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Abstract

Recombinant Escherichia coli (E. coli) strain that produces phytochelatin (PC) and/or metallothionein (MT) can synthesize
various metal nanoparticles (NPs) by reducing metal ions. Here we report in vivo biosynthesis of iron oxide nanocomposites
(NCs) using recombinant E. coli. We designed a strategy of biosynthesizing iron oxide NCs by first internalizing chemically
synthesized iron oxide NPs, followed by the reduction of added metal ions on the surface of internalized NPs by PC and/or
MT in E. coli. For this, chemically synthesized Fe;O, NPs were internalized by recombinant E. coli, and then, Au and Ag
ions were added for the biosynthesis of AuFe;O, and AgFe;0, NCs, respectively. The NCs synthesized were analyzed by
transmission electron microscopy, UV-vis spectrophotometry, and X-ray diffractometry to characterize their shape, optical
property, and crystallinity. The Fe;O, NPs in the biosynthesized NCs allowed easy purification of the biosynthesized NCs by
applying a magnetic field. The AuFe;0, NCs were used for enzyme-linked immunosorbent assay to detect prostate-specific
antigen protein, while AgFe;O, NCs were utilized for the antimicrobial application with low minimum inhibitory concen-
tration. As recombinant E. coli can uptake and reduce various NPs and metal ions, biosynthesis of a wide range of NCs as
new nanomaterials will be possible for diverse applications.

Key points

o AuFe;0, and AgFe;0, nanocomposites were synthesized by recombinant E. coli.

e Escherichia coli synthesized different iron oxide NCs depending on the metal ions to be added.
e Biosynthesized AuFe;0, NC was used for ELISA and AgFe;0, NC for antimicrobial tests.
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Introduction chemical properties (Choi and Lee 2020; Choi et al. 2018a,

b; Jeong et al. 2018; Yu et al. 2016; Zhang et al. 2018). How-
Metal nanomaterials have been explored for diverse applica-  ever, metal nanomaterials have traditionally manufactured
tions such as catalytic reaction, medical imaging, biosensors, ~ under rather harsh reaction conditions such as high tempera-

and biomedical therapy due to their unique physical and  ture in multiple and complicated reaction steps involving
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toxic chemicals. To overcome such problems, the biosynthe-
sis of metal nanomaterials has been attracting much atten-
tion. Between the in vivo and in vitro biosynthesis methods,
the former is more advantageous because it does not require
cell lysis and can provide enough reducing power for the bio-
synthesis of metal nanomaterials. We recently reported that
in vivo biosynthesis of metal nanomaterials in recombinant
E. coli cells provides a 3.5-fold higher reducing power than
in vitro method (Choi et al. 2018a, b). So far, most metal
nanomaterials biosynthesized have been single element
nanomaterials, but multi-element nanomaterial biosynthe-
sis is also being actively pursued (Choi and Lee 2020). We
recently reported biosynthesis of highly ordered core—shell
NC of Au nanorod (NR)-Ag in recombinant E. coli express-
ing the Pseudomonas putida mt and Arabidopsis thaliana
pcs genes encoding metallothionein (MT) and phytochela-
tin synthase (PCS) synthesizing phytochelatin (PC), respec-
tively (Park et al. 2010; Jung et al. 2012, 2018). However,
there has been a great need for biosynthesizing more diverse
metal NCs for various applications.

In this study, we report a new strategy for the biosyn-
thesis of metal NCs. First, chemically synthesized Fe;0,
NPs are internalized into the E. coli. Then, the desired metal
ions (Au and Ag in this study) are added for their reduction
and growth on the surface of Fe;O, NPs by MT and PC,
thereby synthesizing the NCs. The biosynthesized AuFe;0,
and AgFe;0, NCs were analyzed by transmission electron
microscopy (TEM), X-ray diffractometry (XRD), and UV/
Vis spectrophotometry after easy purification from the cells
by applying a magnetic field. Finally, the biosynthesized
AuFe;0, and AgFe;0, NCs were employed for enzyme-
linked immunosorbent assay (ELISA) to detect prostate-spe-
cific antigens and antimicrobial applications, respectively.

Materials and methods
Materials

For biosynthesis of the AuFe;0, and AgFe;O, NCs, an LB
broth (high salt, LPS SOLUTION), gold (III) chloride tri-
hydrate (HAuCl,+3H,0, >49.0% Au basis, Sigma-Aldrich),
a silver nitrate solution (AgNOj;, 0.01 M, Fluka), and Fe;0,
NP (10-15 nm, SkySpring Nanomaterials) were used.
For isolation of the AuFe;O0, and AgFe;0, NCs, a B-PER
bacterial protein extraction solution (Thermo Scientific),
lysozyme (50 mg/mL, Sigma-Aldrich), pL-dithiothreitol
(>98%; TLC, >99%; titration, Sigma), proteinase K (> 800
units/mL, Sigma), Triton X-100 (Sigma), sodium dodecyl
sulfate (>99.0%; GC, Fluka) were employed. Ampicillin,
isopropyl-p-p-thiogalactopyranoside (IPTG), a human PSA-
total ELISA kit, prostate-specific antigen (PSA) from human
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semen, C reactive protein (CRP) from human plasma, and
chorionic gonadotropin human (hCG) were obtained from
Sigma-Aldrich. A Mueller Hinton broth was ordered from
DIFCO for the antimicrobial test.

In vivo biosynthesis of the Fe;0, NCs

AuFe;0, and AgFe;0, NCs were biosynthesized by
employing recombinant E. coli DH5a strains harboring
pTJ1-AtPCS, pTJ1-PpMT, pACtac-PpMT, and pTJ1-
PpMT-n-AtPCS, either alone or together (Park et al. 2010).
One hundred microliter of the recombinant E. coli were
incubated in 10 mL of an LB broth medium including
ampicillin (50 pg/mL) for 18 h at 37 °C with 200 rpm in a
shaking incubator. Then, 1 mL of the incubated E. coli was
subcultured in 100 mL of a fresh LB broth medium for 2 h
30 min at 37 °C with 200 rpm. After incubation, the cul-
tured E. coli were measured by a UV/Vis spectrophotom-
eter (UV-2450, SHIMADZU) to check the absorbance of
the cell solution at 600 nm, ODy,. Then, 100 pL of IPTG
was added to 100 mL of the cell solution to get 1 mM final
concentration, and the solution was incubated at 37 °C
with 200 rpm for 90 min. Fifty milliliters of Fe;O, NP
solution (12 pg/mL) in a phosphate-buffered saline (PBS)
was added to the same volume of the E. coli solution. Dur-
ing 5-h incubation, Fe;O0, NPs were internalized into the
E. coli (Cui et al. 2012; Jung et al. 2018). Then, 10 mM of
gold (III) chloride trihydrate and a silver nitrate solution
were added to the cell solution, respectively. The final Au
concentration in the cell solution was from 0.25, 0.5, and
0.75 to 1 mM, and the final Ag concentration was from
0.5, 1, and 1.5 to 2 mM. Then, the recombinant E. coli and
metal ions were incubated at 37 °C at 200 rpm for 48 h.

Isolation of the Fe;0, NCs

When the biosynthesis was complete, 10 mL of the E.
coli solution containing the NCs were aliquoted to 15-mL
conical tubes and then washed with PBS buffer three times
by centrifugation at 3500 rpm 5 min. To lyse the cell wall,
4 mL of a B-PER bacterial protein extraction solution and
8 pL of lysozyme were added to each aliquot and incu-
bated at room temperature for 1 h with gentle mixing.
After centrifugation at 4000 rpm for 5 min, lysed cell com-
plexes, including the NCs, were washed three times with
PBS. For further digestion of protein-NC complexes, 2 mL
of a denaturing solution consisting of 8 M urea, 20 mM
pL-dithiothreitol, and 1 M p-mercaptoethanol were used.
The mixture was incubated overnight at room temperature.
After washing three times with DI water, the NC com-
plexes were re-suspended in a 1 mL proteinase mixture
including 20 pL of proteinase K, 20 pL of Triton X-100,
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and 20 mg of sodium dodecyl sulfate, and incubated at
37 °C for 1 day. Then, the NCs were isolated by applying
an external magnet to collect only magnetic materials and
stored in DI water at 4 °C before use.

Protein detection using the AuFe;0, NCs

We carried out ELISA for PSA detection by using the
AuFe;O0, NC and a PSA ELISA kit. All the solutions were
prepared by the kit manufacturer’s protocol. For the syn-
thesis of “detection anti-PSA” conjugated the AuFe;0,
NCs, 0.8 g of the AuFe;0, NCs was incubated with 20 pL
of detection antibody concentrate (anti-PSA, RAB0331,
Sigma-Aldrich) in 380 pL of PBS overnight. In the test, we
used the AuFe;O, NCs biosynthesized with 2 mM Au. The
target protein PSA (100 ng/mL), non-target proteins CRP
(100 mg/L) and hCG (100 mIU/mL), and control 1X PBS
buffer (each 100 pL volume) were added to the “capture
anti-PSA” coated well plate and incubated at room tempera-
ture with gentle mixing for 2 h 30 min. After washing the
wells with a washing buffer, 100 pL of the “detection anti-
PSA” conjugating the AuFe;0, NC was added and incubated
at room temperature with gentle shaking for 2 h. Then, 100
pL of a tetramethylbenzidine (TMB) reagent was added to
each well and incubated at room temperature for 6 h. All the
reactions were performed in triplicate.

Antimicrobial application using the AgFe;0, NCs

The minimum inhibitory concentration (MIC) of the
AgFe;0, NC was measured with 2 g of gram-positive bac-
teria, Staphylococcus aureus (ATCC 12,600) and Listeria
monocytogenes (ATCC 15,313), and 1 g Gram-negative
bacteria, Salmonella enterica (ATCC 14,028). In the test,
we used the AgFe;O, NC biosynthesized with 2 mM Ag.
We verified the MIC value of the NCs inhibiting the visible
growth of bacteria with incubation at 37 °C for 1 day. The
antimicrobial test was carried out on a 96-well microtitra-
tion plate for a triplicate test with each bacterium. Before the
test, all three bacteria were grown in a Mueller Hinton Broth
medium at 37 °C for 18 h and diluted to 10° cells/mL. Then,
100 pL of the bacteria solution was added to the well plates.
The final concentration of the AgFe;O, NCs in each well
was from 0, 0.07, 0.14, 0.28, 0.56, and 1.12, to 2.24 mg/L.

Characterization of the biosynthesized NCs

The recombinant E. coli containing the NCs and the purified
NCs were characterized by a field emission transmission
electron microscope (FE-TEM, Tecnai G? F30 S-Twin, FEI)
operated at a voltage of 300 kV. The size of Au NPs was
measured based on the TEM images. Mean and standard
deviation of mean were calculated from the data obtained

from at least twenty objects. An inductively coupled plasma-
mass spectrometer (ICP-MS, Agilent ICP-MS 77008, Agi-
lent) was used to obtain the mass ratio of the NCs and their
content. In addition, the NCs were characterized by a UV/
Vis spectrophotometer (UV-2450, SHIMADZU) and a
multi-purpose thin-film X-ray diffractometer (MPA-XRD,
D/MAX-2500, Rigaku). All the measurements were per-
formed with at least three replicate samples.

Results
In vivo biosynthesis of the NCs

Au and Ag ions were added to the recombinant E. coli inter-
nalized Fe;O, NPs (10-15 nm diameter) to biosynthesize
the AuFe;O, and AgFe;0, NCs. After the biosynthesis,
the E. coli were collected by centrifugation and isolated by
applying an external magnet. Transmission electron micros-
copy (TEM) was utilized to confirm the NCs biosynthesized
inside the E. coli (Fig. 1), and the original E. coli were also
analyzed as a negative control (Fig. S1). Here, we hypoth-
esized that the E. coli isolated by the magnet contained
AuFe;0, and AgFe;0, NCs biosynthesized inside. In the
images, Au and Ag NPs of the NCs in E. coli were shown
as spherical (Fig. 1a and b). In the magnified TEM image of
the AuFe;O, NCs (Fig. 1c), a dark popcorn-shaped particle
(around 90-nm diameter), an Au NP, was found. The shape
of the particle was similar to the typical Au NPs biosynthe-
sized (Park et al. 2010). In the TEM image of the AgFe;O,
NCs, many spherical biosynthesized Ag NPs (around
40-nm diameter) were shown (Fig. 1d). On the other hand,
the Fe;O, NPs were not seen even in the magnified TEM
images, even though the E. coli were isolated and purified by
external magnets (Fig. 1c and d). Hence, an energy-disper-
sive X-ray (EDX) was utilized to identify the component of
the NCs inside the E. coli. As a result, Fe, Au, and Ag were
identified, respectively (Fig. le and f), confirming that the
AuFe;0, or AgFe;0, NCs were successfully biosynthesized
from recombinant E. coli.

Isolation of the NCs

The recombinant E. coli containing chemically synthe-
sized Fe;O, NPs and the biosynthesized AuFe;0, and
AgFe;0, NCs were isolated from a medium by centrif-
ugation (Fig. 2). The color of the cell pellets was dif-
ferent depending on the nanomaterials. The control E.
coli exhibited bright brown color (Fig. 2a(i)), while E.
coli containing Fe;O, NPs showed a dark brown color
(Fig. 2a(ii)). The colors of the E. coli, including the
AuFe;0, and AgFe;0, NCs, were black (Fig. 2a(iii)) and
ocher (Fig. 2a(iv)), respectively. After disrupting the cells,
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Fig.1 TEM images of the
recombinant E. coli containing
a the AuFe;0, and b AgFe;0,
NCs synthesized in vivo.
Magnified TEM images of ¢

the AuFe;0, and d AgFe;0,
NCs in E. coli, and EDX spectra
of E. coli containing e the
AuFe;0, and f AgFe;0, NCs
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the AuFe;O, and AgFe;0, NCs were purified from the cell
debris by applying external magnets. The AuFe;O, and
AgFe;0, NCs dispersed in DI water were seen dark purple
(the left in Fig. 2b(i)) and yellowish-brown (the right in
Fig. 2b(i)). Since pure Fe;O, NP showed brown (Fig. S2),
the NC colors (AuFe;0, NCs; dark purple and AgFe;0,
NCs; yellowish-brown) indicated that Au or Ag conjugates
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to the Fe;O, NPs. Moreover, the entirely dragged colored
NCs by an external magnet demonstrated the conjugation
among Fe;O, NPs and Au/Ag ions (Fig. 2b(ii)). In the
absorbance profiles of the NCs, the peak of the AuFe;0,
NCs at 550 nm proves the presence of Au NPs (Fig. 2c(i)),
and the peak of the AgFe;0, NCs at 410 nm indicates the
existence of Ag NPs (Fig. 2c(ii)). We also measured the
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Fig.2 a Digital images of the ‘K3
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absorbance of the iron oxide NPs as a negative control
(Fig. S3). Therefore, all the observed results proved that
the biosynthesized Au NPs and Ag NPs were conjugated
to Fe;O0, NPs to form NCs.

Morphology of the biosynthesized NCs

The purified NCs from the cells were analyzed by TEM to
observe the morphology (Fig. 3). In the images of the puri-
fied AuFe;0, NCs, Au NPs showed a popcorn shape in black
color (Fig. 3a—d), and the Fe;O, NPs with grey color (around
10-15-nm diameter) were arranged around the Au NPs. As
the Au concentration increased, the size of Au particles was
measured as 33.3+5.9 nm at 0.25 mM, 51.3+7.2 nm at
0.5 mM, 83.0+19.1 nm at 0.75 mM, and 111.1+34.0 nm
at 1.0 mM (n > 20, data presents mean + standard deviation
(SD)) (Fig. 3a—d and Table 1). In the purified AgFe;O, NCs
images, Ag NPs exhibited with black color, and the Fe;O,
NPs showed a grey color (Fig. 3e-h). In addition, the Ag

300 400 500 600 700 800 300 400 500 600 700 800
Wavelength (nm)

Wavelength (nm)

NPs with a polygonal shape were observed around the Fe;0,
NPs, and the size of the Ag NPs enlarged with increasing
Ag concentration from 0.5 to 2 mM. The Ag NP sizes were
measured as 20.4+5.4 nm at 0.5 mM, 29.5+5.0 nm at
1.0 mM, 37.2+9.3 nm at 1.5 mM, and 47.5+ 18.2 nm at
2.0 mM (n > 20, mean + SD) (Table 2). Consequently, the
sizes of Au and Ag NPs in the NCs were controlled by the
concentration of Au and Ag ions, respectively. The mass
ratio of Au and Ag to Fe in the NCs also gradually increased
as the concentration of Au and Ag ions increased (Table 3).

Crystallinity analysis of the biosynthesized NCs

The biosynthesized NCs were analyzed by XRD to demon-
strate the NC biosynthesis (Fig. 4). First, Au and Ag NPs
were synthesized using the same E. coli; then, crystallinities
of the Au and Ag NPs were analyzed, respectively. Biosyn-
thesized Au NPs showed four XRD peaks at 38.3°, 44.6°,
64.8°, and 77.8° (20) corresponding to the (111), (200),
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Fig.3 TEM images of the purified AuFe;O, NCs biosynthesized with different amount of Au ions, a 0.25, b 0.5, ¢ 0.75, and d 1 mM. TEM
images of the purified AgFe;0, NCs biosynthesized with different amount of Ag ions, ¢ 0.5, f 1, g 1.5, and h 2 mM

Table 1 The size of Au NPs in AuFe;O, NCs according to Au ion
concentration

Au ion concentration (mM) Size of Au NP (nm)
0.25 333+59

0.5 513+72

0.75 83.0+19.1

1.0 111.1+34.0

Table2 The size of Ag NPs in AgFe;0, NCs according to Ag ion
concentration

Ag ion concentration (mM) Size of Ag NP (nm)
0.5 204+5.4

1.0 29.5+5.0

1.5 37.2+93

2.0 47.5+18.2

Table 3 The mass ratio of Au and Ag to Fe in the biosynthesized NCs

Auion concentra- The mass ratio Agion concen- The mass ratio

tion (mM) of Au/Fe tration (mM) of Ag/Fe
0.25 2.0 0.5 3.7
0.5 4.0 1.0 5.0
0.75 124 1.5 5.7
1.0 25.1 2.0 7.5

@ Springer

(220), and (311) planes, indicating pure Au NPs (JCPDS
No. 04-0784) (Fig. 4a(i)). Fe;0, NPs revealed that four
peaks at 35.5°, 43.2°, 62.7°, and 74.2° (20) corresponding
to the (311), (400), (440), and (533) planes (JCPDS file
no: 19-0629) (Fig. 4a(ii) and b(ii)). In the patterns of the
AuFe;0, NC, both XRD patterns of the biosynthesized Au
NPs (Fig. 4a(i)) and Fe;O, NPs (Fig. 4a(ii)) were clearly
observed (Fig. 4a(iii)).

The Ag NPs exhibited four main peaks at 38.2°,
46.2°, 67.4°, and 77.7° (20) corresponding to the (111),
(200), (220), and (311) planes (JCPDS file no: 04-0783)
(Fig. 4b(i)). Moreover, the XRD patterns of the biosyn-
thesized Ag NPs (Fig. 4b(i)) and Fe;0, NPs (Fig. 4b(ii))
were distinctly found in the patterns of the AgFe;0, NCs
(Fig. 4b(iii)). Therefore, the biosynthesis of AuFe;O, and
AgFe;0, NCs was successfully proved through crystallin-
ity analysis.

Prostate-specific antigen detection using
the biosynthesized AuFe;0, NCs

To demonstrate the practical use of the biosynthesized
AuFe;0, NCs, we performed the ELISA test to detect PSA
using the AuFe;O04 NCs synthesized with 2 mM Au ions.
In the reaction, first, “capture anti-PSA” was coated on a
96-well plate; then, different kinds of antigens such as PSA,
CRP, and hCG were added into each well. Then, “detection
anti-PSA” conjugated with the AuFe;O, NCs was added,



Applied Microbiology and Biotechnology (2022) 106:1127-1137

1133

Fig.4 a XRD patterns of (i)

the Au NPs biosynthesized (no
composites), (ii) the chemically
synthesized Fe;0, NPs, and (iii)
the AuFe;0, NCs biosynthe-
sized. b XRD patterns of (i)

the Ag NPs biosynthesized (no
composites), (ii) the chemically
synthesized Fe;O, NPs, and (iii)
the AgFe;0, NCs biosynthe-
sized. The peaks measured at 50
to 60° (20) are obtained from Si
substrate

Fig.5 a A digital image of
ELISA test for PSA detec-
tion using the biosynthesized
AuFe;0, NCs. b Result of the
MIC value from the antimicro-
bial test using the biosynthe-
sized AgFe;O, NCs
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followed by TMB and hydrogen peroxide for colorimet-
ric detection. Consequently, only the wells that contained
the target PSA were specifically changed to blue (Fig. 5a).
Therefore, we demonstrated that the AuFe;O, NCs could be
used as a target detecting probe in ELISA.

Antimicrobial test using the biosynthesized AgFe;0,
NCs

To evaluate the antimicrobial activity of the biosynthesized
AgFe;0, NCs, we measured MIC of the NCs to bacteria,
Staphylococcus aureus and Listeria monocytogenes (Gram-
positive bacteria), and Salmonella enterica (Gram-negative
bacteria). The concentration of the NCs added to the bacteria
was 0, 0.07, 0.14, 0.28, 0.56, 1.12, and 2.24 mg/L. After
1-day incubation at 37 °C, the MIC values were measured
as 1.12, 0.07, and 0.14 mg/L for Staphylococcus aureus,
Listeria monocytogenes, and Salmonella enterica, respec-
tively (Fig. 5b). Thus, we could confirm that AgFe;O, NC
has strong antimicrobial activity.

Discussion

In this study, the recombinant E. coli internalized iron oxide
NPs synthesized AuFe;0, and AgFe;0, NCs by adding Au
and Ag ions, respectively. The E. coli have been utilized to
synthesize various nanomaterials such as semiconducting,
alkali-earth, magnetic, and noble metals (Park et al. 2010;
Jung et al. 2012, 2018). Therefore, this biosynthesis system
suggests that the E. coli in which iron oxide NPs are inter-
nalized can synthesize various NCs depending on the added
ions in as well as the Au and Ag ions. Furthermore, this
system has the potential to synthesize or discover various
nanomaterials because other nanoparticles, as well as mag-
netic particles, can be used as internalizing materials. Since
the reducing power required for biosynthesis is different for
each ion, the culture conditions may be varied.

In a previous study, Ag-AuNR NCs were synthesized to
a core—shell structure by the same recombinant E. coli (Jung
et al. 2018). On the other hand, the AuFe,O, and AgFe;0,
NC:s in this study were synthesized in a network structure, not
a core—shell structure (Fig. 3). Since the pattern of the XRD
peaks and the lattice size are almost similar in Au and Ag, Ag
can easily grow into a core—shell structure on Au nanorods
(Chen et al. 2017; Prabhawathi et al. 2019). On the other hand,
AuFe;0, and AgFe;O, NCs may be difficult to biosynthe-
size as a core—shell structure because Fe;O, NP has an obvi-
ously different lattice and plane from Au and Ag NPs (Fig. 4)
(Martinez-Mera et al. 2007). Therefore, since each metal has
different crystallinity and electrical reducing power, different
morphologies of NCs are synthesized depending on the metal
used (Chang et al. 2016; Ma et al. 2019).
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The network structure of iron oxide NCs has been
reported in a previous study (Prucek et al. 2011; Bell et al.
2017). Prucek et al. reported Ag@Fe;0, NCs synthesized
in vitro using maltose and polyacrylate (Prucek et al. 2011).
Ag ions were reduced and grown around Fe;0, NPs by malt-
ose, and the space between Ag and Fe;O, NPs was con-
trolled by polyacrylate. Bell et al. chemically synthesized
iron oxide-Au nanocomposite (Bell et al. 2017). Citric acid-
coated iron oxide NPs were used as a reducing agent that
was added to Au ions for the synthesis of iron oxide-gold
NC:s. The structures of the iron oxide NCs reported in previ-
ous studies are similar to the morphology of the AuFe;0,
and AgFe;0, NCs in this study. Thus, we could estimate
the synthetic process of our AuFe;O, and AgFe;0, NCs
(Fig. 6). As a first step, chemically synthesized Fe;O, NPs
were internalized into recombinant E. coli. Once the Fe;0,
NPs were coated and localized by PC and MT expressed,

Chemically
synthesized
FesO, NPs .° °

Internalization °
into the E. coli

Metal- 5
“2.7) binding @ ¢ &
;"r protein @ ﬂ’* g ,_‘? N
i N e D D g A ¥
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Fig.6 Schematic illustration of the biosynthesis process of the
AuFe;0, and AgFe;0, NCs
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Au and Ag ions could be bound to thiol and carboxylate
functional groups of PC and MT (Prucek et al. 2011). Then,
PC and MT could reduce the ions around the Fe;O, NPs.
Consequently, PC and MT played two roles: a reducer of Au
and Ag ions, and a spacer between the biosynthesized Au
and Ag NPs, respectively.

Conventionally, biosynthesized nanomaterials have dif-
ferent shapes and sizes, making it difficult to use them
for specific applications (Choi et al. 2018a, b; Ranoszek-
Soliwoda et al. 2019). Moreover, nanomaterials synthe-
sized in vivo are difficult to separate entirely from cells.
To solve the problems of polydispersity and purification
of nanomaterials previously mentioned, the NCs were
synthesized based on chemically synthesized iron oxide
NPs of uniform size. Although the iron oxide NCs synthe-
sized in this study did not solve the polydispersity prob-
lem because they formed a network structure, those were
entirely separated from cell debris by an external magnet
and had relatively uniform properties. Therefore, AuFe;0,
NCs were used as target detection probes in the ELISA,
and AgFe;0, NCs were used as antimicrobial reagents,
proving that the biosynthesized NCs can be utilized for
practical applications. However, to apply the biosynthe-
sized NCs to industry, it should have a high synthesis yield
(Choi and Lee 2020). Since this study mainly focused on
confirming the synthesizing potential of Au and Ag NCs
and their properties, we plan to study the biosynthetic
yield of the NCs and study methods to improve them as a
follow-up study.

The advantage of using the AuFe;O, NC as a target
detection probe in ELISA is that, first, Au can be eas-
ily conjugated with antibodies without chemical linkers.
Second, the magnetic property of the NCs facilitates the
separation of the AuFe;0, NC from unbound reagents.
Third, the Fe;O, NPs in the NCs can substitute horserad-
ish peroxidase (HRP) in ELISA (Shin et al. 2017; Vallabani
et al. 2017; Woo et al. 2013; Zhao et al. 2018). Thus, we
conjugated the AuFe;0, NCs to “detection anti-PSA” as an
alternative to HRP. Au NP size used in ELISA is typically
10-80 nm (Guo et al. 2019; Lakshmipriya et al. 2016). In
this study, the Au NP size of the NCs used for PSA detec-
tion was 111.1+34.0 nm (at 1.0 mM of Au ion), slightly
larger than the available size range. However, it partially
belongs within the usable range and showed good target
detection activity (Fig. 5a). Since the Au NP size of the NC
synthesized at the other Au ion concentrations (0.25, 0.5,
0.75 mM) is also in the available range (Table 1), AuFe;0,
NCs are suitable for the use of biomedical applications.
Moreover, since the network structure of the NCs can con-
centrate the Au NPs, the efficiency or sensitivity of the
reaction can be improved.

The AgFe;0, NCs have been employed for antimi-
crobial tests. In previous studies, antibiotic properties

of Ag NPs have already been reported (Karthiga et al.
2018; Le Ouay and Stellacci 2015; Paladini and Pol-
lini 2019; Panacek et al. 2006; Pazos et al. 2016). The
network structure of the AgFe;O, NCs, in which Fe;0,
NPs and Ag NPs are complexly connected by PC and
MT (Fig. 3e-h), enhances the localized contact den-
sity among the cells and Ag NPs (Prucek et al. 2011;
Trang et al. 2017; Zhang et al. 2016). Moreover, the NCs
remain stable in an aqueous condition due to PC and
MT (Markova et al. 2012; Prucek et al. 2011). There-
fore, the antibacterial action of the AgFe;0, NCs can be
improved than the Ag NP solution. The obtained MIC
values indicated that the biosynthesized AgFe;0, NCs
have more potent antimicrobial activity than the NCs
reported in the previous studies (Liu et al. 2010; Mark-
ova et al. 2012; Prucek et al. 2011). Since the Ag NPs
synthesized in vivo by strong reduction power from the
E. coli were densely localized on the network of Fe;0,
NPs, the NCs could destroy bacteria intensively and
effectively. The Ag NP size of the NC used in this anti-
microbial test was 47.5 + 18.2 nm synthesized at 2.0 mM
Ag ion. Considering that the size range of Ag NPs gener-
ally used for the test is 10-50 nm, AgFe;0, NC is suit-
able for the utilization of practical applications (Kubo
et al. 2018; Ramalingmam et al. 2015). In conclusion,
the biosynthesized NCs showed an efficient reaction in
ELISA and antimicrobial test, respectively, showing the
possibility that the nanomaterial synthesized in vivo can
be used for practical applications.
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