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Abstract: The heavy metal cadmium poses severe threats to both ecosystems and human health.
Utilizing genetic engineering to enhance the microbial capability for efficient cadmium accumulation
has emerged as a pivotal research direction. This study constructed a genetically engineered bacterium
capable of expressing multivalent phytochelatins with a self-assembly ability and explored its efficacy
in cadmium adsorption. Molecular biology techniques were adopted to fuse the recombinant human
ferritin (rHF) gene and the synthetic phytochelatin (EC) gene, known for its robust adsorption
capacity for heavy metals. The expression vector was constructed. Escherichia coli (E. coli) served as
the host cell to express multivalent nanochelator rHF-ECs tailored for high-efficiency heavy metal
adsorption. The results reveal the successful soluble expression of the recombinant fusion protein in
E. coli cells, forming self-assembled multivalent nanoparticles with a size of about 13 nm, and the
target protein rHF-EC20 (monomer) could adsorb approximately 9.2 µmol of Cd2+ in vitro. Moreover,
this recombinant strain demonstrated cadmium adsorption across a temperature range of 16–45 ◦C
and a pH range of 5–9, with the optimal performance observed at pH 7.0 and 37 ◦C. Compared with
the control strain, the recombinant strain BL21 (FLE), expressing nano-chelating peptides, achieves
an adsorption rate of 80% for Cd2+ at 60 min, resulting in an approximately 18% increase in the Cd2+

enrichment efficiency. The maximum adsorption capability of cadmium reached 12.62 mg per gram
of dry cell weight. This work indicated that the synthesis of multivalent chelating peptides in E.
coli cells could efficiently enhance the bioaccumulation of the heavy metal cadmium, which renders
novel avenues and methodologies for addressing cadmium pollution, offering promising prospects
for environmental remediation.

Keywords: Escherichia coli; multivalent nanoparticles; cadmium adsorption; wastewater treatment

1. Introduction

Cadmium, a natural heavy metal characterized by strong mobility, possesses a high
toxicity to human health. The discharge of waste and sewage in industries such as elec-
tronics, chemicals, and photovoltaics as well as cadmium-laden dust and smoke deposition
in the atmosphere have led to a substantial accumulation of cadmium in the environ-
ment. Moreover, as this metal traverses water bodies and food chains and accumulates, it
further adversely affects the human respiratory, cardiovascular, gastrointestinal, reproduc-
tive, renal, and nervous systems, posing a grave threat to ecological balance and human
health [1,2]. Therefore, efficiently reducing the content of cadmium in the living environ-
ment or eliminating its bioavailability has emerged as an imperative issue demanding
human intervention.

In recent years, substantial research efforts have focused on the environmental re-
mediation of cadmium pollution. Traditional physical and chemical treatment methods
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include ion exchange, dialysis, reverse osmosis, ozonation, nanofiltration, and chemical
precipitation [3,4]. Meanwhile, there is growing interest in utilizing natural or modified
biomass materials as well as carbonizing biomass into materials with adsorption properties
for the adsorption and fixation of Cd2+ [5,6]. In recent years, hydrogel-based adsorbents
have been designed and applied for the removal of heavy metals from water [7,8]. Mi-
croorganisms, pivotal in ecosystems, exhibit diverse mechanisms for cadmium adsorption
and storage, including cell membrane/wall surface adsorption, intracellular aggregation,
mineralization precipitation, and intracellular conversion [9,10]. Compared with conven-
tional treatment methods, microorganisms offer advantages like a superior adsorption
efficiency, absence of secondary pollution, and environmental compatibility [11–13]. Nat-
urally occurring bacteria, fungi, seaweed, and algae have demonstrated the capability to
adsorb and accumulate heavy metals [14–17]. Due to their small volume, ease of cultivation,
and rapid reproduction, they have been extensively used for the remediation of heavy
metal pollution in the environment. However, naturally isolated microorganisms usually
possess drawbacks in their adsorption capacity and stress resistance. With the increasingly
stringent requirements of national pollutant emission standards, challenges persist in the
adaptability and efficiency of employing these microorganisms for heavy metal treatment.
In response to this issue, recent research has focused on leveraging genetic engineering
to enhance the efficiency of microbial cells in treating heavy metals [18–20]. This involves
introducing dominant genes associated with the enrichment and degradation of heavy
metals in microbial cells into recipient strains with a robust reproductive capacity and ease
of manipulation. Candidate genes involved in the adsorption and transport of cadmium
ions include cadmium transporters, metallothionein capable of binding to heavy metal
ions, and synthetic phytochelatins (ECs). A previous study has verified the cadmium
transport activities of mercury superfamily proteins (MerC, MerE, MerF, and MerT) [21].
Furthermore, the overexpression of these transporters has been shown to elevate the Cd
uptake [22]. Metallothioneins (MTs) are intracellular proteins with a low molecular weight
and high cysteine content that exhibit a robust adsorption capacity for heavy metals [23].
Organisms that overexpress metallothionein and biomaterials based on metallothionein
have been extensively utilized in treating heavy metals [24–26]. Ying Cai et al. successfully
expressed both the cadmium transporter protein and pea metallothionein in E. coli cells,
resulting in a 50% increase in cadmium ion accumulation in stem cells per gram compared
to wild strains [27]. ECs are heavy metal binding peptides that mimic phytochelatins. With
a structure similar to that of the cell detoxifying agent glutathione, ECs contain repeating
dipeptide units composed of glutamic acid and cysteine {(Glu-Cys) n Gly (n: repetition
times)}. These two amino acids can efficiently chelate heavy metals through carboxyl and
thiol groups [28]. Bae et al. fused and expressed synthetic chelating peptide ECs, which can
adsorb heavy metals, with ice nucleation protein INPNC and successfully displayed ECs on
the surface of E. coli and Moraxella sp. cell membranes for the treatment of Hg2+ in aquatic
environments. The results show that the Moraxella sp. engineered bacterium has a better
ability to adsorb Hg2+ than the E. coli engineered bacterium, which is ten times higher [29].
Yu et al. showed metallothionein on the surface of the strain Alishewanella sp. WH16-1-MT,
which doubled the adsorption capacity of the strain for Cd2+. The engineered strain was
further used to remediate a cadmium-contaminated paddy soil, effectively improving
the resistance of rice to cadmium and reducing the accumulation of cadmium in rice [30].
Moreover, Zhu et al. constructed a genetically engineered strain that could efficiently enrich
heavy metals by displaying a fusion protein (SynHM) carrying a 6*His-tag, a cysteine-rich
short peptide, and metallothionein on the surface of E. coli cells. The adsorption efficiency
of this strain for Cd2+ can reach 50 mg/L [31].

In nature, a plethora of proteins can precisely self-assemble and form various nanos-
tructures, such as nanowires and protein nanocages. Among these, due to its unique
structure and stable properties, the human ferritin heavy chain (rHF) has been widely used
as a structural unit in the design and synthesis of nanodevices, showcasing its multifaceted
function. Human-derived ferritin rHF primarily facilitates the storage and dynamic regula-
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tion of iron elements within the human body, exhibiting highly conserved biochemical and
structural characteristics [32]. The rHF subunit contains 180 amino acids, consisting of a
5-α-helix composition, spontaneously assembled into a 24-polymer nanocage structure in
cells, with an outer diameter of 12 nm and an inner diameter of 8 nm. The N-terminus of
each subunit is exposed on the outer side of the cage. The overall spatial structure presents
a 4-3-2 symmetry [33]. It has been verified that ferritin has an extremely high thermal
stability, with a Tm value of up to 85 ◦C. It can achieve soluble expression and self-assembly
in hosts, making it an ideal self-assembled nanoelement [34]. The successful engineering of
ferritin proteins as potential nanoreactors for synthesizing/incorporating nanoparticles
and as nanocarriers for tumor detection and therapy has been documented [35,36].

E. coli stands as an ideal microorganism for wastewater treatment due to its rapid
growth and clear genetic background, making it a current research hotspot to enrich heavy
metals through genetic engineering modification. Upon the enrichment of heavy metals,
achieving subsequent non-hazardous treatment is straightforward through solidification
and stabilization, including the encapsulation of pollutants into inert substrate materials
(such as cement and lime), organic binders like asphalt and other thermoplastic materials,
and thermally hardened organic polymers such as urea, phenolic plastics, and epoxides.
These approaches aim to convert pollutants into less soluble, less migratory, or less toxic
forms, thereby abating the risk of harm to ecosystems [37–39]. The design concept and
system are shown in Figure 1.
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Figure 1. Design concept of cadmium treatment with Escherichia coli cell factory. Yellow boxes
represent E. coli cells, the red circles represent nanochelator rHF-ECs, and black balls represent
cadmium ions.

This study selected 20 repetitive units of artificial plant chelating peptide EC20 and the
coding gene of human transferrin rHF for gene fusion through the peptide linker coding
sequence. By overexpressing the fusion protein in E. coli cells, a 24-polymer multivalent,
nano-chelating peptide self-assembled in the cells for heavy metal treatment. This recombi-
nant strain was used to investigate the adsorption capacity and characteristics of Cd2+ in
simulated wastewater, providing new research ideas and highly effective biomaterials for
the bioremediation of cadmium-contaminated environments.

2. Materials and Methods
2.1. Material
2.1.1. Strain and Plasmid

The host bacteria E. coli DH5α and E. coli BL21 (DE3) and the plasmids pET28a and
pET28a-rHF were preserved in the laboratory of this study. The plasmid pUC57-L-EC20
carried a linker peptide sequence (GGGSGGGS) and the fusion gene EC20. Endonucleases
BamH I and Xho I were introduced at both ends of the gene to recognize sites. The codon op-
timization and synthesis were fulfilled by Genscript Biotech Corporation (Nanjing, China).

2.1.2. Main Reagent

The plasmid extraction kit and DNA purification kit were purchased from Beijing
Solarbio Biotechnology Co., Ltd. (Beijing, China); the protein gel electrophoresis kit was
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from Crystal Biology; PrimeSTAR Max DNA Polymerase, restriction endonuclease, and
T4 DNA ligase came from Takara Bio (Beijing, China); and the cadmium detection kit was
purchased from Henan Suijing Environmental Protection Technology Co., Ltd. (Luoyang,
China). All other reagents were analytical grade.

2.1.3. Culture Medium

The LB medium for E. coli culture comprised the following: 0.5% yeast extract, 1%
Tryptone, 1% NaCl, and a solid plate with 2% agar. The protein expression self-induction
culture medium was prepared according to the formula of Gawron et al. [40], including
Tryptone, 10 g/L; yeast extract, 5 g/L; Na2HPO4·12H2O, 9 g/L; KH2PO4, 3.4 g/L; NH4Cl,
2.68 g/L; Na2SO4, 0.71 g/L; MgSO4, 0.24 g/L; glycerol, 6 mL/L; glucose, 0.5 g/L; and
α-D-Lactose, 2 g/L. When using the above culture media, kanamycin sulfate with a final
mass concentration of 0.1 mg/L was added.

2.2. Method
2.2.1. Construction of Fusion Protein Gene Expression Vector

Based on the nucleotide sequence of rHF (Genbank: M97164.1), specific primers were
designed: FP (5′-GATCCATATGACGACCGCGTCCACC-3′, underlined as Nde I restriction
site) and RP (5′-TACCGGATCCGGGCGCTCCCATCTTGCG-3′, underlined as BamH I
restriction site). The PCR amplification was performed using the plasmid pET28a-rHF as a
template. The PCR product was detected using 1% agarose gel electrophoresis, and the
target gene rHF was recovered with a DNA purification kit. The fragment was digested
with Nde I and BamH I and recovered for later use. Simultaneously, the plasmid pUC57-
L-EC20 was digested by BamH I and Xho I. After the reaction, the L-EC20 gene fragment
was recovered for later use. The digested products of the rHF gene and the L-EC20 gene
obtained in the above steps were ligated to the pET-28a (+) vector double digested with
Nde I and Xho I using T4 DNA ligase. The ligation products were transformed into E. coli
DH5α competent cells, and monoclones were selected for colony PCR validation. Clones
with preliminary validation were sent to Sangon Biotech (Shanghai) Co., Ltd. (Shanghai,
China) for sequencing. The correctly sequenced recombinant plasmid vector was named
pET28a-rHF-EC20.

2.2.2. Expression and Purification of Recombinant Fusion Protein

The correctly sequenced recombinant plasmid pET28a-rHF-EC20 was transformed into
E. coli BL21 (DE3) competent cells to obtain the recombinant strain BL21 (FLE). Meanwhile,
pET28a was transformed into the same strain to serve as the control strain BL21 (28a).
Single colonies were picked from LB agar plates and inoculated into a 5 mL LB liquid
medium containing 100 mg/mL kanamycin. The cultures were incubated overnight at
37 ◦C and 180 rpm to prepare seed solutions. These seed solutions were then inoculated at
5% (volume fraction) into a 300 mL auto-induction medium containing the same antibiotic
at 37 ◦C for 16 h. Then, the bacterial cells were collected by centrifugation at 4 ◦C and
12,000 rpm for 5 min. Part of the bacterial cells was resuspended in a pre-cooled cell
disruption buffer, followed by sonication under ice bath conditions for 30 min (working
duration: 3 s; interval time: 3 s; power: 300 W) until the bacterial suspension became clear.
The suspension was centrifuged again at 12,000 rpm for 30 min to collect the supernatant
and precipitate for SDS-PAGE analysis. The supernatant passed through a 0.45 µm filter
membrane, and the recombinant protein in the filtered supernatant was purified using a
Ni-NTA column through affinity chromatography. The purified protein was concentrated
and desalted to determine its concentration before being stored at −80 ◦C for future use.

2.2.3. Morphological Characterization of Recombinant Fusion Protein

The purified target protein was diluted to lower the salt ion concentration. Then,
10 µL of the protein solution was pipetted onto a carbon membrane and dried at room
temperature. Next, it was negatively stained with 1% phosphotungstic acid solution
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(pH 7.0) for three minutes, followed by rinsing with deionized water 2–3 times. After drying
at room temperature, the morphology of the protein was observed using the transmission
electron microscope FEI Tecnai G2 spirit Biotwin (Thermo Fisher Scientific lnc., Waltham,
MA, USA).

2.2.4. Adsorption of Recombinant Protein rHF-EC20 to Cadmium

A total of 2 mg of purified target protein rHF-EC20 was mixed with 100 mg of Ni-
NTA agarose resin loaded with Ni2+ and reacted for 30 min to ensure full binding to the
resin. The resin was washed with ddH2O to remove unbound target protein. The eluate
was collected after centrifugation, and the protein content was detected to calculate the
amount of protein fixed to the resin. The immobilized target protein was mixed with
100 mg/L cadmium chloride and shaken at room temperature for 30 min. The supernatant
was collected after centrifugation and washed once with a small amount of ddH2O. The
cadmium content was determined using a cadmium quantification detection kit. Finally,
the adsorption capacity of the target protein to cadmium was calculated.

2.2.5. Adsorption of Recombinant Strain to Cadmium
Influence of Induction Time on Cadmium Adsorption by Recombinant Strain

Single colonies of the recombinant strain BL21 (FLE) and control strain BL21 (28a) were
picked and inoculated into 5 mL LB liquid medium containing kanamycin and cultured
overnight to prepare seed solutions. These seed solutions were then inoculated at 5%
(volume fraction) into 200 mL of auto-induction medium supplemented with cadmium
chloride with a final concentration of 50 mg/L. The cultures were incubated at 37 ◦C for
24 h, with continuous sampling every four hours to determine the OD and the adsorption
rate of the strains to cadmium.

Optimal Adsorption pH and Temperature

(1) Optimal adsorption temperature: The recombinant strain BL21 (FLE), auto-induced
for expression, was collected after centrifugation and resuspended in Tris-HCl (pH 7.0).
The bacterium with a density of 3 g/L was added to cadmium chloride with a final
concentration of 50 mg/L. The strains were separately placed on a shaker at 16, 25, 37,
and 45 ◦C and incubated for two hours at 150 rpm. Samples were collected into nitric
acid-soaked centrifuge tubes and centrifuged at 12,000 rpm for two minutes. The
bacterial cells were dried, digested with nitric acid, and then quantitatively analyzed
for their cadmium content using cadmium detection kits.

(2) Optimal adsorption pH: The recombinant strain BL21 (FLE) were collected after cen-
trifugation and resuspended in Tris-HCl buffer at pH values of 5.0, 6.0, 7.0, 8.0, and 9.0
at the optimal temperature. The bacterial density was 3 g/L. After adding cadmium
chloride with a final concentration of 50 mg/L, the strains were separately incubated
at 150 r/min for two hours. The bacterial cells were collected, and a quantitative
analysis was performed on the adsorbed cadmium following the above procedure.
The adsorption rate A was calculated using the formula A = Ce/C0 × 100%, where
C0 represents the initial concentration of cadmium chloride (in mg), and Ce denotes
the cadmium ions adsorbed by the recombinant strains (in mg).

Time Adsorption Curve of Recombinant Strain

Under optimal adsorption conditions, the self-induced expression of recombinant
strain BL21 (FLE) and control strain BL21 (28a) were separately placed in 50 mg/L cadmium
chloride solutions and continuously cultured for 120 min on a shaker at 150 rpm. Samples
were taken at 5, 10, 20, 40, 60, and 120 min time points for detection, and the adsorption
rates at these time points were calculated.
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Equilibrium Adsorption Capacity of Recombinant Strain to Cadmium

Under optimal adsorption conditions, the recombinant strain BL21 (FLE), auto-induced
for expression, and control strain BL21 (28a) were separately placed in cadmium chloride
solutions with final concentrations of 20, 40, 60, 80, 100, and 120 mg/L and continuously
cultured for 120 min on a shaker at 150 r/min. Samples were taken to determine the adsorp-
tion quantity of cadmium. The typical Langmuir model was used to calculate the equilib-
rium enrichment amount (qm) of strains for Cd2+ using the formula q = qm Ce/(K + Ce),
where Ce represents the equilibrium concentration of Cd2+ in the solution (mg/L), q is
the enrichment amount of the strain for Cd2+ (mg/g), qm stands for the maximum en-
richment capacity (mg/g), and K denotes the dissociation constant (mg/L). The values
of qm and K can be obtained graphically with the rearranged form of the above formula:
Ce/q = Ce/qm + K/qm.

2.3. Statistical Analyses

In this study, all experiments were performed in three replicates. All measurements
were repeated three times, and the data were represented as the mean ± standard deviation
(SD). SPSS V19.0 (IBM, New York, NY, USA) software was used to conduct analysis variance,
and p < 0.05 stands for statistical significance.

3. Result and Analysis
3.1. Construction of Fusion Gene Expression Vector and Analysis of Fusion Protein Expression

The rHF and EC20 genes were enzymatically cleaved and ligated into the prokaryotic
expression vector pET28a to obtain the recombinant plasmid pET28a-rHF-EC20. After
sequencing verification, the plasmid was transformed into E. coli BL21 (DE3) to obtain the
recombinant strain E. coli BL21 (FLE). The fusion gene rHF-EC20 has a full length of 748 bp,
encoding 248 amino acids. With the N-terminal His-tag, the fusion protein has a total length
of 266 amino acids, with a theoretical molecular weight of approximately 30.8 ku and an
isoelectric point of approximately 4.9. After continuous cultivation of the recombinant strain
E. coli BL21 (FLE) in the auto-induction medium at 37 ◦C for 16 h, the bacterial cells were
collected using centrifugation. The cells were crushed using sonication and centrifuged
to harvest the supernatant and precipitate. The recombinant protein was purified using a
Ni-NTA column. The samples were separately taken for SDS-PAGE analysis. The results
are shown in Figure 2. The target protein mainly exists in the supernatant, indicating the
soluble expression of the recombinant protein in E. coli. The protein molecular weight is
around 30 ku, consistent with the predicted theoretical value.
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3.2. Morphological Analysis of Fusion Protein

The purified fusion protein was negatively stained with phosphotungstic acid, and
its morphology was observed using transmission electron microscopy (TEM). As shown
in Figure 3, uniformly sized nanoparticles were observed under the electron microscope,
implying that the fusion protein rHF-EC20 auto-assembled into nanospheres in E. coli, with
a size of approximately 13 nm, consistent with the expectation.
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3.3. Adsorption Capacity of Recombinant Fusion Protein rHF-EC20 to Cadmium

The purified target protein was immobilized onto Ni-NTA agarose through a His-
tag to treat cadmium chloride. It was calculated that 1 µmol of the target protein rHF-
EC20 (monomer) could adsorb approximately 9.2 µmol of Cd2+. Xu et al. conducted
adsorption experiments on Cd2+ using the EC20 fusion protein in vitro. The results show
that theoretically, one molecule of EC20 fusion protein can bind to ten molecules of Cd2+ [41].
The findings of this study agree with this, demonstrating the ability of the recombinant
protein to bind Cd2+.

3.4. Adsorption Characteristics of Engineered Bacterium E. coli BL21 (FLE) to Cadmium
3.4.1. Impact of Induction Time on Cadmium Adsorption by Engineered Strain

The recombinant engineered strain E. coli BL21 (FLE) and control strain E. coli BL21
(28a) were inoculated into auto-induction media containing cadmium and continuously
cultured for 24 h. The adsorption characteristics of strains for cadmium were determined
throughout the entire cultivation period. The results shown in Figure 4 reveal that the
growth curve of the target strain is generally consistent with that of the control strain BL21.
This verifies that under the same antibiotic and heavy metal stresses, the introduction of
the target gene into BL21 does not significantly affect cell growth. During the initial 12 h of
cultivation, there was no evident difference in the cadmium adsorption efficiency between
the target and control strains. However, between 12 to 16 h, as the cell density increased,
the target strain exhibited a higher cadmium adsorption efficiency than the control strain.
After continuous cultivation for 16 h, E. coli BL21 (FLE) achieved an adsorption efficiency
of 78.13% for Cd2+ in the solution, and the control strain was only 62.32%. After continuous
cultivation for 20 h, the target strain E. coli BL21 (FLE) reached its maximum cadmium
adsorption capacity. However, after 24 h, the adsorption efficiency of cadmium by the
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engineered strains decreased. This may be attributed to the excretion of heavy metal ions
from the cells through specialized “pumps” or transporters, such as P-type ATPase and
CDF (Cation Diffusion Facilitator) family proteins [42–44]. When the concentration of
heavy metals in the cells of microorganisms reaches their tolerance capacity, the optimal
detoxification method is to expel heavy metals from the cells.
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3.4.2. Optimal Adsorption Temperature of Engineered Bacterium BL21 (FLE)

The determination results of the optimal adsorption temperature of the recombinant
engineered strain E. coli BL21 (FLE) for Cd2+ are shown in Figure 5. The optimal adsorption
temperature for Cd2+ by the recombinant strain is 37 ◦C. After continuous adsorption
for two hours, the adsorption rate reached 82.4%. Conversely, low temperatures are
unfavorable for E. coli adsorption of Cd2+. After continuous adsorption at 16 ◦C for two
hours, the adsorption rate was merely 26.3%. By comparison, adsorption experiments at
45 ◦C result in a decline in the adsorption efficiency. The optimal growth temperature for E.
coli is 37 ◦C, Prior research delineates heavy metal adsorption by microorganisms into stages
encompassing heavy metal ion adsorption onto cell membrane surfaces, transmembrane
transport, and intracellular detoxification [45]. A range of transport proteins and enzymes
orchestrates the intricate process of heavy metal transport. Existing research indicates
that temperature substantially influences gene expression and protein synthesis within
cells. Microbial activities surge within an appropriate temperature range, enhancing both
microbial metabolism and enzyme activity, thereby expediting the bioremediation process
of heavy metals [46,47]. Conversely, low temperatures hamper the rapid synthesis of
functional proteins and can impair the permeability of cell membranes. Additionally,
higher environmental temperatures may disrupt the activities of metal transporters and
related enzymes, potentially impeding the transport and adsorption of Cd2+ [48].
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3.4.3. Optimal Adsorption pH of Engineered Bacterium E. coli BL21 (FLE)

The recombinant strain was subjected to different pH buffer solutions to determine its
adsorption efficiency for Cd2+. The results show that the recombinant strain E. coli BL21
(FLE) exhibits a high adsorption efficiency for Cd2+ in the pH range of 5–7. Specifically,
treatment in a pH 7.0 solution for two hours results in the highest adsorption efficiency for
Cd2+, reaching 82.4%. In contrast, under pH 9.0 environmental conditions for two hours,
the adsorption efficiency is only 69.2% (Figure 6). The pH exerts considerable influence
on the redox and solubility of heavy metals. Under neutral and acidic conditions (pH < 7),
negatively charged functional groups on the microbial cell surface, such as hydroxyl,
phosphate, carboxyl, and amide groups, can readily bind with Cd2+. In contrast, when
the pH levels exceed 8, Cd(OH)2 precipitates out of wastewater. Cadmium concentrations
decrease rapidly, and the cellular uptake of Cd2+ also drops [7].
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3.4.4. Evaluation of Adsorption Efficiency of Recombinant Strain to Cd2+

Under the optimal adsorption conditions, the adsorption efficiencies of the recom-
binant genetically engineered strain BL21 (FLE) and control strain BL21 (28a) were de-
termined at different time points (Figure 7a). Throughout the entire time process, the
recombinant strain BL21 (FLE) consistently demonstrates a higher adsorption efficiency
for Cd2+ compared to the control strain. The recombinant strain BL21 (FLE), expressing
nano-chelating peptides, achieves an adsorption rate of 80% for Cd2+ at 60 min, whereas the
control strain BL21 (28a) only reaches 62%, resulting in an approximately 18% increase in
the Cd2+ enrichment efficiency. These results indicate that the overexpression of multivalent
phytochelatins in E. coli cells effectively enhances the adsorption efficiency and tolerance of
the strain to Cd2+, thereby improving the adsorption efficiency of heavy metals. As shown
in Figure 7b, the results of the kinetic study regarding BL21 (FLE) reveal that during the
initial adsorption stage (0–30 min), E. coli exhibits a swift adsorption rate for Cd2+. At this
stage, heavy metal ions adhere to cell membrane surfaces primarily through processes like
ion exchange and complexation with chemical groups in biomolecules on the membrane
surfaces, featured by rapid and large-scale increases. Subsequently, the adsorption rate
gradually decelerates, reaching equilibrium at 60 min. Some heavy metals bound to the
membrane surfaces are transported into the cells via metal transporters. Within the cells,
these metals interact with heavy metal chelating proteins and form precipitates within the
cytoplasm, thereby mitigating the impact of soluble heavy metal ions on cells. This phase
represents the rate-limiting step throughout the entire adsorption process [45].
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3.4.5. Equilibrium Adsorption Capacity of Recombinant Strain to Cd2+

This experiment analyzed the enrichment behavior of the recombinant strain BL21
(FLE) and the control strain BL21 (28a) at different Cd2+ concentrations. As shown in
Figure 8, the maximum enrichment of Cd2+ by the recombinant strain BL21 (FLE) and
the control strain BL21 (28a) can be calculated based on the Langmuir model formula.
The equilibrium enrichment of the control strain BL21 (28a) is 9.27 mg/g, and that of the
recombinant strain BL21 (FLE) is 12.62 mg/g. Meanwhile, the equilibrium curve shows
that in solutions with high concentrations of Cd2+, the recombinant genetically engineered
bacterium presents a higher resistance and adsorption capacity to cadmium. However,
due to the absence of the secretion mechanism, proteins expressed in E. coli cells mainly
reside in the cytoplasm. Therefore, the genetically engineered bacterium in this study
aimed to promote heavy metal adsorption by elevating the expression levels of intracellular
heavy metal chelating peptides. However, the results indicate that compared with the
control strain, the engineered strain merely augments the cadmium adsorption efficiency
by approximately 18%. This may stem from the ineffective transport of heavy metal ions
into cells.
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4. Conclusions

This work demonstrates the feasibility of employing genetically engineered E. coli cell
factories to reinforce the efficient bioaccumulation of heavy metal cadmium via the overex-
pression of a fusion protein, rHF-EC. Moreover, the recombinant proteins can self-assemble
into multivalent nanochelators with a size of about 13 nm within cells, effectively adsorbing
heavy metal cadmium both intracellularly and extracellularly. The target protein rHF-EC20
(monomer) could adsorb approximately 9.2 µmol of Cd2+ in vitro. The adsorption capacity
varies with temperature and pH. The engineered strain BL21 (FLE) exhibits a superior
performance in cadmium biosorption at pH 7.0 and 37 ◦C. Meanwhile, a notable 18%
increase in cadmium accumulation implies that the strain that produces rHF-ECs maintains
significant advantages over the control host cells.

Considering the findings of the above research, promoting heavy metal adsorption by
elevating the expression levels of intracellular heavy metal chelating peptides emerges as
a promising strategy. Nonetheless, this approach faces limitations due to the ineffective
transport of heavy metal ions into cells. Future research can focus on tethering chelat-
ing peptides to the surface of cell membranes and co-expressing cadmium transporters
alongside this nanochelator within cells to further augment the adsorption and transport of
heavy metals [49]. Such advancements hold the potential to expand the utility of genetically
engineered E. coli in environmental pollution control [50].
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