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Nanomaterials (NMs) are mostly synthesized by chemical and
physical methods, but biological synthesis is also receiving great
attention. However, the mechanisms for biological producibility of
NMs, crystalline versus amorphous, are not yet understood. Here
we report biosynthesis of 60 different NMs by employing a
recombinant Escherichia coli strain coexpressing metallothionein,
a metal-binding protein, and phytochelatin synthase that synthe-
sizes a metal-binding peptide phytochelatin. Both an in vivo
method employing live cells and an in vitro method employing
the cell extract are used to synthesize NMs. The periodic table is
scanned to select 35 suitable elements, followed by biosynthesis
of their NMs. Nine crystalline single-elements of Mn30,, Fe30,,
Cu,0, Mo, Ag, In(OH)3, SnO,, Te, and Au are synthesized, while
the other 16 elements result in biosynthesis of amorphous NMs or
no NM synthesis. Producibility and crystallinity of the NMs are
analyzed using a Pourbaix diagram that predicts the stable chem-
ical species of each element for NM biosynthesis by varying re-
duction potential and pH. Based on the analyses, the initial pH of
reactions is changed from 6.5 to 7.5, resulting in biosynthesis of
various crystalline NMs of those previously amorphous or not-
synthesized ones. This strategy is extended to biosynthesize multi-
element NMs including CoFe,0,4, NiFe;04, ZnMn,0,4, ZnFe,04, Ag,S,
A92T903, A92W04, Hg3T906, PbM004' PbWO4, and Pb5(VO4)3OH
NMs. The strategy described here allows biosynthesis of NMs with
various properties, providing a platform for manufacturing various
NMs in an environmentally friendly manner.
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N anomaterials (NMs) (1) such as metal nanoparticles, metal
nanorods, carbon nanotubes, and graphene are indispens-
ably used in many industries (2) including electronics, energy,
chemicals, and medicine because of their unique electric, optical,
and catalytic properties depending on their composition, size,
and shape (3, 4). There has been much interest in producing
diverse NMs that can be used for old and new applications in
various fields (5-7). NMs are mostly synthesized by rather energy
intensive chemical and physical methods (e.g., hydrothermal,
sonochemical, and microwave irradiation) at high temperature
(60-950 °C) and pressure (~1,000 bar), which also typically re-
quires hazardous toxic capping agents (e.g., polyetherimide and
polyacrylic acid) and solvents (e.g., toluene and oleyl amine) to
disperse and purify NMs after synthesis (8, 9). Thus, biosynthesis
and purification of NMs under mild conditions using nontoxic
solvents (mostly water) without requiring physical and chemical
treatments has attracted much attention (10).

There have been numerous studies on the biosynthesis of
NMs, mostly including noble metal (Pd, Ag, Au, and Pt) and
transition metal (Mn, Fe, Cu, Zn, Se, and Cd) elements, that
employ plant extracts, bacteria, fungi, and yeast (10-13). The use
of bacteria, which grow much faster than fungi and yeast, as NM
biofactories has attracted much attention (14). Also, the use of
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bacteria is better than using plant extract (S Appendix, Text SI).
Bioreduction of the exposed precursor ions by bacteria results in
precipitation of insoluble complexes, forming NMs in some
cases. For example, the wild-type Escherichia coli cells have been
successfully employed to synthesize NMs of noble metal (Ag and
Au) and transition metal (Cu, Se, and Cd) elements (10). Al-
though the exact mechanisms of associated microbial proteins
for NM biosynthesis are not clear, metallothionein (MT), one of
the well-known metal-binding proteins, and phytochelatin (PC)
synthesized by phytochelatin synthase (PCS) have been relatively
well characterized. The MT and PC have been investigated for
their roles in the biosynthesis of NMs. MT is a low-molecular-
weight, metal-binding protein, which can bind heavy metals (i.e.,
Cu, Zn, and Cd) through clusters of thiolate bonds (15). PCis a
family of cysteine-rich, thiol-reactive peptides that bind several
toxic metals (i.e., Cu, Zn, Cu, Hg, and Pb). It plays an important
role in heavy-metal detoxification processes (16). As PCS can be
generally overexpressed in cells when exposed to metal ions, PCs
are synthesized and form complexes with the metal ions via
metal binding and reduction (17). Both MT and PC are rich in
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cysteins, the thiol group of which act as a reducing agent for the
formation of NMs (10, 16). For these reasons, MT and/or PC
have been employed to biosynthesize various metal NMs (13, 18-20).
For example, the biosynthesis of cadmium sulfide NM by recombi-
nant E. coli expressing the Schizosaccharomyces pombe PCS gene
and the y-glutamylcysteine synthetase gene has been reported
(13). Also, we previously developed a recombinant E. coli strain
coexpressing MT and PCS, which allowed biosynthesis of more
diverse NMs with higher efficiencies compared with the method
employing either MT or PCS alone (S Appendix, Text S2) (18-20).
Despite the promising potential of NM biosynthesis for pro-
ducing various NMs, the exact capacity of the biosynthetic sys-
tems for producing a range of diverse NMs has not yet been fully
explored. Thus, we became interested in exploring the biological
synthetic capacity of NMs including NMs that have never been
biosynthesized. Here we report biosynthesis of 60 different NMs
covering 35 elements using a recombinant E. coli strain coex-
pressing MT and PCS as a NM biofactory. Biosynthesis of par-
ticular types of NMs, including producibility and crystallinity, can
be explained and predicted by a Pourbaix diagram, which was
subsequently used for the biosynthesis of stable NMs for each
element by varying the reduction potential (Eh) and pH.

Results and Discussion

We first scanned through the periodic table to select 34 elements
(excluding sulfur) for the biosynthesis of corresponding NMs
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(Fig. 14). Elements such as diatomic nonmetals, noble gasses,
precious and costly elements, major components and major es-
sential cations of the cell, elements of which precursors soluble
in water are unavailable, and radioactive elements were excluded
from the precursor candidates in this work. Both the in vivo NM
biosynthetic method employing the recombinant E. coli DHS5«
cells harboring pYJ-MT-PCS and the in vitro NM biosynthetic
method using the cell extract of the same recombinant E. coli
were employed for the biosynthesis of various single- and
multi-element NMs (Fig. 1B and SI Appendix, Table S1). The
use of the in vitro method is preferred (19) for the bio-
synthesis of NMs composed of highly toxic metal elements
compared with the in vivo method (S Appendix, Fig. S1). The
producibility of the NMs and the crystallinity and physico-
chemical characteristics of NMs biosynthesized by both
methods were studied.

Among the 34 elements examined, the recombinant E. coli
DH5a cells harboring pYJ-MT-PCS synthesized either crystal-
line or amorphous NMs for 21 elements. Eight crystalline NMs
synthesized in vivo were Mn;O4, Fe;04, CuO, Ag, In(OH)s,
SnO,, Te, and Au (Fig. 1C and SI Appendix, Figs. S2-S4). In
addition, a crystalline NM including Mo was produced through
in vivo synthesis. However, its exact crystal structure could not be
determined; lattice spacing (0.23 nm) was observed using trans-
mission electron microscopy (TEM; SI Appendix, Fig. S2), but X-
ray diffractometer (XRD) patterns were not clear enough to

Fig. 1. In vivo and in vitro biosynthesis of various
single-element NMs. (A) Thirty-four single elements
(shown in the black closed circle) tested to bio-
synthesize various NMs are shown in the latest ver-
sion of the Periodic Table (November 28, 2016) from
Ptac the International Union of Pure and Applied Chem-
istry (https://iupac.org/what-we-do/periodic-table-of-
elements/). Elements such as diatomic nonmetals
(blue border circle), noble gasses (red border circle),
precious and expensive elements (gray border circle),
major components of biomolecules and essential
cations of the cell (light-green border circle) (37) and
elements having insoluble precursors (orange border
circle) and radioactive elements (yellow border cir-
cle) were excluded from the precursor candidates
in this work. (B) The map of plasmid pYJ-MT-PCS
used to construct recombinant E. coli DH5a strain
employed in 34 single-element screenings for the
biosynthesis of NMs. In vivo reactions were per-
formed for 12 h unless indicated specifically. MT and
PCS are coexpressed from each plasmid under the
separate tac promoter. (C) TEM images of nine
crystalline NMs synthesized in vivo with their corre-
sponding elements labeled in green circle. (D) TEM
images of 12 amorphous NMs synthesized in vivo
with their corresponding elements labeled in yellow
circle. (E) TEM images of crystalline Mn304 and In
(OH)3 NMs and amorphous Zr NM synthesized in vivo
by a 6-h reaction with their corresponding elements
labeled in black circle. (F) TEM images of crystalline
Ag NM and amorphous Se NM synthesized in vivo
using a control E. coli DH5«a strain harboring an
empty vector pTac15K with their corresponding el-
ements labeled in dark-gray circle. (G) TEM images
of seven crystalline NMs synthesized in vitro with
their corresponding elements labeled in purple cir-
cle. (H) TEM images of four amorphous NMs syn-
thesized in vitro with their corresponding elements
labeled in pink circle. (/) TEM images of crystalline
Mn304, Ag, and SO, NMs synthesized in vitro using
the cell extract of the control E. coli strain harboring
an empty vector with their corresponding elements
labeled in light-gray circle.
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confirm the crystal structure. However, the following 12 ele-
ments formed amorphous NMs through in vivo synthesis: Se, Zr,
Hg, Pb, and lanthanides (La, Ce, Pr, Nd, Sm, Eu and Gd) (Fig.
1D and SI Appendix, Fig. S5). The other 13 elements, including
Li, B, Al, V, Cr, Co, Ni, Zn, Rb, Sr, Cd, Ba and W, resulted in no
NM synthesis in vivo. Most of crystalline and amorphous NMs
synthesized in vivo after 12 h cultivation were observed on the
surface of the cell membrane under TEM (Fig. 1 C and D),
raising a question about the involvement of MT and PC in the
biosynthesis of NMs. We provided detailed explanations on
the locations of NMs biosynthesized in vivo (Fig. 1 E and F) and
the roles of MT and PCS to biosynthesize monodispersed NMs.
During the synthesis of crystalline Mn;O,4 and In(OH); NMs and
amorphous Zr NM, for example, the NMs were mostly synthe-
sized and located inside the cells at 6 h of cultivation (Fig. 1E),
whereas most were found outside the cell membrane at 12 h of
cultivation. Although the reason is not clear, such transport of
NM has been previously reported (21). These results suggest
that biosynthesis of NMs begins inside the cell, where MT and
PC are present, and then NMs move to the cell wall, where
biosynthesis continues. Moreover, during the nucleation pro-
cess of NM, PCs serve as a binding template and nucleation
site for the metal ions and stabilize the NM to prevent con-
tinued aggregation (13). To see if cells not expressing MT and
PCS are also able to biosynthesize NMs, the control E. coli
DH5a strain harboring an empty vector pTacl5K was cultured
and incubated with Ag and Se. Crystalline Ag NM and amor-
phous Se NM were biosynthesized, but the resulting NMs were
heterogeneous in size and shape and tended to aggregate to
each other (Fig. 1F). Because the NMs synthesized using the
recombinant E. coli strain coexpressing MT and PCS were ho-
mogenous and well dispersed, MT and PC indeed can be said to
facilitate NM biosynthesis and stabilization (SI Appendix, Text S3
and Fig. S6).

Through in vitro synthesis, 11 of 34 elements successfully
formed either crystalline or amorphous NMs (Fig. 1 G and H
and SI Appendix, Figs. S7-S9); detailed results are shown in S/
Appendix, Text S4. These results clearly show that NMs are more
readily biosynthesized in vivo than in vitro (formation of 21 and
11 NM:s, respectively). Since nicotinamide adenine dinucleotide
(NADH) has been reported to provide reducing power during
the biosynthesis of NMs (21-23), we chose NADH concentra-
tion as an indicator for the level of available reducing power
during the synthesis of NMs. The NADH level in vivo increased
during the cultivation of recombinant E. coli, while that of the
cell extract stayed relatively constant during the incubation (S7
Appendix, Fig. S10). In addition, the NADH level in the
recombinant cells was 3.5 times higher than that of the cell extract
after 12 h of incubation. Thus, MT and PC can biosynthesize NMs
more efficiently in vivo where more NADH is available.

To understand why some elements led to biosynthesis of NMs
while others did not in vivo and/or in vitro (e.g., NM produc-
ibility), Pourbaix diagram analysis was performed for predicting
the stability and predominant forms of elements through the
calculation of the effects of Eh and pH values (Fig. 24 and S/
Appendix, Text S5) (24, 25). The results of the Pourbaix diagram
analyses were consistent with the in vivo experimental results;
the NM biosynthesis of the correct product for 21 elements was
confirmed (SI Appendix, Figs. S9 and S10). No NM biosynthesis
for nine elements was also consistent with the results of Pourbaix
diagram analysis (SI Appendix, Fig. S13). However, no NM bio-
synthesis for four elements (B, Al, V, and Cr) in our experiments
could not be explained by the Pourbaix diagram, which suggested the
pOSSiblC formation of B(OH)3, V60 135 V204, V305, V203, AI(OH)3,
and Cr;03;, respectively. Similarly, Pourbaix diagram analyses
were also performed for in vitro synthesis of NMs (S Appendix,
Text S6 and Figs. S15-S17).
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Detailed examination of the Pourbaix diagrams of Cd, Ni, Zn,
and Cd suggested that they could form crystalline NMs at pH 7.5
(81 Appendix, Fig. S17). Thus, the initial pH of the in vivo NM
biosynthesis reactions was shifted to 7.5. In addition, the same
strategy was applied to 12 elements that formed amorphous NMs
to see whether crystalline NMs could be formed at pH 7.5 (S
Appendix, Fig. S12). The other four reactions with no NM synthesis
were excluded since the ionic states of the elements (Li*, Rb*, Sr**,
and WO,>") were dominant forms over the examined pH
range of 6-10 (SI Appendix, Fig. S13). At pH 7.5, 10 crystalline
NMs, pNi(OH),, ZnO, p-Cd(OH),, BaCOs, La(OH)s;, Pr(OH);,
Nd(OH);, Sm(OH);, Eu(OH)3;, and Gd(OH); were successfully
synthesized (Fig. 2B and SI Appendix, Figs. S19 and S20). In the
case of Co and Ce, two separate single-element crystalline NMs
were synthesized in vivo at pH 7.5 for each: f-Co(OH), and Co304;
Ce(OH); and CeO; (SI Appendix, Text S7 and Fig. S19B). In the
case of Se, Y, Zr, Hg, and Pb, five amorphous NMs were
formed in vivo at pH 7.5 (Fig. 2C and SI Appendix, Figs. S204
and S21). However, no NMs were synthesized for B, Al, V, and Cr
even at pH 7.5 (SI Appendix, Fig. S20B). Next, the same strategy of
increasing the initial pH to 7.5 was applied to in vitro NM synthesis.
Various single-element crystalline and amorphous NMs were
obtained at pH 7.5 (Fig. 2 D and E and SI Appendix, Text S8
and Figs. S22-528).

Using the in vivo and in vitro methods described above, we
were able to biosynthesize the crystalline MoO,, In(OH)3,
La(OH)3, Ce(OH)3, Pr(OH)3, Nd(OH)3, Sm(OH)3, EU(OH)3,
Gd(OH);, Pb3(NO)3(OH)s, and Pb3(NO)3(OH)s NMs and amor-
phous Y, Ce, Pr, Nd, Sm, Eu, Gd, Hg, and Pb NMs. Although the
Pourbaix diagram predicted crystalline NMs for Se, Y(OH);,
ZrO,, and Pb(OH); by the in vivo method (Fig. 2C and SI Ap-
pendix, Fig. S21) and Se, Y(OH)s, ZrO,, and Te by the in vitro
method (Fig. 2E and SI Appendix, Fig. S28), amorphous NMs
were biosynthesized despite changing the initial pH to 7.5 (S
Appendix, Text §9). These elements will require further studies to
better understand the mechanisms that underlie the formation of
NMs with respect to crystallinity and producibility. Formation of
crystalline materials and transformation of amorphous to crys-
talline materials have been investigated for metal, metal oxide,
and semiconducting NMs and also geologic and biologic min-
erals (26-29); in some cases, kinetic and energetic factors were
considered and explained. In this study, we employed the
Pourbaix diagram analyses for predicting producibility and
crystallinity of NMs from the thermodynamic aspect. Although
we did not systematically investigate kinetic and energetic fac-
tors during NM biosynthesis mainly because the reactions were
performed at mild temperature, more studies on time- and
temperature-dependent biosynthesis would result in better un-
derstanding of NM biosynthesis in kinetic and energetic points of
view in the future.

In the case of Fe, the Pourbaix diagram suggests that two
different types of crystalline Fe NMs, Fe;04 and Fe,O; (the
former was the Fe NM synthesized by in vitro reactions at
pH 6.5; Fig. 1 C and G and SI Appendix, Figs. S3B and S8B), can
be synthesized at different reduction potentials. To obtain pure
a-Fe,O3; NM, the two by-products of -FeOOH and a-FeOOH
and the recombinant cells were removed by calcination at a high
temperature of 800 °C. Examination of the changes of Eh and
pH during the in vivo and in vitro reactions suggested that a 6-h
reaction would give the Eh value suitable for the biosynthesis of
a-Fe,O3 NM (SI Appendix, Fig. S29); this was experimentally
verified (SI Appendix, Text S10 and Figs. S30 and S31).

To further extend the spectrum of NMs, biosynthesis of two-
element NMs and three-element NMs including oxygen was
attempted by in vivo and in vitro reactions. We tested combi-
nations of 35 elements including S as it is a component of various
metal sulfide-based NMs. To forward-predict producible chem-
ical species in each reaction, we analyzed Pourbaix diagrams of
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Fig. 2. A schematic of Pourbaix diagram and various NMs biosynthesized in vivo and in vitro at the initial pH of 7.5. (A) A schematic of Pourbaix diagram
indicates stable chemical species (e.g., types of element) at a given Eh and pH in an aqueous solution. The upper blue dashed line denotes the reduction
potential of the oxygen evolution reaction, while the lower blue dashed line corresponds to the reduction potential of the hydrogen evolution reaction. The
light-blue area represents the Eh and pH range available in stable water (38). Green boundaries illustrate the points where two different chemical species
coexist forming an equilibrium. Yellow stars represent Eh and pH values experimentally measured during the 12-h period of NM biosynthesis. The pink region
is where the predicted chemical species exist for the biosynthesis of NMs comprising them. Based on the Pourbaix diagram analysis, the producibility and
crystallinity of NMs were examined in aqueous solution. (B) TEM images of 12 crystalline NMs synthesized in vivo at pH 7.5 with their corresponding elements
labeled in red circle. (C) TEM images of five amorphous NMs synthesized in vivo at pH 7.5 with their corresponding elements labeled in black circle. (D) TEM
images of 12 crystalline NMs synthesized in vitro at pH 7.5 with their corresponding elements labeled in orange circle. (E) TEM images of four amorphous NMs

synthesized in vitro at pH 7.5 with their corresponding elements labeled in dark-gray circle.

595 possible bielemental combinations (SI Appendix, Figs. S32—
S34 and Dataset S1). While 47 of the 595 combinations were
predicted to produce compounds involving both precursor ele-
ments in the Eh and pH ranges of —1.0461 ~ 4+1.0461 V and 6 ~
10, respectively, only 34 combinations were predicted to be
synthesizable as crystalline NMs under in vivo biosynthesis con-
ditions (SI Appendix, Figs. S32 and S33). Among these 34 com-
binations, crystalline CdSe and ZnSe NMs have previously been
biosynthesized (18). Among the other 32 bielemental combina-
tions, 16 of them, including Al/S, S/Co, S/Mo, S/Ag, V/Ag, V/Pb,
Cr/Zn, Fe/Co, Fe/Ni, Fe/Zn, Cu/Se, Se/Sr, Se/Ag, Mo/Pb, Ag/W,
and W/Pb, were selected for proof-of-concept in vivo bio-
synthesis (SI Appendix, Fig. S32). Seven multi-element crystalline
NM [i.e., Ag,S, CoFe,0,4, NiFe,0, (together with f-FeOOH as a
by-product), ZnFe,O4, PbM0Oy, y-Ag, WO, (together with
B-Ago,WO,), and PbWO, (together with W50,4)] were bio-
synthesized as predicted from Pourbaix diagram analyses (Fig.
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3A4 and SI Appendix, Figs. S35 and S364). For the other com-
binations, single crystalline or amorphous NMs were formed in
some cases, or no NM was formed for the others (SI Appendix,
Text S11 and Figs. S32 and S37).

Next, among the 548 combinations that were predicted to
form no multi-element NMs according to the Pourbaix diagram
(Dataset S1), we examined the producibility of 42 bielemental
combinations (SI Appendix, Text S12 and Fig. S34). Interestingly,
crystalline ZnMn,O, (together with ZnMnO3), Ag,TeO;, and
Hg;TeOg NMs were in vivo-synthesized (Fig. 3B and SI Appen-
dix, Figs. S344, S36B, and S38), suggesting that not many, but
some, multi-element NMs that were predicted not producible
from Pourbaix diagram analysis could also be biosynthesized. For
the other combinations, either single crystalline or amorphous
NMs or no NM formation was observed (SI Appendix, Text SI13
and Figs. S34 and S37).
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Next, the in vitro biosynthesis of the same bielemental com-
binations was performed. Ten multi-element crystalline NMs
were in vitro-biosynthesized, including Ag,S, CoFe,0,, NiFe,O4
(together with f-FeOOH as a by-product), ZnFe,O4, PbM0O,,
B-AgoWO,, PbWO,, ZnMn,0,, Ag,TeOs, and Hg;TeOq (Fig.
3C and SI Appendix, Figs. S36C and S39); these are multi-
element NMs previously formed by in vivo reactions as well.
For the other combinations, either single crystalline or amor-
phous NMs or no NM formation was observed (S Appendix, Text
S14 and Fig. S40). As done for single-element NMs, biosynthesis
of multi-element NMs at pH 7.5 was also performed (Fig. 3 D
and E and SI Appendix, Text S15 and Figs. S36 and S41-S45).
In summary, the pH shift experiment resulted in biosynthe-
sis of seven more multi-element NMs including crystalline
Nay;VO,, NayCrOy4, NazAgO,, CoO(OH), Zn(OH),, Ag,O, and
Pb5(VO4)3OH NMs.

Taken together, the in vivo and in vitro NM biosynthesis
methods reported here resulted in the synthesis of 18 crystalline
multi-element NMs (Fig. 3). The crystal structures of 10 multi-
element crystalline NMs could be reconstructed based on
the XRD data (SI Appendix, Fig. S45). Among the 18 NMs, 13 of
them including NasVO,, Na,CrOy4, NazAgO,, NiFe,0,4, Zn(OH),,
ZIlMI‘l204, Ag2T€O3, Ag2WO4, W5014, Hg3TeO6, PbMOO4,
PbWO,, and Pbs(VO,4);OH were biosynthesized in this study.
Notably, crystalline Ag,TeO3; NM biosynthesized both in vivo
and in vitro was never synthesized before by chemical or bi-
ological means. Since this is a novel NM, more detailed studies
were performed. As the size of single-element NM could be
modulated by changing the concentration of the precursor ele-
ment (18), we wanted to know whether the size of multi-element
NM could also be modulated. It was found that the size of NM
could be varied from 13.69 + 0.87 nm to 34.96 + 1.38 nm by
increasing the precursor concentrations from 0.25 to 2.0 mM (S7
Appendix, Figs. S46 and S47), suggesting that the size of multi-
element NM could also be modulated as desired. The overall

&

500

results of in vivo and in vitro biosynthesis of various single- and
multi-element NMs are summarized in SI Appendix, Fig. S48 and
Dataset S2. Also, their characteristics (i.e., chemical composi-
tion, size, and shape) are presented in SI Appendix, Table S2. As
can be seen from these results, NMs biosynthesized exhibited
various sizes and shapes. Although the exact mechanisms for
such variations are not fully understood, different rates of metal
ion uptake, reduction, and crystal growth are most likely the
reasons.

One of the characteristics of NM biosynthesis is that there are
functional groups originating from biomolecules on the surface
of NMs. To identify the surface functional groups of bio-
synthesized NMs, Fourier transform infrared (FTIR) spectros-
copy analysis was performed. The FTIR data showed that
biomolecules were present and attached on the surface of the
biosynthesized NMs (SI Appendix, Figs. S49-S53). For both
in vivo- and in vitro-biosynthesized NMs, appearance of peaks in
FTIR corresponding to amino acid bond vibrations typically
observed for proteins and peptides (30) suggested that some
amide groups existed on the surface of biosynthesized NMs. The
C-H bond peak appearing at ~2,900 cm™' was from aliphatic
compounds in the cell membrane (SI Appendix, Figs. S49-S51),
which was stronger for in vivo-biosynthesized NMs compared
with in vitro-biosynthesized NMs (SI Appendix, Figs. S52 and
S53). Biosynthesized NMs were surrounded by various functional
groups of biomolecules, including O-H (3,300-3,000 cm_l), C-H
(2,960-2,850 cm™), amide groups (1,660-1,650 cm™', 1,540
1,535 cm™}, and 1,240-1,234 cm™!, amide I, amide II, and amide
ITI, respectively), and C = O (1,155-1,030 cm™') peaks (30).
Such modification of NMs with functional groups originating
from various cellular biomolecules, including MT and PCS,
seems to be involved in the stabilization of NMs.

Among the various NMs biosynthesized in this study, magnetic
NMs including Mn3;O4, Fe;04, CoFe,04, NiFe,04, ZnMn,0y,
and ZnFe,O4 were further characterized for their magnetic

Fig. 3. Invivo and in vitro biosynthesis of multi-element crystalline NMs. For each result with indicated bielements: (Left) the TEM image and (Right) the HR-
TEM image. In the HR-TEM image, the interplanar distance of the crystalline NM lattice and the Miller indices of crystallographic planes within parentheses
are also shown. Corresponding elements are labeled in colored circles. (A) Seven multi-element NMs synthesized in vivo. (B) Three multi-element NMs syn-
thesized in vivo. These NMs were predicted to be not producible from Pourbaix diagram analysis but could be biosynthesized. (C) Eight multi-element NMs
synthesized in vitro. (D) Pbs(VO4)30OH NM synthesized in vivo at pH 7.5. (E) Pbs(VO4)30H NM synthesized in vitro at pH 7.5.
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properties at 300 K (SI Appendix, Fig. S54). Crystalline Mn;O,
and Fe;O, NMs biosynthesized in this study showed para-
magnetic and ferromagnetic properties, respectively. The multi-
element NMs showed ferromagnetic (CoFe,O, synthesized
in vivo and in vitro and NiFe,O4 NMs synthesized in vivo),
superparamagnetic (NiFe,O, NM synthesized in vitro and
ZnFe,O, NM synthesized in vivo and in vitro), and paramagnetic
(ZnMn,0, NM synthesized in vivo and in vitro) properties. The
in vitro-synthesized magnetic NMs were found to have higher
saturation magnetization (Ms) values compared with the in vivo-
synthesized NMs. This is due to the difference between the
in vivo and in vitro biosynthesis methods (SI Appendix, Text S16).
The Ms values increased for the in vivo-synthesized magnetic
crystalline NMs due to the elimination of surface functional
groups by calcination. The magnetic NMs having such diverse
magnetic properties can be used in various biomedical fields
(31), such as magnetic resonance imaging, biosensing, and anti-
cancer drug delivery, because biosynthesized NM shows lower
toxicity to living organisms compared with chemically synthe-
sized NMs (32).

In summary, we demonstrated the biosynthesis of various NMs
through the extensive screening of single elements and biele-
mental combinations during in vivo and in vitro biosynthesis
using recombinant E. coli and the cell extract, respectively. We
were able to synthesize 60 different NMs covering 35 elements,
and among them, 33 previously unsynthesized NMs (20 single-
element NMs and 13 multi-element NMs) including Ag,TeO;
were produced. The mechanism of producibility and crystallinity
of NM biosynthesis could be predicted by Pourbaix diagram
analyses in many cases, allowing the forward design of NM
biosynthesis of single elements and multi-elements of interest.
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Various single- and multi-element NMs biosynthesized in this
study can potentially serve as NMs for exciting industrial appli-
cations such as catalysts, gas sensors, biosensors, bioimaging,
drug delivery, and cancer therapy (10, 32-36). There has been
increasing interest in synthesizing various NMs that have not yet
been synthesized for various applications including enhanced
solar cells, semiconducting materials, biomedical materials, and
many others. The strategies of NM biosynthesis described here
will be useful for further diversifying the portfolio of NMs that
can be manufactured.

Materials and Methods

All of the materials and methods conducted in this study are detailed in S/
Appendix, Materials and Methods: bacterial strains and plasmids, induction
of MT and PCS expression, expression of MT and PCS, in vivo synthesis of
NMs, growth of recombinant E. coli in the presence of different precursors,
preparation of cell extract, in vitro synthesis of NMs, in vivo synthesis of
crystalline NMs at initial pH 7.5, in vitro synthesis of crystalline NM at initial
pH 7.5, in vivo and in vitro synthesis of crystalline a-Fe,O3 NM, character-
ization of the biosynthesized NMs, generation of Pourbaix diagrams, mea-
surement of Eh and pH, and measurement of NADH level.

The data supporting the findings of this study are available in the S/
Appendix.
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