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ABSTRACT: Cell surface display engineering facilitated the development of a cobalt-binding hybrid Escherichia coli. OmpC served
as the molecular anchor for showcasing the cobalt-binding peptides (CBPs), creating the structural model of the hybrid OmpC−
CBPs (OmpC−CP, OmpC−CF). Subsequently, the recombinant peptide’s cobalt adsorption and retrieval effectiveness were
evaluated at various concentrations. When subjected to a pH of 7 and a concentration of 2 mM, OmpC−CF exhibited a significantly
higher cobalt recovery rate (2183.87 mol/g DCW) than OmpC−CP. The strain with bioadsorbed cobalt underwent thermal
treatment at varying temperatures (400 °C, 500 °C, 600 °C, and 700 °C) and morphological characterization of the thermally
decomposed cobalt nanoparticle oxides using diverse spectroscopy techniques. The analysis showed that nanoparticles confined
themselves to metal ions, and EDS mapping detected the presence of cobalt on the cell surface. Finally, the nanoparticles’ anticancer
potential was assessed by subjecting them to heating at 500 °C in a furnace; they demonstrated noteworthy cytotoxicity, as
evidenced by IC50 values of 59 μg/mL. These findings suggest that these nanoparticles hold promise as potential anticancer agents.
Overall, this study successfully engineered a recombinant E. coli capable of efficiently binding to cobalt, producing nanoparticles with
anticancer properties. The results of this investigation could have significant implications for advancing novel cancer therapies.

1. INTRODUCTION
Cobalt, a versatile d-block transition metal, is pivotal in various
industrial sectors, mainly the acrylic and ceramic industries.1

Additionally, it has applications as an electrocatalyst in
hydroformylation, gasification, and thermal decomposition
reactions. Moreover, cobalt is indispensable in metallurgy,
paints, batteries, electroplating, and electronics. The global
battery industry’s escalating demand led to a surge in cobalt
mining activities, with annual production steadily increasing
from 700 to 1200 tons per year between 1995 and 2005 and
subsequent continuous growth.
During this growing demand for and application of cobalt,

nanoscience emerged as a dynamic interdisciplinary domain
with immense promise.2 The synthesis of cobalt nanoparticles
encompasses four distinct methods: physical, chemical,
physiochemical, and biological. Each presents unique chal-
lenges and requires innovative solutions. Among these, the
microemulsion technique stands out for its capacity to fine-

tune crucial nanoparticle properties, including size, shape,
distribution, and composition. Notably, microemulsion tech-
nologies offer extensive parameter adjustment capabilities.
Researchers have successfully produced cobalt nanoparticles,
approximately 80 nm in size, with a face-centered cubic crystal
structure, using plant extracts and red-green algae extracts.3

Microbiological processes have also proven effective in
producing stable nanoparticles, expanding the scope to copper,
titanium, zinc, alginate, gold, magnesium, and silver.4,5 The
enduring importance of cobalt oxide (Co3O4) remains evident
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in applications like lithium-ion batteries, gas sensors, magnetic
storage, and supercapacitors.3

Cobalt nanoparticles hold immense potential across diverse
applications, including fuel cells, catalysis, medicine, micro-
electronics, targeted therapies, and drug delivery.6−9 The
magnetic properties of cobalt nanostructures are of particular
significance and are paving the way for innovative approaches
to utilizing nanoparticles in targeted drug delivery systems.10,11

Furthermore, due to their unique physicochemical character-
istics, cobalt nanoparticles are promising candidates for sensing
various chemicals.12 However, previous research has focused
on cobalt resistance.13−18 Studies on the microbial production
of cobalt oxide nanoparticles remain limited. This study aimed
to pioneer the production of cobalt oxide nanoparticles using
genetically modified strains.
Recent research endeavors have concentrated on leveraging

cell surface display as a novel method for anchoring heavy
metal-binding proteins or peptides to bacterial surfaces.19 This
approach involves expressing heterologous peptides as fusion
proteins with various anchoring motifs on microbial cell
surfaces, typically consisting of cell surface proteins or their
fragments. Depending on the properties of the passenger and
carrier proteins, researchers can utilize C-terminal fusion, N-
terminal fusion, or a sandwich fusion method.19 Microbial cell
surface display applications span from developing live vaccines
and peptide library screening to bioconversion using whole-cell
biocatalysts and bioadsorption. For example, activating the
CusSR two-component synthetic genetic circuit on the cell
surface has been employed to sense metal and remove copper
by regulating the histidine kinase domain and OmpR response
in periplasmic metal-sensing receptors upon Cu2+ recogni-
tion.20 Another instance involved enhancing mercury (Hg)
uptake in Escherichia coli cells by displaying the mercury-
binding protein MerR on the cell surface.21 Synthetic
phytochelatins applied to the surface of modified Moraxella
sp.22 resulted in a more than 10-fold increase in mercury
adsorption.
In this study, we introduce a novel cobalt adsorption system

formed by affixing cobalt-binding peptides to the C-terminus
of shortened OmpC, enabling the synthesis of cobalt
nanoparticles, as illustrated in Figure 1. Various character-
ization techniques, including X-ray diffraction (XRD), field
emission scanning electron microscopy (FE-SEM), energy
dispersive spectrometry (EDS), Fourier transform infrared
(FT-IR), and Raman spectroscopy, were employed to analyze
the cobalt nanoparticles synthesized on the surface of

engineered E. coli. Subsequently, cobalt oxide nanoparticles
were synthesized through calcination and analyzed for their
anticancer activity using a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay.

2. MATERIALS AND METHODS
2.1. Bacterial Strains and Media. The genetic engineer-

ing and cobalt adsorption processes utilized E. coli DH5α
(Enzynomics) as the host organism. These strains were
cultivated at 37 °C with agitation at 250 rpm in Luria−
Bertani (LB) medium (comprising 10 g/L bacto-tryptone, 5 g/
L bacto-yeast extracts, and 10 g/L NaCl), supplemented with
100 mg/L of ampicillin as an antibiotic. Table 1 provides a
comprehensive list of the bacterial strains and plasmids
employed in this study.

2.2. Construction of the Cobalt-Binding Peptide Cell
Surface Display System. The OmpC−CP and OmpC−CF
genes were cloned into the pBAD30 plasmid using SacI and
XbaI restriction enzymes. This process led to the construction
of pBADCP and pBADCF. The peptides were fused to the
truncated OmpC at the C-terminus, specifically at the eighth
loop (993rd bp). An extra linker (AEAAAKA) enhanced cell
surface display stability between the OmpC and CBPs. To
attach the cobalt-binding peptides, CP (18 amino acids long:
GMVPSGASTGEHEAVELR) and CF (a 7-amino acid
fragment of CP: TGEHEAV), Polymerase chain reaction
with the T100TM thermal cycler from Bio-Rad Laboratories
(Hercules, CA, USA) and N-Taq polymerase from Enzynom-
ics was employed. Table 2 lists the primers utilized in this
study. Subsequently, the recombinant plasmids were trans-
formed into E. coli DH5 cells were cultivated in an LB medium.

Figure 1. Schematic illustration of the microbial synthesis of cobalt oxide nanoparticles by cell surface display.

Table 1. List of Bacterial Strains and Plasmids Used in This
Study

Strain/
Plasmid Relevant genotype/property source

E. coli strains
DH5α MSDS_CP010_DH5α Chemically

Competent E. coli
Enzynomics

Plasmids
pBAD30 AmpR NEBa

pBADCP pBAD30 containing OmpC−CP This work
pBADCF pBAD30 containing OmpC−CF This work

aNew England Biolabs, Beverly, MA, USA.
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Arabinose was used to stimulate the expression of the
recombinant protein OmpC−CBPs. The ara promoter
regulates the induction (Figure 2A).

2.3. SDS-PAGE Expression Evaluation. The recombi-
nant strain was cultured in an LB medium overnight.
Afterward, each LB medium underwent a 100-fold dilution
for the subsequent subculture. When the subculture achieved
an OD600 of 0.5, diverse concentrations of arabinose ranging
from 0 to 1% were introduced into the culture medium. The
cells were allowed to grow for 6 h. Afterward, the recombinant
strains were collected via centrifugation at 13,000 rpm for 10
min. They were then agitated in B-7 M urea buffer at room
temperature for 30 min. The supernatant was cleared of cell
debris through centrifugation at 8000 rpm. The outer
membrane fractions were separated from the cell pellet by
adding 10 mM Tris-HCl (pH 7.5) and letting the suspended
cells sit at 4 °C overnight. Finally, the lifted membrane
fractions were examined using 12% (w/v) sodium dodecyl-
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and
stained with Coomassie brilliant blue R-250 (Bio-Rad
Laboratories, Hercules, CA, USA).

2.4. Computational Modeling of the Cobalt-Binding
Domain. The 3D generation engine of the pepfold
(PEPFOLD3) peptide prediction server23−25 is employed to
predict the lowest energy structures of peptides. This
prediction tool utilizes a rapid Markov model suboptimal
conformation sampling method to determine a peptide’s
structure from its amino acid sequence. The tool assumes a
neutral pH during structure prediction. The best model for
each peptide is selected from a list of predicted structures and
further analyzed using ab initio computational modeling. To
identify the optimal binding sites for the Co2+ ion within the
peptide, we utilized the LEGO module of the ABCluster
(version 1.5.1) package26−28 combined with Gaussian 16
software.29 ABCluster is reliable software that uses the artificial
bee colony (ABC) algorithm to predict the global minima
structure. The global minimum search was performed on a 3 ×
3 × 3 three-dimensional lattice with a neighboring distance of
2.5 Å. Given the sizes of the peptides and the multitude of
potential conformations, we conducted global minima searches
at the semiempirical PM6 level.30

Furthermore, the fixed positions of hydrogen atoms
throughout the simulation were maintained for each peptide.
Multiple runs of the ABCluster code were conducted to ensure
reliability, generating approximately 1000 isomers for each
peptide until all the individual simulations pointed to the same
global minima. To accurately predict the binding energy and
related thermodynamic parameters, the global minima
structures of the peptide-Co2+ complex and the peptide
predicted by PEPFOLD3 were optimized using the B3LYP
functional,29 all without constraints. The optimization process
employed the 6-31G basis set for C, H, N, O, and S atoms and
the LANL2DZ-ECP basis set for the Co2+ ion,29 while the
SMD solvation model31 was applied in an aqueous medium.
Furthermore, adjustments were made manually to the number
of hydrogen atoms within the peptide structures in both the
primary and acidic regions of the leading and side chains of the
amino acids of the peptide, ensuring an accurate representation
of the structure at a neutral pH. The binding energies of the
Co2+ ion with the peptide in this study were calculated using
the following equation, considering a temperature of 298.15 K
and a pressure of 1 atm:T
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A higher (more positive) value of the Co2+ ion’s binding
energy with the peptide, represented by the E values for the
energies of the peptide fragments, the Co2+ ion, and the
peptide-Co2+ complex, indicates a more vital interaction
between the cobalt ion and the peptide. Additionally, we
thoroughly examined the normal vibration modes for all
optimized structures to confirm their reality and the absence of
imaginary modes, thereby validating that the optimized
systems corresponded to true energy minima rather than
saddle points.

2.5. Cobalt Bioadsorption and analysis. At 37 °C, the
recombinant strains containing pBAD30CP and pBAD30CF
grew overnight in LB medium supplemented with 100 mg/L of
ampicillin. The cultures from the preceding night underwent a
100-fold dilution in fresh LB medium and continued to grow
until the optical density, denoted as OD600, reached 0.5. The
0.05% arabinose was introduced to cell cultures, and the strains
were maintained at 30 °C for 6 h. The strains underwent
centrifugation and exposure to cobalt metal chloride
concentrations ranging from 0.25 mM to 5 mM for 2 h at
30 °C while agitating at 250 rpm. The isolates received two
consecutive rinses with a 0.85% (w/v) saline solution before

being subjected to treatment with 0.1 M HCl for 30 min in a
shaker operating at 30 °C and 250 rpm to elute the cobalt ions
bound to the cell surfaces. The adsorption of the finest
recombinant strain, with E. coli DH5α serving as a control, was
assessed using an ICP-OES instrument (Agilent Technolo-
gies).

2.6. Assessment of the Characteristics of Cobalt
Nanoparticles. This process involved collecting cobalt
through bioadsorption via calcination at various temperatures
(400 °C, 500 °C, 600 °C, and 700 °C). The calcination
procedure commenced following a 12 h incubation of
arabinose-induced cells in a metal chloride solution. Sub-
sequently, the cells underwent a 24 h water bath at 80 °C,
facilitating cobalt binding to the cells. Afterward, a centrifuge
collected the metal-bound cell pellets. These pellets underwent
calcination at different temperatures in a furnace, following a
freeze-drying step at −80 °C. The calcinated oxide samples
from the muffle furnace were subjected to various character-
ization methods, including XRD, FE-SEM, EDS, FT-IR, and
Raman spectroscopy analysis.

3. RESULTS AND DISCUSSION
3.1. Construction of the Cobalt-Binding Peptide

Display System. The cell membrane exterior exhibited the

Figure 2. Construction of cobalt binding peptide fused with OmpC at pBAD30 and optimization of its expression conditions. (A) Plasmid
construction of cobalt binding peptide (pBADCP) fused with OmpC at pBAD30. (B) SDS-PAGE analysis of recombinant protein E. coli
(pBADCP) (37 kDa). (C) The effect of temperature toward cobalt adsorption on E. coli (pBADCP) with 1 mM CoCl2. (D) The impact of
arabinose concentration toward cobalt recovery on E. coli (pBADCP) with 1 mM CoCl2.
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cobalt-binding peptide while employing OmpC as an
anchoring motif, allowing recombinant E. coli to recover
cobalt from the environment. The cobalt-binding peptide was
attached to the truncated OmpC’s C-terminus at the 993rd
base pair. The pBADCBPs plasmids, controlled by the
arabinose promoter, were constructed for this purpose.
Expressing a heterologous protein in E. coli typically induces
metabolic instability, resulting in decreased protein expression,
cell growth, and stability of the recombinant plasmid.
Consequently, identifying optimal growth and expression
conditions is crucial. The effects of arabinose concentration
and culture temperature on the expression of the OmpC−CP
peptide were investigated. Arabinose concentration varied
from 0.0% to 1.0%, and the temperature was adjusted between
20 and 35 °C to optimize the expression of the OmpC−CP
peptide. Subsequently, the recombinant peptide expression
levels for OmpC−CP were analyzed using SDS-PAGE (Figure
2B). The optimal expression occurred at an arabinose
concentration of 0.05%. Expression levels declined with
increasing arabinose concentrations. In cobalt adsorption
experiments conducted at different temperatures, increased
cobalt adsorption was observed as the temperature rose to 30
°C, which decreased with further temperature increases. The
highest cobalt adsorption, 910 μmol/g DCW, was achieved at

30 °C (Figure 2C). The effect of different arabinose
concentrations on cobalt adsorption was also investigated.
The maximum cobalt adsorption of 1150 μmol/g DCW was
observed at 0.05% of arabinose concentration (Figure 2D)
with a 1 mM cobalt chloride concentration.

3.2. Computational Modeling of the Cobalt-Binding
Domain. Utilizing the selected small-size peptide fragment
TGEHEAV, the optimal binding sites for Co2+ ions through
the utilization of ABCluster in conjunction with density
functional theory (DFT) calculations were predicted. This
peptide fragment was selected based on studies documenting
significant cobalt-binding peptide motifs as M(X)9H.32 The
Co2+ ion exhibited a crucial coordination pattern: it
coordinated with three oxygen atoms from two neighboring
amino acids within the TGEHEAV peptide fragment. The
most robust binding energy observed was 3.38 eV, which
occurred with the oxygen atoms of glycine and glutamic acid.
The Co2+ ion bound to these oxygen atoms in a near-
tetrahedral coordination fashion, and the average Co−O
distance was approximately 2.0 Å, as depicted in Figure 3A.
In the case of the TGEHEAV peptide complexes, the average
binding energy of Co2+ with oxygen atoms ranged from 1.04 to
1.13 eV. These findings indicate that the TGEHEAV peptide

Figure 3. (A) The DFT optimized structure of Co2+ with peptide fragment TGEHEAV. The best binding sites and binding energy (eV) are shown
in red. The average binding distances (Å) of cobalt atoms with nearby binding sites are shown in black. (B) The adsorption of cobalt by the E. coli
(pBADCP and pBADCF) with different concentrations of cobalt ranges from 0.25 mM to 5 mM. (C) FE-SEM and EDS analysis for E. coli
(pBADCF) after adsorption.
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fragment is a promising candidate for future studies exploring
cobalt ion binding.

3.3. Evaluation of E. coli (pBADCF) cobalt adsorption.
The adsorption ability of the newly found cobalt-binding
peptide CF and the original cobalt-binding peptide CP was
tested. E. coli DH5α, E. coli (pBADCP), and E. coli (pBADCF)
were cultured with varying concentrations of CoCl2 (ranging
from 0.25 mM to 5 mM) at pH 7. When these strains
incubated in a 2 mM cobalt solution, E. coli (pBADCF)
adsorbed 2183 ± 200 μmol/g DCW of cobalt, whereas E. coli
(pBADCP) adsorbed 1700 ± 170 μmol/g DCW (as shown in
Figure 3B). As the cobalt concentration in the medium
increased from 0.25 mM to 2 mM, cobalt adsorption increased
and reached saturation, with further increases in cobalt
adsorption up to 5 mM. These findings indicate that E. coli
(pBADCF) exhibited approximately 28% higher cobalt
adsorption capacity than E. coli (pBADCP). Furthermore, it
is observed about 23% higher adsorption compared to
recombinant cells of Acidithiobacillus ferrooxidans rusticyanin
and approximately 60% higher adsorption compared to A.
ferrooxidans licanantase under a 1 mM induced cobalt
concentration.33 In contrast, when compared to both of our
cobalt peptides at a 0.25 mM induced cobalt concentration,
Candida guilliermondii bioadsorption capacity is six times lower
(14.73 μg/g DCW), and Rhodotorula calyptogenae adsorption
is eight times lower.34 It is important to note that the wild-type
E. coli DH5α showed negligible cobalt adsorption.

After the recombinant strain E. coli (pBADCF) adsorbed
cobalt, we examined it using FE-SEM and EDS to determine
the adsorbed metal and elucidate its structure. Following
adsorption, we rinsed and lyophilized the cells for FE-SEM
analysis. The FE-SEM examination revealed the presence of
nanoparticles on the surface of the recombinant E. coli
(pBADCF) after exposure to 2 mM cobalt solution (Figure
3C). This result suggests that cobalt nanoparticles, with sizes
ranging from 80 to 100 nm, primarily adhered to the cell wall.
The EDS spectra exhibited peaks at 6.931 and 7.649 keV,
corresponding to Co Kα1 and Co Kβ1, respectively,
confirming the existence of cobalt nanoparticles within the
strains. In contrast, the wild-type E. coli (DH5α) did not
exhibit nanoparticle formation on the cell wall.
The recombinant E. coli strain displayed prominent cobalt

salt nanoparticles on the membrane’s surface. A study of cobalt
adsorption indicated that the cell wall of the recombinant E.
coli possessed multiple binding sites for cobalt ions on its
surface. These ions on the cell wall can undergo reactions to
form inorganic compounds that precipitate out of the solution.
These precipitation sites can locally accumulate ions, enhance
surface coverage, and facilitate ion clustering, forming solid
nanoparticles on the cell wall. Previous research has
demonstrated the ability of metal-binding peptides to bio-
logically synthesize inorganic particles, including gold,
platinum, silver, cobalt, and calcium carbonate.35−39

Figure 4. E. coli (pBADCF) recovered cobalt’s calcinated samples at different temperatures (400 °C, 500 °C, 600 °C, and 700 °C). (A) FE-SEM
and EDS for E. coli (pBADCF) recovered cobalt oxide nanoparticles, calcinated at 500 °C. (B) X-ray diffraction. (C) FT-IR spectrum. (D) Raman
spectrum.
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3.4. Synthesis of Cobalt Oxide Nanoparticles and
Their Characterization. To synthesize cobalt oxide nano-
particles, cobalt-adsorbed E. coli (pBADCF) strains were
subjected to calcination at different temperatures (400 °C, 500
°C, 600 °C, and 700 °C) to eliminate impurities and volatile
substances. Higher temperatures were employed to convert the
metal samples into oxides, followed by the recovery and
subsequent analysis of the oxide nanoparticles using FE-SEM,
Zeta potential, Zeta sizer, EDS, XRD, FT-IR, and Raman
spectroscopy.

3.4.1. FE-SEM and EDS. SEM allowed the determination of
the structures and shapes of the produced powders. The
particles precipitated from cobalt exhibited a diverse range of
sizes and forms, and their aggregation resulted in spherical
formations. Notably, many of these particles exhibited an
almost round shape. They measured between 60 and 150 nm
in diameter, as depicted in Figure 4A. Some particle groups
were substantial, featuring a dense packing of smaller particles,
while others remained relatively small. Even in densely packed
configurations, there were some observable gaps and minuscule
voids within the product clusters.
This observation indicates that the product consisted of

interconnected nanoparticles and microparticles, contributing
to an irregular pattern. Moving from the sample’s core to its
surface, a noticeable void in the particle arrangement became
evident, resulting in an uneven distribution of nanoparticles.
Figure 4A presents the EDS spectra for thermally treated

nanoparticles at 500 °C. The spectra revealed that the
synthesized Co3O4 sample primarily comprised cobalt (Co)
and oxygen (O) components. Specifically, the initial peak
corresponding to oxygen emerged at 0.5 keV, while cobalt was
revealed at Co Kα1 (6.931 keV) and Co Kβ1 (7.649 keV).40,41

The product contained cobalt and oxygen elements with a Co/
O atomic ratio of approximately 3/3.97, consistent with the
theoretical value for Co3O4. This observation underscores the
remarkable purity of the Co3O4 nanoparticles.

3.4.2. Zeta Sizer and Zeta Potential. The mean size
distribution and the Zeta potential of cobalt oxide nano-
particles were oxidized at a temperature of 500 °C and
analyzed using a Zeta sizer Nano series analyzer. The average
size of the cobalt oxide nanoparticle was 124.5 d.nm
(Supplementary Figure S1). The cobalt oxide nanoparticles
possess a little negative charge on their surface, as evidenced by
the negative zeta potential of −8.4 (Supplementary Figure S2).
This negative charge caused a repulsive interaction between
the particles, crucial for the initial development of stability and
interaction with biological molecules and cells. The average
size of 124 d.nm suggests they fall within the typical range for
effective nanoparticle delivery systems in cancer therapy.
Particles with zeta potential values exceeding +25 mV or
dropping below −25 mV are typically regarded as having a
substantial degree of stability.13 The presence of powerful
electric charges hindered the aggregation process. The capping
agent enhanced the stability of nanoparticles by inducing a
negative charge on them.13 The negative zeta potential of −8.4
is not a greater zeta potential, so there is a small quantity of
aggregation between the nanoparticles, which is evident in
SEM image Figure 4A. Greater charges result in increased
stability, which avoids aggregation. The tiny particles were
concealed by the larger ones, rendering them imperceptible
utilizing the used method. The presence of larger particles
caused light scattering, resulting in the obstruction of signals
emitted by smaller particles.

3.4.3. XRD. Using XRD with a model X′Pert3 and Co Kα
radiation (λ = 1.54 Å) in the range (2θ) 10°−90°, the crystal
structure was classified. Figure 4B shows that cobalt oxide film
is polycrystalline. The Co3O4 samples (at 400 °C, 500 °C, 600
°C, 700 °C) exhibited typical diffraction peaks at 31.4, 36.8,
38.3, 44.9, 59.3, and 65.3, which correspond to the (220),
(311), (222), (400), (511), and (440) planes, respectively, of
the42,43 crystalline structure of the three-dimensional spinel
Co3O4 phase, signifying the creation of crystal-like Co3O4
(JCPDS Card no. 43−1003).42

3.4.4. FT-IR Spectroscopy. FT-IR was used to examine the
calcinated particles at distinct temperatures to illustrate shifts
in the functional groups of oxidized cobalt nanoparticles
(Figure 4C). The band at 1623 cm−1 was associated with the
angular distortion of adsorbed water molecules. C−O
stretching vibrations caused a peak at 1023 cm−1.43 The
peak at 2371 cm−1 was due to the irregular vibration (C = O)
of CO2 received from the air during the thermal annealing of
metal oxides.43 All the oxide samples’ FT-IR spectra had the
same distinctive peaks as pure cobalt oxide (PCO), indicating a
comparable chemical bonding nature. The tiny bands at 566
and 665 cm−1 may have been OB3 (B−Co3+ in an octahedral
site) and ABO (A−Co2+ in a tetrahedral site) vibrations,
respectively, in the Co3O4 spinel matrix.43

3.4.5. Raman Spectroscopy. Raman spectroscopy was
employed to investigate the characteristics of oxidized cobalt.
This approach is sensitive to morphological and structural
changes in oxidized cobalt nanoparticles, making it a helpful
tool for determining catalyst composition (Figure 4D). The
discovery of the Co3O4 spinel occurred due to three distinct
peaks in the spectrum at 466 cm−1, 508 cm−1, and 672 cm−1.
The F2g Raman vibration mode was attributed to the peaks at
508 cm−1, while the Eg and A1g vibration modes were allocated
to the peaks at 466 and 672 cm−1, respectively.43 The small
peaks, at 1350 cm−1, were ascribed to the D band. The D band
is assigned to the A1g symmetry mode of k-point phonons.44

4. ANTICANCER EVALUATION OF CO3O4
NANOPARTICLES

After conducting extensive research spanning three decades,
researchers have demonstrated that certain nanomedicines
derived from nanoparticles possess the potential to effectively
treat cancer, offering advantages such as high biocompatibility,
precise targeting, and minimal toxicity.45 Metal oxide nano-
particles, including many anticancer agents, have been
investigated.46 Recently, researchers have reported the
anticancer activity of cobalt oxide nanoparticles, indicating
their potential therapeutic value in cancer treatment.
One study revealed the targeting of gastric cancer (AGS)

cells by the Co3O4 @ Glu/TSC nanoparticle complex, which
could potentially serve as a drug delivery system, consistent
with prior research findings.47 Furthermore, cobalt oxide
nanoparticles induced oxidative stress by generating reactive
oxygen species (ROS). These nanoparticles also exhibit
chemotherapeutic potential for combating invasive breast
cancer cells.7 Cobalt complexes are bound to DNA and
facilitated spiral elongation. Cytotoxicity testing on the MCF-7
breast cancer cell line revealed that certain compounds
displayed anticancer properties.48 Furthermore, PMIDA-
coated cobalt oxide nanoparticles significantly enhanced
cellular adsorption, eradicating cancer cells in cytotoxicity
experiments on T-cell lymphoma and oral carcinoma.49

Biogenic cobalt oxide nanoparticles exhibited cytotoxic effects

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10246
ACS Omega 2024, 9, 31373−31383

31379

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c10246/suppl_file/ao3c10246_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c10246/suppl_file/ao3c10246_si_001.pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


on HeLa cell lines, further affirming their potential as an
anticancer agent.50

Our study employed the MTT assay to evaluate the
cytotoxicity of cobalt oxide nanoparticles synthesized by
calcinating the E. coli (pBADCF) strain with adsorbed cobalt
at temperatures ranging from 400 to 700 °C. In this study, 1 ×
104 4T1 tumor cells (triple-negative mouse breast cancer cell
line) were initially incubated in a 96-well plate with 100 μL of
growth medium and exposed to varying concentrations of
cobalt oxide nanoparticles (0.78, 1.56, 3.13, 6.25, 12.5, 25, 50,
and 100 μg/mL). The treated cells were then incubated at 37
°C with 5% CO2 for 1 day, and the inhibitory concentration
(IC50) was determined based on the difference in viability
between untreated and treated cells. The positive control
exhibited a viability rate of approximately 98%. Cobalt oxide
nanoparticles calcinated at 400 °C inhibited cell proliferation
to about 70−75% (Figure 5A). Microscopic green fluorescent
images of 4T1 cell lines are provided for the cell viability of the
positive control (Figure 5B) and for cell viability inhibited at
50 μg/mL of cobalt oxide nanoparticles calcinated at 500 °C
(Figure 5C). Even at a concentration of 100 μg, the cobalt
oxide nanoparticles calcinated at 700 °C showed a viability of
60% and a significantly higher average proliferation rate of
nearly 100% at lower concentrations. Cobalt oxide nano-
particles heated to 600 °C exhibited 100% viability at lower
concentrations and only a 25% apoptosis rate at higher
concentrations (100 g).
The nanoparticles synthesized at 500 °C demonstrated an

IC50 value of 59 μg/mL, while samples synthesized at 400 °C,

600 °C, and 700 °C required 670 μg/mL, 116 μg/mL, and 110
μg/mL, respectively. Consequently, the sample synthesized at
500 °C exhibited more significant cytotoxicity than the others.
In comparison to cobalt oxide nanoparticles synthesized

using the cochineal dye approach, the IC50 value of 2 mg/mL
is significantly higher than the IC50 value of 59 μg/mL
achieved with microbially synthesized 500 °C cobalt oxide
nanoparticles using the same 4T1 cell lines.49 The green
synthesis of cobalt oxide nanoparticles using Psidium guajava
leaf extract yielded even better IC50 values: 24.5 μg/mL for
HCT116 cells and 29.5 μg/mL for MCF-7 cells.51 Microbial
synthesis of cobalt oxide nanoparticles using MRS-1 Micro-
bacterium sp. resulted in 50% cell death at 100 mg/mL.14

Another study showcased the anticancer potential of cobalt
oxide nanoparticles against HT29 and SW620 cells, revealing
IC50 values of 2.26 and 394.5 g/mL, respectively.52 Compared
to all other studies, our cobalt oxide nanoparticles, synthesized
by genetically modified strains, exhibited higher apoptosis at
lower concentrations. To fully uncover the medicinal potential
of cobalt-Schiff-base complexes, comprehensive investigations
of the structure−activity relationship are imperative. Although
this molecule can induce DNA damage and cancer cell death,
further research is needed to optimize its concentration.53

5. CONCLUSION
Recombinant bacteria have synthesized cobalt oxide nano-
particles with numerous applications, including use as catalysts
for batteries in the medical sector and photocatalytic dye
degradation. The continued utilization of whole-cell bio-

Figure 5. (A) Anticancer activity of cobalt oxide nanoparticle calcinated at different temperatures (400 °C, 500 °C, 600 °C, and 700 °C) from E.
coli (pBADCF) adsorbed cobalt. Each line graph shows the mean value of five experiments. The error bars were calculated by dividing the standard
deviation by the square root of the number of measurements. (B) Cell viability for the positive control. (C) Cell viability at 50 μg/mL of Co3O4
calcinated at 500 °C.
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catalysis to create cobalt oxide nanoparticles with a cell surface
display system remains valuable for environmental purposes.
Molecular modeling and wet lab analysis were utilized to
ensure an optimal design and enhance the activity of a specific
peptide on the cell surface. This work synthesized and
displayed cobalt-binding peptides on the cell surface using
the OmpC anchoring motif in E. coli (pBADCF). These
peptides exhibited a significantly higher cobalt recovery rate,
averaging ≥2183 μmol/g DCW at pH 7 and a 2 mM Co
concentration, than other peptides. Furthermore, FE-SEM was
employed to examine the morphological characteristics of
cobalt attached to recombinant cells. The zeta analyzer derived
the size and zeta potential of the cobalt oxide nanoparticle
oxidized at 500 °C. Numerous other reports have characterized
and explored the potential applications of cobalt oxide
nanoparticles obtained from peptides through calcination.
Notably, when heated to 500 °C, the best oxide demonstrated
a progressive mortality rate in cancer cells. However, further
research is required to determine the appropriate concen-
tration for biomedical applications.
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