearly iden-
tified by EELS. This finding confirms the TEM results (Fig. 1, C to F).

The XPS data confirmed the EDS observation. The XPS results 
for C 1s, O 1s, and Cu 2p core-level XPS spectra obtained from the 
Cu synthesized by Bacillus sp. strain 105 after 48 hours are shown in 
Fig. 3 (D to F). The C 1s spectrum (Fig. 3D) presents three compo-
nents at 285.8, 287, and 288.9 eV, corresponding to the bonds be-
tween the protein/peptides and the atomic copper (8). The region of 
the O 1s core-level XPS spectra (Fig. 3E) shows a binding-energy (BE)  
maximum at 532.8 eV corresponding to the carboxylic groups, which 
belong to proteins on the surface of the atomic copper (26). The Cu 
2p presents two peaks at 932.3 and 952.0 eV, which correspond to 
the binding energies of the 2p3/2 and 2p½ electrons of Cu0 (Fig. 3F). 
Furthermore, the spectrum did not show the corresponding shake-
up satellites, corroborating the absence of Cu2+ or CuO (8, 19). These 
results confirm that the type of copper synthesized by the bacterium 
is monoatomic Cu0.

To understand the mechanism of single-atom synthesis by Bacillus 
sp. strain 105, a proteomics approach was used. The bacterium pro-
teins were identified in two different growth conditions: cultivation 
without copper sulfate (control) and with copper sulfate (100 mg/liter). 
In the control experiment, 652 proteins were expressed, however, 
when the strain was grown in the presence of copper sulfate, and 
458 proteins were expressed, as shown in tables S1 and S2. From 
these 458 total proteins, 313 proteins were equally expressed in both 
growth conditions, and 145 proteins were only expressed in the 
presence of copper sulfate (fig. S1). To understand the biosynthesis 

Fig. 1. Cu atom synthesis and TEM characterization. (A) Flasks of Bacillus sp. strain 105 containing CuSO4 (100 mg/liter) at time 0 and after 48-hour growth showing 
bioproduction of the copper atoms. (B) Electron microscopy of cross-sectional view of Bacillus sp. strain 105. (C) Low-magnification image inside the bacterial cross 
section. (D) Inset zoom out of (C) showing the actual copper atoms under TEM with sizes in the range of 170 to 179 pm and (E) the respective measurement conducted in the 
inset (D), which shows that the atoms have sizes between 1.6 and 1.85 Å. (F) Box plot summary of all the atoms measured in several samples with over 75% of them falling 
within the copper’s theoretical atomic radii or within this size and the microscope’s resolution (70 pm); the other 25% corresponds to overlapping atoms.
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mechanism and the stabilization of the copper atoms by the bacte-
rium, we mainly focused on the uniquely expressed proteins in the 
presence of copper sulfate. Most of the proteins (102 proteins) were 
involved in the primary metabolism (carbon and energy), suggest-
ing that the exposure to Cu can affect negatively the cell by trigger-
ing the production of more energy to survive metal stress (27, 28). 
Fifteen proteins were involved in resistance and stress functions, 
and three of them had functions in copper transport and uptake by 
the cell. The identified proteins involved in the copper pathway 
were the iron-regulated ABC transporter membrane component 
SufB, the copper-translocating P-type adenosine triphosphatase 
(ATPase), and Copz (protein 110 in table S2). Copz is a chaperone 
protein with a role of intracellular sequestration and transport of 

Cu+ from the cytoplasm to the periplasm (29). The p-type ATPase 
proteins are commonly described to be involved in bacterial resist-
ance and toxicity mechanisms related to heavy metals (30). The 
remaining 11 proteins identified under growth conditions in the 
presence of copper sulfate were proteins that may be involved in 
biosynthesis and stabilization of the monoatomic copper. These 
proteins were mainly reductases. Six of the 11 proteins, i.e., thiol- 
disulfide isomerase/thioredoxin, thioredoxin reductase (TRXR), 
4Fe-4S dicluster, 4Fe-4S ferredoxin, TlpA family protein disulfide 
reductase, and sulfate adenylyltransferase, have been described to 
reduce either sulfate or metals. In this case, on the basis of their 
function, they were probably reducing the sulfate from CuSO4, 
leaving free toxic copper (Cu2+) inside the cells.

Fig. 2. EDS results showing the chemical composition of the sample. Backscattering image of Bacillus sp. strain 105 cross section (Fig. 1) and its respective EDS map 
for the different elements (Cu, C, O, N, and Ca) in the sample. The EDS map of Cu shows the presence of copper atoms within the sample. The Mo map corresponds to the 
grid used for the analysis. a.u., arbitrary units. Scale bar for all images, 200 nm.

Fig. 3. Spectroscopic characterizations of the Cu atoms. (A) Backscattering image of the region analyzed with EELS (red square). EELS of (B) carbon, nitrogen, and 
oxygen and (C) the copper region. XPS analysis of (D) C 1s, (E) O 1s, and (F) Cu 2p regions.
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The production of Se NPs by Stenotrophomonas maltophilia 
showed a possible association with an alcohol dehydrogenase. In 
this present study, two homolog proteins were identified in Bacillus 
sp.: NADH (reduced form of nicotinamide adenine dinucleotide)–
dependent butanol dehydrogenase A and a putative NADH-dependent 
butanol dehydrogenase, indicating that these proteins could be par-
ticipating in the biogenic synthesis of mono atomic Cu. Furthermore, 
the Ferritin Dps family protein and starvation-inducible DNA binding 
protein (Dps) were also expressed by Bacillus sp. strain 105. The pro-
teins ferritin and starvation-inducible protein (Dps protein family) 
are reported to have a ferroxidase core (Fig. 4). The NP synthetic 
routes with these proteins were described to involve autoxidation, 
hydroxylation, or reduction processes; however, detailed mecha-
nism is still unknown (31). Similar studies have reported biosynthe-
sis of NPs using these proteins (purified and synthetic ones) with 
different metals such as Co (32), Ni and Cr (33), Ag (34), Au (35), 
and Fe (36), among others. Ensign et al. (37) further demonstrated 
the successful NP production of Cu0 from Cu2+ using commercial 
ferritin and photocatalysis. Here, we suggest the potential use of 
in vivo ferritin protein in the conversion of Cu2+ to Cu0. The com-
bination of this protein with other proteins expressed in Bacillus sp. 
strain 105 in the media supplemented with copper sulfate seems to 
be directly connected to the biosynthetic pathway of monoatomic 
copper (Fig. 4).

In conclusion, a bacterium isolated from a copper mine demon-
strated the ability to produce monoatomic copper inside the cell 
during the stationary phase (fig. S2). The employment of atomic 
resolution techniques allowed us to characterize the formation of 
monoatomic copper in the sample, which was further confirmed by 
EELS. The XPS helped demonstrate that copper is thoroughly 
zero-valent. This approach would open up exciting strategies to 
produce in large-scale atomic copper via sustainable manufactur-
ing and at low cost for existing and future applications, such as in 
electronics, catalysis, functionalization, and antimicrobial processes. 
This finding also implies that microorganisms found in copper 
mines can not only play a role in environmental remediation 
but also facilitate sustainable synthesis of copper. Furthermore, 
this study opens a new field of research of environmental micro-
organisms that potentially are able to synthesize other monoatomic 
metals for applications in science, technology, engineering, and 
medicine.

MATERIALS AND METHODS
Materials
Reagents for the media used in this work were acquired from Sigma- 
Aldrich. Copper sulfate (CuSO4·5H2O), ethanol, glutaraldehyde, 
uranyl acetate, propylene oxide, and osmic acid were also purchased 
from Sigma-Aldrich. All reagents were used as received.

Methods
Microorganism isolation and identification
The bacterial strain used in this work, Bacillus sp. strain 105, was 
isolated from a copper mine in Brazil (Sossego-PA). The isolation 
was performed using 1.0 g of a sediment sample, containing about 
600 parts per million (ppm) of copper sulfate, in Luria-Bertani (LB) 
with different copper sulfate concentrations (60 to 700 mg/liter) at 
28°C and 160 rpm for 1 week. After that, according to Avanzi et al. 
(38), plates with fresh solid medium and different copper sulfate 
concentrations were used for the isolation of single colonies.

Genomic DNA was obtained from the isolate with the Illustra 
bacteria genomicPrep (GE Healthcare) as per the manufacturer’s 
instruction. The isolate was cultivated in LB medium for 8 hours be-
fore extraction. The 16S ribosomal RNA universal primers used to 
amplify the microorganism were 341F (5′-CCTACGGGNGGCNG-
CA-3′) and 826R (5′-CCTACGGGNGGCNGCA-3′). The poly-
merase chain reaction protocol was performed as described by 
Rodrigues et al. (39). The sequencing of the amplicons was obtained 
with an ABI 3730 DNA Analyzer (Applied Biosystems) and BigDye 
Terminator v3.1 (Applied Biosystems) as per the manufacturer’s in-
structions. The sequence was deposited in the National Center for 
Biotechnology Information (NCBI) database with the accession num-
ber (SUB3797756 105_copper MH080573). The bacterium presented 
a sequence similarity of 98.32% to Bacillus niacini strain CP-2MN.
Monoatomic copper biosynthesis
The synthesis occurred during the cultivation of the bacterium in 
1 liter of the medium composed of 900 ml of LB and 100 ml of copper 
sulfate (CuSO4 solution) in a shaker at 180 rpm and 28°C (in tripli-
cate). The final concentration of copper sulfate in the sample was 
100 mg/liter. After 48 hours, the cells were harvested by centrifuga-
tion (Hitachi Koki Himac CR22N High-Speed Refrigerated Centri-
fuge) at 21,000g for 10 min. The growth medium was removed, and 
the cells were washed once with phosphate buffer solution (pH 7.4) 
adjusted with NaOH or HCl [NaCl (8.0 g/liter), KCl (200 mg/liter), 

Fig. 4. Proposed mechanism of monoatomic copper synthesis assisted by the ferritin protein. The protein contains an iron core that transfers the electrons to Cu2+ 
ions bound to the nucleation sites on the exterior of the ferritin protein shell to produce Cu0. To restore the hole, citrate is oxidized, and the electron is able to continue 
to flow to reduce additional Cu2+ ions present inside the bacterium.
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Na2HPO4 (1.44 g/liter), and KH2PO4 (245 mg/liter)]. Then, the pellet 
was frozen at −80°C and lyophilized in a FreeZone 6 Liter Benchtop 
Freeze Dryer (−84°C and 0.22 mbar). The sample was kept in the 
dark to characterize the atoms.

Control experiments without copper sulfate were performed in 
parallel under the same conditions. The procedure was repeated 
three times in triplicates in two different laboratories in two differ-
ent countries for reproducibility assurance. In total, the synthesis 
procedure was tested at least 18 times.
Proteomics analysis
Protein extraction and trypsin digestion. To identify the proteins in-
volved in the monoatomic copper synthesis, the bacterium was grown 
as described above with or without copper sulfate (100 mg/liter) for 
48 hours using a close flask. The proteins were extracted according 
to Gracioso et al. (27). After the extraction, proteins were digested in 
peptides using the Trypsin Singles kit (Sigma-Aldrich, USA) accord-
ing to the manufacturer’s instruction. After digestion, the peptide 
mixture was dried with a SpeedVac (Hetodrywinner-MaxydryIyo).

Nanoflow liquid chromatography–electrospray ionization–tandem 
mass spectrometry analysis. The dried peptide mixture was resus-
pended in 2% acetonitrile (ACN) with 0.1% formic acid and ana-
lyzed on a Dionex UltiMate 3000 RSLCnano HPLC System (Thermo 
Fisher Scientific, Bremen, Germany) interfaced to an Impact II 
quadrupole time-of-flight (Q-TOF) mass spectrometer equipped with 
a Captive Spray nanoelectrospray source with an ACN-enriched 
nanoBooster dopant system for increased sensitivity (Bruker Daltonics, 
Bremen, Germany). A volume of 5 l was injected in an Acclaim 
PepMap 100 nano-trap column (Dionex-C18, 100 Å, 100 m by 2 cm 
by 5 m; Thermo Fisher Scientific) to preconcentrate the peptides. 
Sample loading was done for 10 min at a flow rate of 5 l/min with 
0.1% trifluoroacetic acid (TFA). Separation was performed on an 
Acclaim PepMap RSLC analytical column (Dionex-C18, 100 Å, 75 m 
by 15 cm) with an increasing gradient from 2 to 35% of solvent B 
(ACN in 0.1% TFA) within 100 min and a flow rate of 300 nl/min. 
The temperature of the column was maintained at 40°C.

The eluted peptides were analyzed with an Impact II Q-TOF 
mass spectrometer operated in positive mode. Data were acquired 
using data-dependent automatic tandem mass spectrometry (auto- 
MS/MS). A high-resolution TOF-MS scan over a mass range of 50 
to 3000 m/z (mass/charge ratio) at an acquisition rate of five spec-
tra/s was followed by auto-MS/MS scans of the top 20 most intense 
precursor ions per cycle of fragmentation. Dynamic exclusion of 
precursor ions was set to 30-s duration after acquisition of one spec-
trum, with a window of 0.05 Th. Acquisition rate for auto-MS/MS 
was set to 2 Hz (MS/MS, adjusted by precursor ion intensity). The 
collision energy was dynamically adjusted between 7 and 70 eV 
(Bruker Compass 1.9 Otof Control Version 4.0, Build 60.11, Top20 
Auto MS/MS method).

Homology database searches. At the end of nanoflow liquid 
chromatography–electrospray ionization–MS/MS (nanoLC-ESI-
MS/MS) analysis, the raw files (.d) were loaded into the Peaks Studio 
8.5 software (Bioinformatics Solution Inc., Waterloo, Canada) and 
processed with de novo peptide sequencing, PeaksDB, PeaksPTM, 
and SPIDER tools for identification of the proteins through a multi-
round database search (40). First, the MS/MS spectra were searched 
against the peptide sequences of the Bacillus (genus) database from 
UniProtKB/Swiss-prot (Uniref90—sequence clusters with identity of 
90%) with 8154 reviewed protein entries. Then, nonmatched MS/MS 
spectra were searched using the homology database against the Bacillus 

(genus) from UniProtKB/TrEMBL (Uniref90) with 1,085,071 unre-
viewed protein entries, as a second round database search. The fol-
lowing parameters were used: precursor mass tolerance = 25 ppm; 
fragment mass tolerance = 0.025 Da; trypsin was set as the specific 
digestion enzyme, and two missed cleavage sites and one nonspecific 
were allowed. Carbamidomethylation (Cys) was set as a fixed mod-
ification, and oxidation (Met) was set as a variable modification. A 
false discovery rate threshold of 1% on the peptide-spectrum match 
was applied to filter out the peptide sequences. Protein identifica-
tion required at least one unique peptide. Proteins were considered 
to be identified in a sample when they matched at least two peptides 
in the database.

TEM characterization. To analyze the samples with high-resolution 
TEM (HRTEM), the samples were fixed using the following protocol. 
A solution of 2% glutaraldehyde was reacted with the sample for 
2 hours. Then, the samples were washed with buffer and reacted 
with 2% osmic acid for 2 hours. After that, the samples were re-
washed with buffer. For staining, 1% uranyl acetate was added and 
kept overnight. For dehydration, the sample was exposed for 10 min 
in each of the following steps: 70% ethanol twice, 95% ethanol twice, 
100% ethanol for four times, and propylene oxide twice. Propylene 
oxide with resin was added (1:1) for 6 hours and then replaced by 
pure resin for 6 more hours for inclusion.

The identification of the single-atom copper produced inside the 
bacterium was determined via aberration-corrected atomic resolu-
tion TEM using a JEOL NEOARM microscope operated at 80 kV in 
a molybdenum grid. The copper signal was collected with EDS and 
EELS coupled to the electron microscope. The HRTEM images were 
analyzed using ImageJ and MATLAB. For the investigation, 13 TEM 
images were obtained. Approximately, 1000 atoms in each TEM 
image were counted with ImageJ. The shape factor of the analyzed 
features in the microstructures was set to 1 to elucidate the sphericity 
of the atoms, and no limits were set for the size. The number of 
particles was expressed in terms of probability in a histogram by 
using the MATLAB software. OriginLab was used for data analysis 
and image representation.

XPS analysis. For the XPS analysis, the samples were drop-casted 
on gold substrates. A PHI Quantera SXM Scanning X-ray Microprobe 
with Al K (1486.6 eV), as the excitation source, was used for the 
measurements. High-resolution spectra of C 1s, O 1s, and Cu 2p 
core-level spectra with a pass energy of 23.5 eV were obtained for 
the samples, an energy step size of 0.2 eV, and a time step of 50 ms. 
The background for the XPS spectra was corrected using the Shirley 
algorithm, and their respective binding energies were aligned to Au s 
at 84 eV. The calibration of the binding energy was done by setting 
the adventitious carbon (corresponding to C─C bonds) to 284.8 eV. 
The MultiPak software was used for the XPS data analysis.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/17/eabd9210/DC1
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