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�. Introduction

Early detection of diseases is crucial 
for a successful intervention and treat-
ment. Even though there have been many 
advancements in the medical �eld during 
the last century, imaging techniques 
remain one of the most used methods 
for obtaining anatomical or physiological 
information about a dysfunctioning body 
part. Additionally, noninvasiveness is 
preferable for assessing the case without 
a�ecting the healthy tissues. Noninvasive 
imaging is one of the most valuable cancer 
diagnosis and prognosis tools because it 
o�ers real-time monitoring of the given 
therapy and patient responsiveness. Thus, 
this approach is a necessity to acquire a 
time and cost-e�ective treatment.[�] Mag-
netic resonance imaging (MRI) enables 
tissue density di�erentiation at high con-
trast, spatial resolution, and penetration 
depth as a noninvasive imaging tech-
nique. MRI measures the changes in 
hydrogen magnetization, which can be 
enhanced by using a contrast agent.[�] The 
magnetic behavior of the MRI contrast 
agents a�ects the T� (longitudinal) and T� 

(transverse) relaxation time measurements. According to their 
magnetic properties, MRI contrast agents can be categorized 
into two groups; paramagnetic contrast agents like gadolinium 
and manganese-based agents or superparamagnetic contrast 
agents like iron oxide and iron platinum agents.[�] Iron oxide 
nanoparticles (IONPs) are used as functional contrast enhance-
ment agents for cancer detection via MRI because of their bio-
compatibility and magnetic properties.[�,�] The size of IONPs 
can be controlled according to synthesis conditions. Therefore, 
they can be coupled with biological moieties like bacteria in the 
desired size.[�]

Usage of bacterial cells in cancer therapies provides the con-
struction of a multi-functional system that can, for example, 
sense and respond according to the environment, and can be 
engineered to produce an anti-cancer agent at the same time. 
Certain types of bacterial strains have an exclusive trait which 
is speci�c colonization on tumors and selective replication in 
tumor tissue.[���] In addition, bacteriabots play a crucial role in 
cancer therapies in a way that they can be stimulated externally 
via acquired nanoparticles.[��] Therefore, bacteria are promising 

The demand for highly e�cient cancer diagnostic tools increases alongside 
the high cancer incidence nowadays. Moreover, there is an imperative need 
for novel cancer treatment therapies that lack the side e�ects of conven-
tional treatment options. Developments in this aspect employ magnetic 
nanoparticles (MNPs) for biomedical applications due to their stability, bio-
compatibility, and magnetic properties. Certain organisms, including many 
bacteria, can synthesize magnetic nanocrystals, which help their spatial 
orientation and survival by sensing the earth�s geomagnetic �eld. This work 
aims to convert Escherichia coli to accumulate magnetite, which can further 
be coupled with drug delivery modules. The authors design magnetite 
accumulating bacterial machines using genetic circuitries hiring Mms� with 
iron-binding activity and essential in magnetite crystal formation. The work 
demonstrates that the combinatorial e�ect of Mms� with ferroxidase, iron 
transporter protein, and material binding peptide enhances the paramag-
netic behavior of the cells in magnetic resonance imaging (MRI) measure-
ments. Cellular machines are also engineered to display Mms� peptide on 
the cell surface via an autotransporter protein that shows augmented MRI 
performance. The �ndings are promising for endowing a probiotic bacte-
rium, able to accumulate magnetite intracellularly or extracellularly, serving 
as a theranostics agent for cancer diagnostics via MRI scanning and hyper-
thermia treatment.
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tools for tumor therapeutic as particular strains can speci�-
cally target cancerous tissues because of the weakened immune 
system and nutrient-rich tumor microenvironment.[�,��] Live-
cell imaging supplies recording information about dynamic 
changes in cells,[��] which is crucial for understanding the pro-
gression of the tumor tissues. MRI visualization can improve 
drastically by using magnetic nanoparticles (MNPs) bearing 
living cells, which can precisely localize tumor sites and be 
externally controlled via a magnetic �eld.

In nature, speci�c biomineralization proteins control the 
biomaterial nucleation and synthesis process. The biomin-
eralization proteins can govern the bio-inspired synthesis of 
organic/ inorganic hybrid materials for designing enhanced 
material.[��] Synthetic biology enables the engineering of bacte-
rial cells for protein-based nanomaterial synthesis. In an earlier 
study by Olmez et�al. a biomaterial synthesizing cellular system 
including a combined sensory and material nucleation modules 
in Escherichia coli was demonstrated successfully.[��] In a similar 
study, silica biomineralization proteins are fused to �uorescent 
proteins for �uorescent silica nanoparticle synthesis with low 
toxicity levels and good optical properties.[��] Silica itself can be 
coated on IONPs� surface to provide further stability of the par-
ticles by preventing aggregation, so composite nanomaterials 
are obtained for possible biomedical application.[��]

Similarly, inspired by natural magnetotactic bacteria (MTB), 
which have speci�c proteins and organelles for iron biomin-
eralization, peptide-based nanomaterials can be designed as 
tumor-speci�c contrast agents. Schuerle et�al. engineered Mag-
netospirillum magneticum AMB-� strain to display particular 
peptides on the magnetosomes� surface to target tumor envi-
ronment acidity and integrin-dependent binding of the magne-
tosomes selectively on tumors. Thus, the end product, surface-
functionalized iron biomineralization cores, has potential use 
in clinical applications as T�-weighted imaging probes.[�] Alter-
natively, because it is challenging to obtain metal nanoparticles 
with well-controlled properties as in nature, the M. magneticum 
AMB-� can be genetically engineered to tune the expression 
of proteins taking the role in the chain length, size, and mor-
phology of the IONPs via changing ribosome binding site and 
promoter for the sake of obtaining desired IONP properties.[��] 
On the other hand, the E. coli MG���� strain has been designed 
to overexpress speci�c enzymes, making the bacteria act as a 
fenton-like bioreactor covalently linked with MNPs and sponta-
neously synthesizing hydrogen peroxide around the colonized 
tumor environment. The catalysis role of MNPs in Fenton-like 
reactions leads to the production of toxic hydroxyl radicals, 
giving the engineered bacteria anti-cancer activity in possible 
treatment.[��]

The systems developed here provide a promising noninvasive 
contrast agent that can be potentially selective to hypoxic regions 
of tumors and have potent anti-cancer activity. Moreover, bio-
compatible bacterial systems minimize toxicity to healthy tissues 
and have a potential for theranostic applications for cancer. For 
this purpose, previously researchers engineered cells to express 
Mms� protein as a primary moiety that plays a role in iron-oxide 
nucleation[��] to synthesize nanomaterials inside the cell or on 
the cells� surface to serve bacterial cells as contrast agent agents. 
In the extracellular magnetite accumulating bacteria (ECMAB) 
system, Mms� was displayed on the cell surface via Ag�� 

autotransporter protein mediating nanoparticle production 
on the surface. For designing intracellular magnetite accumu-
lating bacteria (ICMAB) system, Mms� peptide was combined 
with ferroxidase (EncFtn) enzyme derived from Rhodospirillum 
rubrum,[��] material binding peptide (MBP),[��] and iron trans-
porter protein (EfeU) from E. coli Nissle ���� to enhance the 
nanomaterial production.[��] With the help of speci�ed peptides, 
the system can perform required functions by itself and provide 
ready-to-use cellular contrast agents when supplemented with 
corresponding ions. The ECMAB and ICMAB systems show 
higher r� relaxivity and reduced T� relaxation time, respectively, 
compared to control groups in MRI measurements. Therefore, 
the engineered cells have improved MRI contrast performance, 
showing promise as a diagnostic agent for cancer detection.

�. Results and Discussion
In this work, utilizing the known iron-binding property of 
Mms� protein for synthesizing MNPs,[��,�����] we aimed to use 
this protein for creating bacterial contrast agents (Figure �). 
The �D structure of the N-terminal hexahistidine tagged Mms� 
protein is predicted via I-TASSER modeling to ensure the 
proper folding of the tagged protein and the availability of the 
iron-binding site.[��,��] A model with the highest con�dence 
score was chosen among �ve predictions. Self-assembly of 
Mms� protein gives an iron-binding surface for iron ions in 
solution. In other words, magnetite formation occurs at a nega-
tively charged carboxylate-rich surface that enables speci�c 
iron-binding.[��] As a result, bacterial cells can be engineered 
to express recombinant iron-binding peptides and synthesize 
magnetites either inside the cell or on its surface under appro-
priate conditions. For this purpose, we �rst veri�ed the func-
tion of Mms� protein using its puri�ed form in IONP synthesis 
and its characterization. Afterward, the responsible circuits for 
accumulating intracellular or extracellular magnetites were 
constructed via molecular cloning techniques and magnetites 
were characterized via electron microscopy imaging, elemental 
analysis, and MRI relaxivity measurements.

�.�. Synthesis of MNPs and Characterization of Protein-Based 
Nanomaterials

Mms� peptide has an iron-binding activity at C-terminal that 
templates iron-oxide crystal production and controls the crys-
tals� size and morphology.[��] Here, we aimed to use an iron-
binding peptide, Mms�, for enabling E. coli cells to produce 
MNPs. To observe the functionality of Mms� protein, the puri-
�ed protein expressed in E. coli BL�� (DE�) cells was used in 
MNP synthesis. The room temperature co-precipitation (RTCP) 
method is used for IONP production because it is convenient 
and does not require hazardous materials.[��] Because Mms� 
protein has an agglomeration tendency, the puri�ed protein 
was refolded in the refolding bu�er and renatured via bu�er 
exchange into �X TBS.[��] Then, the expression is veri�ed via 
western blot through hexahistidine tag (Figure S�A, Supporting 
Information). The expected size is around ���kDa, as calculated 
via Expasy online tool. As well as the monomer form of Mms� 
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protein, the dimer and trimer forms are observed in analysis 
because it tends to oligomerize and form aggregates in solu-
tion. The N-terminal hydrophobic part of the peptide provides 
the aggregation that forces C-terminal to face out and eases 
iron-binding activity.[��] The necessary environment for IONP 
synthesis is kept via nitrogen purging throughout the process, 
and iron solutions are prepared in anoxic water to minimize 
the oxidation of iron ions before the synthesis (Figure �A). Pure 
protein at a concentration of ���� �g mL�� is e�cient in pro-
ducing MNPs. The mixture containing ferrous and ferric ions 
and pure protein is slowly supplemented with the NaOH solu-
tion to increase the pH of the solution.[��] Alkaline environment 
increases the a�nity toward iron by making the protein aggre-
gates highly charged, so base addition stimulates the precipita-
tion of iron salts resulting in magnetite formation.[��,��]

For characterization of the produced NPs with or without 
Mms� protein, scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM) images were ana-
lyzed, besides X-ray spectroscopy revealing elemental composi-
tion (Figure��B�D). Both SEM and TEM results show that the 
iron-oxide nanomaterials can be produced both in the pres-
ence and absence of Mms� protein. However, the nucleation 
role of Mms� protein in iron nanomaterial synthesis encour-
ages us to produce nanomaterial accumulating bacterial cells 
via recombinant protein expression in our following studies. 
According to the results, Mms� protein contributes to the size 
of the nanomaterials that show bigger dimensions and expect-
edly possess larger magnetic moment per particle;[��,��] and cre-
ates a tendency to form a contact structure due to the probable 
aggregation inclination of the protein in contrast to dispersed 
nanoparticles produced in the absence of the pure protein. Fur-
thermore, the size of the nanomaterials produced in the absence 
of Mms� protein is smaller and inhomogeneous. In addition, 
the nanoparticles synthesized both in the presence and absence 
of Mms� protein have similar morphology, which is cuboidal. 
In the energy-dispersive X-ray spectroscopy (EDS) analysis 
of MNPs synthesized in the presence of pure protein, carbon 
and oxygen peaks may be caused by the synthesized biohybrid 
material containing organic residues. Copper peaks, as well as 
carbon and oxygen signals, may have been observed due to the 
grid composition. Red arrows indicate the presence of iron ions 
in the selected reduced area representing IONPs (Figure� �D). 

The EDS analysis of nanoparticles synthesized in the absence 
of the pure protein showed similar results where Cu, C, and 
O peaks might be caused due to the grid itself, and Fe peaks 
labeled with red arrows indicating IONPs (Figure S�A,B, Sup-
porting Information). Furthermore, according to X-ray dif-
fraction (XRD) analysis of powder MNPs synthesized in the 
presence and absence of pure Mms� protein, the nanoparti-
cles formed in both cases show magnetite crystalline struc-
ture.[��,�����] In the literature, it is shown that Mms� peptide 
controls the morphology of magnetite crystals and so provides 
cubo-octahedral crystal synthesis, in contrast, its absence causes 
smaller and irregular-shaped crystal formation.[��,��,��] Further-
more, an alternative to Mms� protein, it is also reported that the 
proteins capable of iron-binding or not, like ferritin or bovine 
serum albumin (BSA) respectively, do not act on the size and 
morphology of the magnetite crystals.[��,��] Besides, a poly
cationic peptide polymer attaches to magnetite and a�ects size, 
morphology, aggregation of crystals in vitro.[��] The results are 
consistent with the interference of the Mms� peptide�s nuclea-
tion function in magnetite mineral species formation.

�.�. Construction of Bacterial System that Accumulates  
Magnetites Extracellularly

To create a bacterial system for extracellular magnetite accumu-
lation, Mms� is displayed on the cell surface via an autotrans-
porter protein called Ag�� that comprises an N-terminal signal 
sequence, �-passenger domain, and �-translocation domain. 
Because the �rst ��� amino acids of the �-passenger domain 
are responsible for self-recognition, this region is used to display 
protein of interest (POI).[��] In our genetic circuit, the iron-nucle-
ating peptide was cloned upstream of the truncated ��� N Ag�� 
sequence alongside a hexahistidine tag at N-terminal separated 
via a GS-linker (GGGGS) to prevent any possible misfolded pep-
tide. The bacterial cells displaying iron-binding peptides on the 
cell surface were subjected to MNPs production via the RTCP 
method similar to ex vivo synthesis because the peptide is easily 
accessible for responsible ions. This way, deposited ferrous and 
ferric ions can bind to the C-terminus of the displayed Mms� 
peptide, which has an iron-binding activity. After the slow addi-
tion of NaOH into the solution as an oxidizing agent to initiate 
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Figure �.  The representation of magnetite accumulating engineered cells harboring related genetic circuits for tumor diagnosis.
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nanoparticle production, the cells are expected to accumu-
late magnetites extracellularly (Figure �A). The expression of 
the Mm�-Ag�� fusion protein is veri�ed via Western blotting 
(Figure S�B, Supporting Information). The theoretical molecular 
weight of the Mms�-truncated �-subunit of Ag�� is around 
���kDa calculated using the Expasy online tool. The higher mole-
cular weight band on Western Blot corresponds to Mms� with 
Ag�� protein at approximately ���kDa. The surface display of the 
Mms� protein is veri�ed via immunocytochemistry (ICC) assay, 
where the His-tagged Mms� was labeled with His-tag-speci�c 
antibodies conjugated with DyLight��� in the absence of mem-
brane solubilizing agents. The display of iron-binding peptide 
was visualized by �uorescence microscopy. Since the cell mem-
brane was not permeabilized for antibody passage, the red sig-
nals indicated that the anti-his antibodies bound to the displayed 
Mms� protein on the cell surface (Figure� �B and Figure S�A,  
Supporting Information).

�.�. Characterization of Nanomagnet Accumulation on the Cell 
Surface

For analyzing the MNPs production on the cells, induced cells 
and empty cells were treated with iron ions and base addition 
during the synthesis procedure. The induced cells harboring 
Mms�-Ag�� fusion protein are expected to accumulate magnet-
ites on the cell surface, in contrast to empty cells. On the other 
hand, both samples would have free MNPs in the environment 
due to the synthesis procedure. The mixtures after synthesis 
were washed with PBS prior to electron microscope imaging. 

In SEM analysis, induced cells showed a remarkable di�erence 
from the empty cells by means of accumulating magnetites on 
the cells� surface (Figure��C). In addition, induced cells are sur-
rounded by more MNPs in the environment. This case may 
suggest that the probable agglomeration of both nanoparticles 
and Mms� peptide displayed on the surface may cause nano-
particles to clump together around cells.

SEM imaging does not provide enough contrast to di�eren-
tiate IONPs clearly. Therefore, TEM imaging was performed for 
visualization of MNPs with high contrast and high sensitivity 
(Figure��E). For induced cells, TEM imaging gives the ability to 
visualize cuboidal magnetite crystals synthesized on the cell sur-
face. The recombinant protein nucleates and templates the iron-
oxide nanomaterial synthesis, so the cells produced magnetites 
extracellularly via displayed protein, as expectedly. In empty 
cells, there could be some nanoparticle attachment on cells 
that might be caused by organic-inorganic attraction.[��] The 
results were consistent with SEM images, and the EDX anal-
ysis of selected points on SEM images revealed the elemental 
composition of the samples (Figure� �D). The specimens were 
prepared on silica wafers and coated with gold-palladium alloy 
to provide a conductive layer and minimize charging as well as 
thermal damage to organic and inorganic moieties. Therefore, 
the Si, Au, and Pd peaks present in both induced and empty cell 
samples might be caused by sample preparation. Carbon and 
oxygen signals in both induced and empty cells� EDS stand for 
organic moieties, whereas iron peaks present in induced cells 
support the conclusion of IONP production on the cell surface.

The accumulation of magnetites on the cell surface is a 
promising method for material synthesis due to its convenience 
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Figure �.  Characterization of puri�ed iron-binding peptide functionality in MNP production. A) The ex vivo magnetite synthesis with pure Mms� protein 
via RTCP method. Created with BioRender.com B) SEM images and C) TEM HAADF images of MNP synthesized in the absence and presence of pure 
Mms� protein. Scale bars are ��� and ����nm, respectively. D) EDS analysis of selected area on a TEM specimen of MNPs produced with the pure 
Mms�. Red arrows show the iron peaks. White scale bar is ����nm. Samples are collected from replicates; representative images are presented here.
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in synthesis and easy manipulation of magnetic cells via 
external magnetic �eld application. This system can be used 
after a convenient and fast preparation step according to the 
need. Iron concentrations were optimized for e�cient material 
synthesis. In addition, feeding the cells expressing recombinant 
fusion protein with only iron ions is not enough to synthesize 
the corresponding nanoparticle on the cell surface, but instead, 
it causes nanoparticle coverage throughout the whole surface, 
similar to the case observed with empty cells (Figure S�C, Sup-
porting Information). Besides, the nanoparticles synthesized by 
bacteria or free in the environment do not cause a toxic e�ect 
on cells, and they show growth after the synthesis procedure 
(Figure S�B, Supporting Information). Furthermore, according 
to the SEM images of the bacterial cells harboring proteins for 
extracellular magnetite accumulation in changing iron ions� 
concentrations, � mM� ferrous and ferric ions provide more 
homogeneously dispersed nanoparticles throughout the cell 
surface (Figure S�D, Supporting Information).

�.�. Construction of the Bacterial Cells Accumulating  
Magnetites Intracellularly

ICMAB system is engineered to perform autonomous iron 
oxide nanomaterial synthesis in the cytoplasm, where the 

redox reactions occur by the bacterial cells. In the proposed 
approach, the Mms� peptide is fused to the ferroxidase enzyme 
at N-terminus and MBP at C-terminus. Both of them are 
linked to the main peptide via a GS linker to maintain correct 
folding. The hexahistidine tag is kept upstream of Mms� sim-
ilar to other systems to avoid any negative e�ect on the C-ter-
minus� iron-binding activity. Because the ferroxidase enzyme 
has shown a toxic e�ect on the cells when expressed under a 
constitutively active promoter (Figure S�, Supporting Infor-
mation), the intracellular system is constructed under an induc-
ible promoter. Bacterial cell factories accumulating magnetite 
intracellularly are engineered to express MBP to enhance the 
cells� magnetic content. The chosen MBP domain possesses 
an amino acid sequence found in metal-oxide binding proteins 
from Thalassiosira pseudonana[��] is responsible for nucleation 
and growth of the iron-oxide materials via increasing the incli-
nation toward iron ions and providing a template for material 
growth.[��] Therefore, the fusion of this domain enhances IONP 
growth by providing a template. When the cells were supple-
mented with ferrous ions in media, iron transporter protein 
eases the ferrous ions intake as a �rst step. Upon oxidation of 
ferrous ions to ferric ions via ferroxidase protein, Mms� binds 
iron ions and nucleates production that is facilitated via MBP 
by increasing a�nity to iron ions and providing a template. 
The proposed �nal construct consists of ferroxidase enzyme, 
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Figure �.  Construction and characterization of the bacterial system accumulating magnetite on the cell surface. A) The representation of ECMAB by 
displaying the Mms� protein on the cell surface. Created with BioRender.com. B) ICC assay showed expression of displayed His-tagged Mms� on the 
cell surface stained with DyLight ��� antibody speci�c to His-tag and imaged under �uorescence microscopy. The left image is taken under the red 
�lter, and the right one is a bright �eld image. Scale bars are ����m. C) SEM and E) TEM images of magnetites synthesized on the cell surface. Scale 
bars are ����nm. D) EDS analysis of the selected areas on SEM images. The given electron microscopy images are representative for the speci�ed case 
where all images are obtained from minimum of two biological samples.
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iron-binding peptide, MBP, and ferrous ion transporter to 
enable the bacterial cell to synthesize iron-oxide nanomate-
rial in the cytoplasm. The protein expression is analyzed via 
Western blotting after cells are induced and treated both in the 
presence and absence of ferrous iron ions. The expected size 
of the fusion protein composed of a ferroxidase (EncFtn), His-
tagged iron-binding peptide (His�Mms�), and MBP (MBP�) is 
��� kDa as a monomer. However, because the ferroxidase pro-
tein stabilizes its structure via dimerization,[��] the Western Blot 
analysis also shows the dimer form of the fusion protein at 
around ���kDa (Figure S�C, Supporting Information).

�.�. Characterization of Nanomagnet Accumulation  
inside the Cell

For the analysis of intracellular magnetite accumulating 
cells, there were mainly three groups. In the �rst group, the 
cells express all the recombinant proteins that are ferroxidase 
(EncFtn), iron-binding protein (Mms�), MBP, and iron trans-
porter (EfeU). The aim of MBP addition to the construct is to 
enhance the MNP content of the cells by increasing the ten-
dency to bind and keep the iron nanomaterial. The cells in the 
second group are deprived of the MBP to observe its active 
role in iron accumulation. The last group consists of empty 
cells that are devoid of any recombinant proteins. As a result, 
upon induction and supplementation of the cells with ferrous 
iron ions, only the �rst two groups are expected to accumu-
late iron nanomaterial inside the cell. According to the elec-
tron microscopy images, the induced cell groups showed 

magnetite accumulation, whereas the empty cells did not have 
the same characteristic behavior as expected (Figure �B,C). All 
three groups have free IONPs in the environment that the oxi-
dation of ferrous ions may cause during cell growth conditions. 
According to SEM investigation, induced cells expressing MBP 
showed more magnetite accumulation than the induced cells 
lacking MBP expression (Figure��B). Also, there was a remark-
able di�erence between induced cell groups and empty cells. 
Nanoparticles surrounding the cells were observed due to 
possible organic-inorganic attraction, similar to the ECMAB 
system. In order to enhance the contrast and resolution of 
imaging, cells were further analyzed via TEM after they were 
grown in the presence of chemical inducers and ferrous ions 
(Figure� �C). TEM images revealed that recombinant gene 
circuits provide the intracellular iron nanoparticle accumu-
lation capability, unlike the empty cells lacking synthetic pro-
teins. The SEM and TEM images were coherent with each 
other, and the elemental analysis was performed via the EDS 
module at selected points on TEM images (Figure��D). In the 
given graphs, the Cu peaks occurred due to the grid itself, and 
staining of the samples caused to observe Mg and U peaks. The 
C and O peaks occurred due to both biological moieties and  
the grid material. The peaks indicated via red arrows represent 
the presence of iron ions at selected points on TEM images.

The intracellular iron quanti�cation is done via ferrozine 
assay (Figure S�, Supporting Information),[��] where the fer-
rozine reacts with ferrous iron to form a complex and results 
in a colorful end product.[��] It is crucial to determine the iron 
amount per cell because cells� growth can change according 
to the contained synthetic gene circuit. Therefore, the iron 
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Figure �.  Construction and characterization of bacterial system accumulating magnetite inside the cell. A) The construction of ICMAB via ferroxidase, 
MBP, and iron transporter proteins beside Mms� peptide. Created with BioRender.com. B) SEM and C) TEM images of produced magnetites inside 
the cell. Scale bars are ����nm. D) EDS results of selected areas on the TEM images providing elemental analysis. Red arrows indicate iron signals. 
White scale bars are ����nm. Samples are collected from replicates; representative images are presented here.












