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Tumor-targeting inorganic hanomaterials
synthesized by living cells

Yuzhu Yao, © 2 Dongdong Wang, ©2 Jun Hu ® *#< and Xiangliang Yang & *2°<

Inorganic nanomaterials (NMs) have shown potential application in tumor-targeting theranostics, owing to
their unique physicochemical properties. Some living cells in nature can absorb surrounding ions in the
environment and then convert them into nanomaterials after a series of intracellular/extracellular
biochemical reactions. Inspired by that, a variety of living cells have been used as biofactories to produce
metallic/metallic alloy NMs, metalloid NMs, oxide NMs and chalcogenide NMs, which are usually
automatically capped with biomolecules originating from the living cells, benefitting their tumor-
targeting applications. In this review, we summarize the biosynthesis of inorganic nanomaterials in
different types of living cells including bacteria, fungi, plant cells and animal cells, accompanied by their
application in tumor-targeting theranostics. The mechanisms involving inorganic-ion bioreduction and
detoxification as well as biomineralization are emphasized. Based on the mechanisms, we describe the
size and morphology control of the products via the modulation of precursor ion concentration, pH,
temperature, and incubation time, as well as cell metabolism by a genetic engineering strategy. The
strengths and weaknesses of these biosynthetic processes are compared in terms of the controllability,
scalability and cooperativity during applications. Future research in this area will add to the diversity of
available inorganic nanomaterials as well as their quality and biosafety.

Introduction

With the development of nanotechnology, inorganic nano-
materials are widely produced and applied in the biomedical
field, as detection, diagnostic, monitoring, and therapeutic
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tools.” However, inorganic nanomaterials synthesized by
conventional methods (such as hydrothermal or solvothermal
methods) are far from satisfactory due to their poor biocom-
patibility, poor targeting effect, and low bioavailability. Inspired
by the biosynthesis process in nature, inorganic nanomaterials
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based on living cell synthesis have attracted researchers'
attention.

The synthesis of inorganic materials by living cells is wide-
spread in nature. For example, orientationally arranged
magnetic nanoparticles (NPs) can be fabricated within magne-
totactic bacteria to make them susceptible to the geomagnetic
field, which helps them to swim to deep water with relatively low
oxygen content.® Some living plants and microalgae can absorb
metal ions in water or soil and then convert them to insoluble
nanomaterials to mitigate environmental stress.”® Inspired by
nature, a variety of inorganic nanomaterials (NMs) including
metallic/metallic alloy NMs, metalloid NMs, oxide NMs and
chalcogenide NMs could be constructed intracellularly or
extracellularly by living cells of bacteria, fungi, animals and
plants. For example, Kangpeng Wang et al. reported the
biosynthesis of Te nanostructures by growing Bacillus selenitir-
educens in a lactate-tellurite medium.® Qing-Ying Luo et al.
employed yeast cells to synthesize CdSe quantum dots (QDs)
intracellularly.'® Maonan Wang reported the in situ biosynthesis
of Au nanoclusters (NCs) using both cultured cancer cells and
tumors of an orthotropic liver tumor mouse model."* Alejandra
Arévalo-Gallegos et al. used Botryococcus braunii as a bioreactor
for the production of Ag nanoparticles.

Living cell synthesis can be conducted at room temperature
with less energy consumption and negligible hazardous waste
generation, and the obtained biosynthetic nanomaterials have
the characteristics of good biocompatibility and unique bio-
logical properties. The ever-growing interest and significant
progress of biosynthetic nanomaterials have witnessed broad
prospects in biomedical applications due to their combined
advantages of natural substances and nanotechnology.** For
example, engineered bacteria with photothermally controlled
TNF-a expression and Au nanoparticles synthesized intracellu-
larly along with near-infrared (NIR) realized efficient tumor-
targeting therapy due to their preference for hypoxic and
nutrient-rich regions.'* In situ biosynthesized Au NCs in tumor
cells were proved to suppress cancer development via the
inhibition of the P13K-AKT signalling pathway."
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However, compared with chemical synthesis processes, the
size and morphology of the synthesized nanomaterials by living
cells are usually uncontrollable. As we all know, both the size
and morphology have crucial impacts on the properties of
nanoparticles. They can be regulated to a certain extent through
pH, temperature, precursor type and proportion, and incuba-
tion time, such as the pH-controlled morphology of Au nano-
particles synthesized by living plants,'® temperature-adjusted
fluorescence intensity of CdSe QDs synthesized by fungus F.
oxysporum,”” and incubation time-regulated size and emission
wavelength of CdTe QDs synthesized by bacteria.'® But these
simple adjustments are far from satisfactory. For the higher
controllability of biosynthetic processes, the mechanism of the
formation of inorganic nanomaterials within different types of
living cells should be clarified first. Bioreduction and detoxifi-
cation as well as biomineralization are often involved in the
mechanism of biosynthesis. Many kinds of intracellular
enzymes, reducing molecules such as glutathione and glucose,
cell surface expressed polysaccharides and proteins etc. usually
participate in these complicated reactions.' " By adjusting the
expression level of target proteins or peptides by means of
genetic engineering, the metabolic pathway, redox state etc. of
living cells can be regulated, so as to regulate the composition,
morphology, size and yield of synthesized nanomaterials. For
instance, the recombinant Escherichia coli (E. coli) coexpressing
metallothionein (MT) and phytochelatin synthase (PCS) showed
enhanced metal binding capacity and promoted the assembly of
diverse metal elements into highly ordered NPs.?*> The yield of
CdSe QDs was significantly improved by impairing the extra-
cellular electron transfer (EET) ability of the bacteria via the
deletion of the CymA-encoding gene.*

In general, biosynthesis using living cells has emerged as an
innovative and attractive green chemical methodology for the
preparation of inorganic nanomaterials. In this review, we
summarize the biosynthesis of inorganic nanomaterials in
different types of living cells including bacteria, fungi, plant
cells, and animal cells, while the strengths and weaknesses of
the biosynthetic processes are systematically presented,
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especially for application in tumor-targeting theranostics
(Scheme 1). The mechanisms of the biosynthesis are analysed
and it is generally accepted that inorganic-ion bioreduction and
detoxification as well as biomineralization are usually involved.
For controlling the size and morphology of the products, the
modulation of precursor ion concentration, pH, temperature,
and incubation time, as well as cell metabolism by a genetic
engineering strategy is proposed in many cases. However, from
the perspective of biomedical application, there are still some
issues that need to be addressed which are indicated in the last
part of the review. Future research in this area will add to the
diversity of available inorganic nanomaterials as well as their
quality and biosafety.

Bacterial synthesis

Bacteria, a kind of unicellular prokaryote, have been widely
studied in living-cell biosynthesis of inorganic nano-
materials®*~* owing to their characteristics of single cell growth,
facile cultivation, rapid proliferation, and easy genetic manip-
ulation.?® Metal ions and some oxyanions can be taken up by

23-25

FL Imaging

NS

et Imaging

Scheme 1

© 2021 The Author(s). Published by the Royal Society of Chemistry

Inorganic NMs
synthsized by
living cells

View Article Online

Nanoscale Advances

bacteria to participate in their metabolic processes to produce
metallic/metalloid NMs, oxide NMs and chalcogenide NMs
through biomineralization, bioreduction or intracellular
detoxification.

Metal oxide NMs synthesized through biomineralization

The most famous case of bacterial synthesis is magnetic
nanoparticles intracellularly formed by magnetotactic bacteria.
In 1975, R. Blackmore for the first time observed and reported
the magnetotactic bacteria (MTB), which could swim aligned
parallel to the Earth's geomagnetic field.”” The MTB were found
to naturally synthesize intracellular chains of magnetic nano-
particles (called magnetosomes), with a structure of one
magnetic mineral nanocrystal core and surrounding phospho-
lipids and proteins (Fig. 1A).>*2° The magnetosome biogenesis
has been shown to consist of the formation of an empty mag-
netosome membrane through the invagination of the cyto-
plasmic membrane, magnetosome protein sorting to the
magnetosome membrane, iron transportation into the magne-
tosome membrane and biomineralization as iron-rich magnetic
nanocrystals, and the final assembly and positioning of the

Chemotherapy

Inorganic nanomaterials synthesized by living cells for tumor-targeting theranostics.
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Inorganic nanoparticles synthesized by wild-type bacteria. (A) Biosynthesis of magnetosomes by MTB and application in T2 weighted MRI

and PTT of tumors. Reproduced from ref. 28 with permission from American Society for Microbiology, copyright 2019. Reproduced from ref. 34
with permission from Elsevier Ltd., copyright 2016. (B) Biosynthesis mechanism of metal nanoparticles by bacteria. Reproduced from ref. 44 with
permission from American Chemical Society, copyright 2020. (C) Metabolism-regulated Se and Cd biotransformation pathways in E. coli, and in
vitro and in vivo fluorescence images of the synthesized QDs in glucose-facilitated E. coli cells. Reproduced from ref. 26 with permission from

American Chemical Society, copyright 2019.

magnetosome chain.** In studies to reveal the mechanism of
magnetosome synthesis, researchers found that the protein
MamP had unique protein-folding structures called magneto-
chrome domains which contributed to the attraction for iron.*
MamP can oxidize Fe(u) to Fe(m), and eventually synthesize
Fe;0, containing both Fe(u) and Fe(m). It was verified in vitro
that Fe(u) was finally transformed to Fe(m) in the presence of
MamP Fe(n). Due to the inherent hypoxia-targeting and
magnetic-targeting ability of the MTB and the magnetic and
thermal properties of magnetosomes,* the MTB have been
widely used in enhanced magnetic resonance imaging (MRI),**
fluorescence imaging and probing,*?” as well as tumor-
targeting magnetic hyperthermal therapy (MHT)*® and photo-
thermal therapy (PTT).** Chuanfang Chen et al. reported that
the bacterial magnetic nanoparticles (BMPs) isolated from the
MTB successfully achieved T2-weighted MRI enhancement and
PTT of tumors (Fig. 1A).>*

Metallic NMs synthesized through detoxification

Inspired by the naturally biosynthesized nanomaterials, a variety
of bacteria have been explored as biofactories to synthesize
a diverse range of nanomaterials. Different from Fe ions, noble
metal ions in the environment are usually toxic to bacteria. To
mitigate environmental stress, they are commonly reduced to
their insoluble form by the bioactive molecules or proteins
present inside bacteria (such as nicotinamide dinucleotide

(NADH),* reduced nicotinamide dinucleotide phosphate

2978 | Nanoscale Adv,, 2021, 3, 2975-2994

(NADPH),>****  glutathione (GSH),*** glutathione reductase
(GR),* nitrate reductase (NR)," fumarate reductase FccA,* etc.),
as well as by the cell surface expressed or extracellularly secreted
reducing species (Fig. 1B).** Bioreduction®>*® or intracellular
detoxification'®* is often involved in this process.

Various functional groups including thiol, carboxyl, and
amino groups present on the surface of bacteria have high
affinity for metal ions. Upon reduction with reducing species
originating from bacteria or extra added ones, metallic NMs are
formed through nucleation and surface growth. For example, E.
coli was used as a biofactory to reduce chloroauric acid and
modulate the formation of Au NPs on the bacterial surface, in
which sugars or enzymes might modulate the biosynthesis.*®
Gary Attard et al. demonstrated the synthesis of Pt NPs by E. coli
MC4100 with different degrees of metal loading, in which Pt(u)
bound on the surface of bacteria was reduced to Pt(0) by
sparging hydrogen into the suspension.* In a recent study,
bimetallic Au-Ag nanoparticles were biosynthesized by E. coli,
in which Au ions were reduced by the phenolic group of tyrosine
residues present in the surface protein of E. coli.>® At basic pH,
the phenolic group converted into a negative phenolic ion that
can reduce Au ions to Au atoms.** After the formation of Au NPs,
an Au-Ag core-shell nanostructure was obtained with the
combination of Ag ions. Compared with single Au or Ag nano-
particles, the biosynthesized Au-Ag bimetallic NPs showed
enhanced photothermal therapy performance and antibacterial
ability.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Under environmental stress, heavy metal ions can be
intracellularly accumulated by bacteria through the transport
system and then converted into insoluble zero-valent nano-
particles, such as Au NPs,*” Ag NPs,>*** and Cu NPs.** For
example, Au, Ag and Au-Ag alloy crystals were synthesized by
Lactobacillus strains via incubation with the corresponding
precursor ions.”*> The bacteria with crystals synthesized
remained viable, and the coalescence of the nanoclusters was
considered to be protective for the living cells by reducing the
surface area of the crystals. In another study, an E. coli strain
that carried chromosomally encoded silver resistance deter-
minants was observed to form Ag NPs in the periplasmic space
upon exposure to Ag' ions.>

Metalloid NMs synthesized through bioreduction

Different from the metal detoxification mechanism, for some
elements such as Se and Te, their oxyanions could participate
in the respiratory chain process as respiratory electron accep-
tors, and finally could be reduced to a low-valent state.
Anaerobic bacterium Bacillus selenitireducens was used to
synthesize Te nanostructures at room temperature.® In another
study, intracellular synthesis of Te nanorods (NRs) by living
Staphylococcus aureus (S. aureus) cells via intracellular reduc-
tion of TeO3>~ was reported, and the intracellular biochemical
pathways were studied.” The Te(wv) in TeO;>~ was first reduced
to GSTeSG by intracellular GSH, and further reduced to GSTeH
by NADPH and GR. The resulting intermediate GSTeH spon-
taneously decomposed into Te(0), and finally formed Te
nanorods. To verify this mechanism, in vitro synthesis of high-
quality Te nanorods was successfully achieved using a quasi-
biological system containing electrolytes, reduced GSH,
reduced NADPH and GR, which were involved in the intracel-
lular reaction. It was further verified that the length of TeNRs
can be adjusted both by changing the concentration of NaOH
to control the concentration of Te(0) and by changing the
concentration of GR to control the generation rate of Te(0).
Considering the great photothermal conversion ability of
Te>*” and the tumor-targeting ability and immune response
activation of bacteria,”®** our recent work (unpublished)
employed bacteria with Te nanorods synthesized intracellu-
larly as a comprehensive treatment system in tumor-targeting
photothermal immunotherapy. Belonging to the same family
within the periodic table as Te, Se in Na,SeO; could also be
reduced to low-valence Se by certain bacteria.*>** Shewanella
oneidensis (S. oneidensis) MR-1, a model dissimilatory metal-
reducing bacterium (DMRB), can respire on multiple metal
ions to produce nanoparticles through dissimilatory respira-
tion and energy derivation.*»*>** Dao-Bo Li et al. reported that
fumarate reductase FccA is the terminal reductase of selenite
in the periplasm of S. oneidensis, and c-type cytochrome CymaA,
which is central to respiration, is of vital importance in the
reduction process.*

Metallic chalcogenides synthesized by bacteria

Combining the two processes mentioned above, a number of
metallic chalcogenides can be synthesized by living bacteria,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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among which the most representative ones are QDs. Quantum
dots are a kind of inorganic semiconductor nanocrystal with
excellent optical properties, such as tunable emission with size
and components in a wide spectral range, high photo stability
and fluorescence quantum yield, and a long fluorescence life
time, which endow them with great potential in bio-labelling
and detection, in vivo imaging and tracking, and tumor-
targeting drug delivery and therapy.®** Zhang Yi et al
prepared CdSe/CdS QDs with good water solubility and distinct
yellow fluorescence using E. coli cells for in vitro Hg>* detec-
tion.” It was reported that glucose addition to the culture
medium of E. coli would change the metabolic route of the Se
and Cd from Cd(PO,), formation to CdS,Se; , QDs assembly,
yielding fluorescent bio-QDs (Fig. 1C).>® The researchers pre-
sented that glucose metabolism improved the NADPH
production, thus leading to more reduced thiol groups (RSH),
which were critically responsible for Se reduction and Cd
binding, thereby significantly raising the CdS,Se;_, QDs
synthesis rate and yield. The resulting QDs were successfully
applied for imaging tumors. Moreover, S. aureus cells were also
used to synthesize CdSysSeqs QDs with outstanding photo-
stability and high luminance through the “space-time
coupling strategy”.*” By adding Na,SeO; and CdCl, to S. aureus
suspension at different times, the Cd precursor formed by Cd**
detoxification can react precisely with the low-valence orga-
noselenium compounds resulting from intracellular GR-
involved Na,SeO; reduction, to create CdS,sSeys in vivo,
which can never occur in living cells in nature. Due to the
specific interaction between the protein A expressed on the S.
aureus surface and the Fc fragment domain of antibodies, the
constructed cellular beacons (fluorescent cells) can be easily
and widely applied as nanobioprobes for pathogen detection in
vitro. Another study constructed a system for in vitro detection
of human prostate-specific antigens using biosynthesized QDs
in a similar way as above.” Haifeng Bao et al. reported the
extracellular biosynthesis of CdTe QDs by E. coli, directly based
on secreted proteins.'® It was found that the size of bacteria-
synthesized CdTe QDs increased with prolonged incubation
time, with a red shift of the absorption edge and emission
peak. The obtained QDs with size-tunable optical properties
were functionalized with folic acid and employed to image
cancer cells in vitro.

Engineered bacteria for biosynthesis

Although many species of bacteria can be used to synthesize
inorganic nanomaterials, the types of nanomaterials prepared
by wild-type (WT) bacteria are still limited, and their size and
morphology are often uncontrollable. However, size and
morphology have a crucial influence on the properties of
nanomaterials. Therefore, genetically engineered bacteria have
been used for more extensive and more controlled synthesis of
nanomaterials, which is the most significant advantage of
bacteria over other living cells. E. coli is one of the widely
studied bacterial species for nanomaterial biosynthesis, with
finely controllable genomic and metabolic functions.”””* After
being engineered to express MT and/or PCS, recombinant E. coli

Nanoscale Adv., 2021, 3, 2975-2994 | 2979
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cells were incubated with various metal ions, including semi-
conducting (Cd, Se, Zn, Te), alkali-earth (Cs, Sr), magnetic (Fe,
Co, Ni, Mn), and noble (Au, Ag) metals and rare-earth fluorides
(Pr, Gd), to synthesize the corresponding metal NPs.”* In the
synthesis processes, MTs are capable of binding heavy metals
(i.e., Cu, Cd, and Zn), while the metal-binding peptide phy-
tochelatin (PC) synthesized by PCS plays a significant role in
heavy-metal detoxification processes, as a family of cysteine-
rich, thiol-reactive peptides that bind several toxic metals (i.e.,
Cu, Zn, Cd, Hg, and Pb). Thus, the engineering of E. coli led to
the enhanced assembly of diverse metal elements into highly
ordered NPs. This was the first time that an engineered bacte-
rium was used for in vivo synthesis of a wide range of functional
metal NPs. In the same study, it was demonstrated that the
synthesized inorganic nanomaterials after feeding different
concentrations of precursor metal ions exhibited various
diameters, which further manifested as diverse colors and
fluorescence emission wavelengths of QDs. The engineered E.
coli cells were also employed to synthesize FeCo nanoparticles,
the diameter of which could be tuned from (3.02 £ 1.00) to (5.57
+ 1.04) nm by varying the concentration of Fe>" (or Fe'*) and
Co>" ions from 0.5 to 2.0 mM. Subsequently, Yoojin Choi et al.
scanned the periodic table to select 35 elements and bio-
synthesized 60 different nanomaterials by employing
a recombinant E. coli strain coexpressing MT and PCS
(Fig. 2A).*® For most nanomaterials in the study, the biosyn-
thesis begins in the cytoplasm, where MT and PC exist, and then
the nanomaterials move to the cell wall to continue the
synthesis. Moreover, the metal ions nucleate with PCs as
a binding template and nucleation site, and are stabilized by
PCs to prevent further aggregation. A Pourbaix diagram that
summarized the producibility and crystallinity of a series of
synthesized nanomaterials was used to predict the suitable
reduction potential (Eh) and pH for nanomaterial biosynthesis.
Then, through shifting the initial pH of in vivo reactions from
6.5 to 7.5, various crystalline nanomaterials of previously
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amorphous or not-synthesized ones were successfully synthe-
sized by living cells of E. coli coexpressing MT and PCS. With
respect to QDs, a study on S. oneidensis MR-1 showed that
abundant Se and a small amount of CdSe nanoparticles were
observed in WT bacterial cells after exposure to Na,SeO; and
CdCl, (Fig. 2B).** Then, S. oneidensis mutants with the CymA-
encoding gene deleted (AcymA) or overexpressed (Pyypr-cymA)
were constructed to impair or promote the intrinsic EET ability.
The AcymA showed high production of CdSe and low produc-
tion of Se nanoparticles, while the PyyprcymA performed
oppositely.

Applications in tumor-targeting theranostics

Since numerous bacterial strains have an innate ability to target
tumors due to their preference for hypoxic and nutrient-rich
regions, nanomaterials synthesized in bacterial cells could be
delivered to tumors directly with bacteria as carriers.”*”®
Moreover, outer membrane proteins expressed on the surface of
bacteria could interact with antigen-presenting cells to elicit an
immune response to synergize with the nanomaterials to
enhance their therapeutic effect.®>®* Additionally, outer
membrane proteins can also serve as templates to realize the
biomineralization of nanomaterials on the surface of bacteria,
retaining the excellent tumor-targeting ability and immunoge-
nicity of bacteria. For example, thermally sensitive program-
mable bacteria (TPB) expressing therapeutic proteins TNF-
o were employed to synthesize Au nanoparticles via electron
shuttle enzymatic metal reduction, to obtain TPB@Au."* The
constructed bacteria-based antitumor vehicles along with NIR
achieved satisfactory tumor-targeting therapeutic efficiency via
oral administration." In another study, Pd nanoparticles were
biomineralized by S. oneidensis MR-1 on its surface to form the
so-called “photothermal bacterium” (PTB).** The living PTB was
further modified with zeolitic imidazole framework-90 (ZIF-90)
encapsulating photosensitizer methylene blue (MB), which
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Inorganic nanoparticles synthesized by engineered bacteria. (A) The map of plasmid pYJ-MT-PCS used to construct the recombinant E.

coli DH5a strain coexpressing MT and PCS, and TEM images of nanomaterials synthesized in vivo with their corresponding elements labeled in
circles. Reproduced from ref. 40 with permission from the National Academy of Sciences, copyright 2018. (B) Schematic diagram of the EET-
dependent synthesis of nanoparticles by S. oneidensis MR-1, and fluorescence microscopy images of the biosynthesized nanomaterials in vivo by
AcymA (above), WT (middle) and Pyypt-cymA (below). Reproduced from ref. 23 with permission from American Chemical Society, copyright

2017.
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can selectively release MB in mitochondria. The PTB@ZIF-90/
MB showed a significant tumor PTT effect, due to the selective
targeting and tumor heat resistance suppression (Fig. 3).

In addition to these mentioned above, some other inorganic
nanomaterials such as MnO, nanospindles can be synthesized
extracellularly by E. coli to encapsulate the chemotherapeutic
agent doxorubicin (DOX) for tumor microenvironment respon-
sive T1-weighted MRI enhancement and chemo-chemodynamic
therapy.*® These biosynthetic nanomaterials often show high
colloidal stability, owing to the coating of biomolecules.
Although WT bacteria have been successfully employed for the
synthesis of several types of nanomaterials composed of noble
metals, oxides and chalcogenides by using their inherent bio-
reduction or detoxification processes, the diversity as well as the
size and composition of nanomaterials need to be better
controlled. Biogenetic engineering seems to be an alternative
strategy to address this issue. The production of nanomaterials
by bacteria depends on their ability to resist the effects of
environmental stress such as toxicity arising from metallic
ions.®> High concentration of toxic ions will induce the death of
bacteria. Therefore, the efficiency of nanomaterial synthesis by
bacteria is always low. Additionally, in terms of biomedical
applications, the potential biological toxicity brought by
bacteria especially pathogenic bacteria should be considered.®

Fungal synthesis

Fungi, a group of unicellular, multicellular, or syncytial spore-
producing eukaryotic organisms, include yeasts, molds, mush-
rooms, etc.***® Similar to bacteria, fungi have the advantages of
significant growth rate, simple culture procedures, and facile
and economical biomass handling for biosynthesis of nano-
materials.*”*® Furthermore, fungi could tolerate higher metal
concentrations, and secrete more extracellular enzymes and
proteins than other microorganisms, thus leading to higher
productivity of nanomaterials.®*** However, investigations on
fungal synthesis are fewer than those on bacterial synthesis,
mainly due to the fact that their structure makes it complicated
to characterize the internal nanomaterials for microscopic and
mechanistic studies.*

© 2021 The Author(s). Published by the Royal Society of Chemistry

Synthesis by yeast cells

Yeasts, a family of various single-celled fungi that reproduce
asexually by budding or division, have been broadly used in
biosynthesis owing to their rapid proliferation and easy genetic
manipulation.”® Due to their strong ability to chelate toxic
metals such as Cd, yeasts were extensively utilized for biosyn-
thesis of QDs such as CdS,”* CdSe,'***** and CdTe.” It was
first reported in 1989 that CdS crystallites were obtained by
incubating the yeasts Candida glabrata and Schizosaccharomyces
pombe with cadmium salts.”* When exposed to cadmium ions,
the yeast cells produced metal-chelating peptides with a general
structure of <y-(Glu-Cys),-Gly, which in turn bound with
cadmium ions and controlled the nucleation and growth of CdS
crystallites. Another metal sulphide nanocrystallite, i.e., PbS,
synthesized by yeast was reported in 2002.%® Compared with CdS
QDs, CdSe or CdTe QDs usually exhibited more excellent optical
properties. Through complex intracellular biochemical reac-
tions, Na,SeO; or Na,TeO; internalized by yeast cells can be
metabolized to low-valence -SeH/-TeH in the cytoplasm. By the
detoxification process, Cd>" can be transformed to more stable
[Cd(GS),]*" and eventually stored in the vacuoles of yeast cells.
-SeH/-TeH and [Cd(GS),]*" are actually the precursors for the
synthesis of CdSe or CdTe QDs. However, these two reactions
are independent of each other in yeast cells. Thus, in order to
obtain CdSe or CdTe QDs, it is a key point to make these two
unrelated reactions sequentially occur at an appropriate time
and space as desired. To address this issue, Ran Cui et al.
proposed a “space-time coupling strategy” to synthesize CdSe
QDs in living cells of Saccharomyces cerevisiae by feeding the
cells with Na,SeO; and CdCl, sequentially to collaboratively
couple the intracellular metabolism of Na,SeO; and detoxifi-
cation of CdCl, (Fig. 4A).°® Besides, by adjusting the incubation
duration of the seleniumized yeast cells with CdCl, from 10 to
40 hours, CdSe QDs were obtained with tunable emission from
green to yellow, then to red, and sizes from 2.69 to 6.34 nm.
Se(iv) in SeO;> was first reduced into the selenotrisulfide
derivative of glutathione (GSSeSG) in the presence of reduced
GSH, and further reduced into low-valence organoselenium
compounds by GSH-related enzymes (NADPH and GR), in the
cytoplasm and mitochondria of yeast cells. Then, the Cd(SG),

Nanoscale Adv., 2021, 3, 2975-2994 | 2981
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permission from American Chemical Society, copyright 2012. (C) The glutathione metabolic pathway in yeast cells and fluorescence microscopy
images of WT (above) and Pga.:-GSHI1 (below) yeast cells after biosynthesis of CdSe QDs (scale bars: 10 um). Reproduced from ref. 19 with
permission from American Chemical Society, copyright 2013. (D) Mechanism of CdSe QD biosynthesis in yeast cells overexpressing MET6, and
fluorescence microscopy images of WT (left) and Pga ;-MET6 cells (scale bar: 5 pm). Reproduced from ref. 95 with permission from Tsinghua

University Press and Springer-Verlag GmbH Germany, part of Springer Nature, copyright 2018.

formed by the reaction of added CdCl, and GSH at the appro-
priate moment led to the formation of CdSe QDs in the sele-
niumized yeast cells. To further verify the significance of GSH,
NADPH and GR in QD biosynthesis, the group realized the
controlled synthesis of PbSe nanocrystals®® and ultrasmall near-
infrared Ag,Se QDs'” using a quasi-biosystem. Na,SeO3z, GSH,
NADPH and GR were mixed with the precursor of Pb or Ag
under inert gas protection, and size-tunable PbSe or Ag,Se QDs
were obtained by adjusting the proportion of precursors.
Because the fluorescence emission of the prepared Ag,Se QDs
was located in the NIR region and they had strong tissue
penetration ability, the Ag,Se QDs could be applied in in vivo
fluorescence imaging with a high signal-to-noise ratio (Fig. 4B).

It seems that the GSH metabolic pathway plays an important
role in the biosynthesis of QDs in yeast cells. Yong Li and
coworkers investigated in detail the vital role of the GSH
metabolic pathway in CdSe QD biosynthesis by yeast cells
(Fig. 4C), and proved that engineering GSH metabolism could
construct a more efficient biofactory for CdSe QD synthesis."”
They found that during the biosynthesis of QDs, the expression
of the GSH1 gene was up-regulated and the intracellular content
of glutathione was also synergistically regulated. Compared
with the WT strain, the glutathione metabolic mutant strains

2982 | Nanoscale Adv, 2021, 3, 2975-2994

showed a significant decrease in the biosynthetic yield of CdSe
QDs and their fluorescence intensity. In turn, inducing the
GSH1 gene can significantly promote GSH content in the engi-
neered cells which eventually gave a significantly higher yield of
CdsSe QDs. Se metabolism is another key factor for biosynthesis
of CdSe QDs. Min Shao et al. proved that selenocysteine (SeCys)
is the primary Se-precursor in the intracellular biosynthesis of
CdSe QDs in yeast cells, and the synthesis yield could be
improved by regulating the selenomethionine (SeMet)-to-SeCys
pathway (Fig. 4D).%* The production of biosynthesized CdSe QDs
was obviously improved by the overexpression of the MET6
gene, which encoded methionine synthase and adjusted Se
metabolism. Referring to CdTe QDs, through simply incubating
with CdCl, and Na,TeO;, cells of Saccharomyces cerevisiae were
reported to produce CdTe QDs extracellularly with high crys-
tallinity, good water solubility, great stability, and biocompati-
bility.” In that work, the formation of QDs was observed to be
more rapid at a relatively high temperature (35 °C), and the
particle size and emission wavelength could be tuned via simply
changing the incubation time.

In addition to QDs, some other nanomaterials were synthe-
sized via biomineralization or direct chemical reaction on the
surface of or inside yeast cells. Abundant glycoproteins and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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peptidoglycans are located on the surface of yeast cells, which
can locally accumulate metal ions and serve as reservoirs for the
formation of metal-organic framework (MOF) crystals.'”* Kang
Liang et al. constructed a MOF material (zeolitic imidazolate
framework-8 or ZIF-8) mineralized on the surface of living yeast
cells under mild conditions (Fig. 5A).'** Later, in another study,
the group fabricated a bioactive synthetic porous shell, con-
taining a B-galactosidase (B-gal) layer and an outer MOF coating,
to enable yeast cells to survive in nutrient-depleted and inhos-
pitable environments.'® In addition, mesoporous silica nano-
particles (MSNs) were also reversibly encapsulated onto yeast
cells, through click reactions between -cell-surface poly-
saccharides containing cis-diols and phenylboronic acid-linked
MSNs, to protect the yeast cells in harsh environments
(Fig. 5B)."* Xiaoming Ma et al. constructed a living cell-based
functional platform with biogenetic intracellular hydroxyapa-
tite nanoscaffolds (nHAP@yeasts) via biomineralization.'* By
incubating with Na;PO, under a basic environment, the yeast
cells pretreated with CaCl, formed HAP nanoparticles intra-
cellularly, maintaining good viability and proliferation ability as
well as the naive yeast cells. The constructed nHAP@yeasts with
good biocompatibility, hypoxia-targeting ability and high drug
loading capacity were further functionalized with a targeting
ligand (i.e., folic acid (FA)) and loaded with a therapeutic agent
(i.e., DOX). The DOX-nHAP@yeasts-FA showed dual responsive
profiles based on the FA dependency of tumors and the pH-
sensitivity of HAP nanoparticles, and obviously inhibited
tumor growth with little toxicity to normal tissues (Fig. 5C).
Moreover, yeast cells have also been utilized to biosynthesize
various nanomaterials such as Ag nanoparticles and Se
nanoparticles.'*®

Glucose-reversible encapsulation of cells

=3

Fig. 5
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Synthesis by other fungi

In addition to yeasts, many other fungi have also demonstrated
the ability to synthesize inorganic nanomaterials. CdS,Se;_,
QDs with a uniform spherical shape of 3.22 4+ 0.07 nm diameter
were synthesized by Phomopsis sp. XP-8 in a Na,SeO3 and CdCl,
aqueous solution within 6 h (Fig. 6A)."” Several fungi including
Coriolus versicolor,® Phanerochaete chrysosporium,'*® and Tra-
metes versicolor” have been employed to synthesize CdS QDs,
while Aspergillus flavus® and Fusarium oxysporum (F. oxy-
sporum)'® have been used to fabricate ZnS QDs, and also F.
oxysporum to produce CdSe QDs."” When incubated with CdCl,
and Na,SeOj; in equimolar concentrations from 0.25 to 5 mM, F.
oxysporum produced CdSe QDs in the mycelial cells with a dose-
dependent increase in fluorescence intensity, while decreased
fluorescence intensity was observed at concentrations higher
than 5 mM."” Smaller increases of reactant concentrations led to
an increasing nanoparticle yield, but high amounts of metal
ions might suppress the metabolism of F. oxysporum and
inhibit biosynthesis. Besides, when cultured in solutions with
pH varying from 4.0 to 9.0, the mycelial cells of F. oxysporum
synthesized CdSe QDs with the highest fluorescence intensity at
pH 7.5. Moreover, CdSe QDs with a higher fluorescence inten-
sity were also obtained when F. oxysporum was incubated at
25 °C, rather than 30 or 37 °C (Fig. 6B). The researchers
proposed that higher temperature induced faster precipitation
speed of CdSe in the solution, thus forming smaller particles
which showed lower fluorescence intensity, or the higher
temperature may have influenced the metabolism of F. oxy-
sporum and inhibited biosynthesis. Although biosynthesis of
QDs has been demonstrated extensively in both bacteria and
fungi, it seems that fungi prefer to synthesize nanomaterials

PO 0N

Inorganic nanomaterials synthesized via biomineralization or direct chemical reaction in yeast cells. (A) Biomimetic crystallization of

cytoprotective MOF coatings on living cells, and the SEM image and CLSM images of ZIF-8 coated yeast cells. The living yeast cells were labeled
with FDA (green) and the ZIF-8 coatings were labeled by infiltration of Alexa Fluor 647 fluorescent dye (red). Reproduced from ref. 102 with
permission from WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, copyright 2016. (B) Reversible encapsulation of yeast cells with MSNs using
a boronic acid vicinal-diol-based click reaction, and the SEM image (scale bars: 1 pm and 200 nm (inset)) and TEM image (scale bars: 1 um and
300 nm (inset)) of an encapsulated yeast cell. Reproduced from ref. 104 with permission from American Chemical Society, copyright 2019. (C)
Formation mechanism of nHAP mineralized yeast cells and functionalized mineralized yeast cells, and their potential application in tumor-
targeting delivery. Reproduced from ref. 105 with permission from The Royal Society of Chemistry, copyright 2018.
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extracellularly, due to their high amounts of bioactive secretion
proteins.'*#*°

Recently, Feixue Liu et al. revealed the vital function of the
fungal protein triosephosphate isomerase (TPI) in controlling
the morphology and structure of biosynthesized CuCO; nano-
particles via a biomineralization process (Fig. 6C)."** Fungus F.
oxysporum was investigated extensively for the biosynthesis of
nanomaterials such as crystalline magnetite particles,"> ZrO,
nanoparticles,"*® SiO, nanoparticles,"* TiO, nanoparticles,**
and Ag nanoparticles."*>"'¢ It was reported that the production
of Ag nanoparticles by F. oxysporum was related to NR and
a shuttle quinone extracellular process,**® as well as the enzy-
matic generation of extracellular superoxides,"** suggesting that
multiple mechanisms may be involved. Besides, miscellaneous
nanomaterials including Au,"” Ag?"*"%1% glloy-type Au/Ag
nanoparticles,*® TiO, nanoparticles,’* and Te and Se nano-
particles*** have been manufactured by fungi such as Penicillium
brevicompactum (P. brevicompactum),*”” Cladosporium clado-
sporioides,"** Catharanthus roseus,"** Phenerochaete chrys-
osporium,"*  Neurospora  crassa,®®  Aspergillus  flavus,**°
Aureobasidium pullulans, Mortierella humilis, Trichoderma har-
zianum and Phoma glomerata.***

Since most fungi are multicellular organisms with relatively
complex structures, yeasts with a simple unicellular structure
are more similar to bacteria with the advantages of facile
cultivation and easy genetic manipulation. It's also easier to
isolate and characterize the synthesized NMs by unicellular
organisms. Both bacteria and fungi can biosynthesize a variety
of metallic and metalloid nanomaterials as well as their oxides
and chalcogenides with a reported similar mechanism.

2984 | Nanoscale Adv., 2021, 3, 2975-2994

However, in terms of scale up, fungi seem to be better candi-
dates, because they can tolerate higher metal concentrations
than bacteria and secrete a large amount of extracellular
proteins and enzymes, resulting in higher production of inor-
ganic nanomaterials.'* Furthermore, the untapped biodiversity
of fungi endows them with potential to provide different kinds
of nanomaterials. In the field of tumor-targeting therapy, the
capping agents of the synthesized nanomaterials originating
from fungi are less likely to induce an immune response like
that induced by bacteria as mentioned above.**

Synthesis by animal cells

The animal cell is another kind of biofactory for inorganic
nanomaterial manufacturing. Compared to bacteria and fungi,
nanomaterials synthesized by animal cells are scarcely investi-
gated, due to their relatively low proliferation rate, laborious
and time-consuming culture procedures, and higher cultivation
cost. However, since balancing the efficacy and safety of
microbial products remains a big challenge, nanomaterials
synthesized by animal cells are much safer due to the same
species of origin as treated subjects. Besides, the biosynthesized
nanomaterials always showed unique characteristics related to
the original cells, which is beneficial for tumor-targeting
theranostics.

Synthesis by cancer cells

In 2005, Anshup et al. reported the intracellular synthesis of
nanoparticles using mammalian cells for the first time.*** They

© 2021 The Author(s). Published by the Royal Society of Chemistry
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synthesized Au nanoparticles of 20-100 nm diameter using
human embryonic kidney cell HEK-293 and human cancer cells
(i.e. HeLa, SiHa and SKNSH cells) with their cell membranes
remaining intact. Subsequently, several cancer cell lines, such
as HeLa,"* HepG2,"** MCF-7," B16F10,"?” A549,' HCT-116 (ref.
15) and U87 (ref. 128), were used to study the biosynthesis of
various nanomaterials. By incubating with AgNO; and Na,S for
only 20 minutes separately in sequence, followed by an aging
process, HepG2 cells successfully synthesized Ag,S QDs intra-
cellularly.’” It was noted that the intracellular synthetic yield
grew with the prolongation of aging time, reached the
maximum at 16 h, and then levelled off. Results also showed
that the formation of QDs was accompanied by the consump-
tion of intracellular GSH. Through a so-called spatiotemporal
coupling strategy, Ling-Hong Xiong et al. employed living MCF-
7 cancer cells to synthesize fluorescent CdSe QDs intracellu-
larly.*** They proposed a similar mechanism to bacterial and
fungal biosynthesis involving selenite reduction metabolism
and Cd** detoxification. Following a budding process, illumi-
nated cell-derived microvesicles were obtained with QDs inside.
Extracellular vesicles derived from mammalian cells have
excellent stability, biocompatibility, lower immunogenicity and
unique bioinformation from their parent cells, and have been
widely employed for tumor-targeting drug delivery and anti-
tumor immunotherapy.”*** In a recent study, AuNPs were
intracellularly synthesized in melanoma B16F10 cells, and
further shed to the extracellular environment with tumor anti-
gens retained (AUNP@B16F10)."* The AuNP-trapped vesicles
were further introduced into dendritic cells (DCs), thus gener-
ating DC-derived Au nanoparticles (AuNP@DCgir19) With
improved immunological properties, enhanced biocompati-
bility and stealth. With NIR laser irradiation, the constructed
AUNP@DCg6r19 could realize an efficient combination of
AuNP-mediated PTT and tumor antigen-based immunotherapy,
with a significant effect on the elimination of primary tumors,
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as well as the inhibition of tumor recurrence and metastasis
(Fig. 7).

In addition, a variety of nanoclusters synthesized by animal
cells have also been reported. Donghua Chen et al. demon-
strated that cancerous cells rather than noncancerous cells
spontaneously synthesized luminescent Pt NCs upon incuba-
tion with H,PtCls solution.*® Specific fluorescence of Pt NCs
synthesized in xenografted tumors after subcutaneous injection
or intravenous injection of H,PtClg solutions was also observed.
When combined with porphyrin derivatives as photothermal
agents, the in situ synthesized Pt NCs realized effective fluo-
rescence imaging and guided photothermal therapy of tumors.
Later, with the addition of Eu(NO3); solution, a fluorescent Eu
complex was also found to be spontaneously biosynthesized in
both cancerous cells and tumors.””® After entering the cells
through calcium ion channels, Eu(m) ions were reduced to
a low-valence state under the relatively high level of oxidative
stress and the increased level of GSH in the special microenvi-
ronment of tumor cells (Fig. 8A). GR and NADPH might also be
involved as reducing equivalents. Moreover, metallic nano-
materials such as Au NCs,""*%'%¢ Ag NCs"** and Cu NCs**” have
also been synthesized by cancer cells and applied for tumor-
targeting imaging or/and therapy. In another study, cultured
cancerous cells such as HeLa, U87 and HepG2, as well as the
tumors of xenografted nude mice could synthesize fluorescent
ZnO NCs and superparamagnetic Fe;0, NCs when incubated or
injected with zinc gluconate and FeCl, solution, while the
noncancerous cell L02 or normal tissues could not, which can
be explained by the specific redox homeostasis of cancer cells.
The relatively high concentrations of reactive oxygen species
(ROS) such as H,0, in cancer cells might cause the partial
oxidation of Fe*" and lead to the formation of Zn and Fe oxides,
which could induce the specific fluorescence signal, enhanced
MRI contrast and X-ray computed tomography (CT) contrast in
tumors of xenografted tumor mice (Fig. 8B). It was
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Immunological Au nanoparticles synthesized by animal cells for combinatorial photothermal therapy and immunotherapy against tumors.

(A) Schematic preparation of AUNP@DCgigr1o and the mechanism of AUNP@DCgier10-mediated combinational treatment modality. (B) TEM
images of AUNP@DCgjer1o (Scale bars: 200 and 50 nm, respectively). (C) Growth curves of the primary tumor. (D) Weight of the distant tumor
harvested on 19th day. Reproduced from ref. 127 with permission from American Chemical Society, copyright 2019.
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demonstrated that in situ biosynthesis of iridium and iron oxide
nanoclusters in cancer cells or tumor tissue could be realized in
a similar way for tumor-targeting multimodal bioimaging."** In
particular, they found exosomes with internalized IrO, and
Fe;04, NCs from the serum of xenograft mice after injection,
which could be used as cancer biomarkers. In addition, the in
situ synthesis of inorganic nanomaterials such as fluorescent
ZnO NCs"**"*!' and magnetic Fe;0, NCs'** was also reported in
lesion areas of Alzheimer's mice, for the rapid and early diag-
nosis of Alzheimer's disease.

Synthesis by normal cells

Besides cancer cells, some normal cells such as human
mesenchymal stem cells (MSCs)"*> and platelets'** are also re-
ported to be utilized for biosynthesis of inorganic nano-
materials with the assistance of engineering technology or
external energy stimulation. After being transfected with the
mms6 gene derived from Magnetospirillum magneticum AMB-1,
the MSCs were found to successfully synthesize magnetic
nanoparticles intracellularly, without any deleterious effects.**
In a study on platelets, Au nanoparticles were synthesized in
living platelets exposed to HAuCl,, with the assistance of
ultrasound energy and addition of reducing agents (NaBH, and
sodium citrate).***

Considering the toxicity of bacterial and fungal products,
nanomaterials synthesized by animal cells could be safer and
more efficient for in vivo tumor-targeting applications due to the
homology and homing effects. However, the large-scale prepa-
ration of nanomaterials synthesized by animal cells still faces
great challenges, such as the high-cost, time-consuming and
laborious cell cultivation and the low synthesis efficiency.***

2986 | Nanoscale Adv., 2021, 3, 2975-2994

Synthesis by plant cells

Many living plants can absorb metal ions and then convert
them to their insoluble form to mitigate environmental stress,
thus resulting in biosynthesized NMs.

Synthesis by higher plants

In most cases, the metal ions were reduced to metallic nano-
materials within living plants. Therefore, researchers gave
intensive attention to nanoparticle biosynthesis by living plant
cells, among which Au nanoparticles'®'** and Ag nanoparticles'*
were the majority. In 2002, alfalfa plants were reported to
produce crystalline Au nanoparticles when grown on a gold-
enriched agar system, which was the first demonstration of Au
nanoparticles synthesized by living plants."”” Then, the same
group reported the first biosynthesis of Ag nanoparticles by
living alfalfa plants in 2003.'** Sharma et al. observed the intra-
cellular formation and growth of spherical Au nanoparticles with
diameters of 6-20 nm in Sesbania drummondii (S. drummondi)
exposed to KAuCl, solution (Fig. 9A), which could be explained
by the reduction and stabilization by alkaloids or other
secondary metabolites.”® In a study on Au nanoparticles
synthesized by diverse plant species, it was found that changes
in pH of culture media had little influence on the average sizes of
the synthesized Au nanoparticles, but increases in the amounts
of triangular and hexagonal nanoparticles were observed at low
(3.8) and high (7.8) pH, respectively.'® Besides, lower tempera-
ture induced larger particle size and higher percent of gold
nanorectangle formation with the temperature varying from 15
to 37 °C, which might be related to the effects of temperature on
the growth responses and nutrient uptake by plants.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Intracellular bio-immobilization

Fig. 9
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Fluorescence quenching

Inorganic nanomaterials synthesized by plant cells. (A) TEM images of S. drummondii root cells loaded with gold nanoparticles (scale bars:

1 um and 500 nm). The inset shows the EDS spectrum with gold and copper peaks (copper peaks arise from the copper grid that holds the plant
tissue). Reproduced from ref. 149 with permission from American Chemical Society, copyright 2007. (B) SEM images of wild-type Thalassiosira
pseudonana diatom (scale bars: 1 pm and 300 nm, respectively). Reproduced from ref. 155 with permission from Springer Nature, copyright
2019. (C) The synthesis of CdSe NPs by algal cells and application in Hg?* detection. Reproduced from ref. 166 with permission from Elsevier B.V.,

copyright 2019.

The reduction of metal ions by the reductive components of
living plants is the commonly accepted molecular mechanism
for the formation of nanomaterials. Therefore, the contents of
some reducing sugars and antioxidant compounds also played
key roles in the construction of synthesized nanomaterials.
Isabel R. Beattie and Richard G. Haverkamp demonstrated the
synthesis of Au and Ag nanoparticles in all the tissues of Bras-
sica juncea (B. juncea), including leaves, stems, and roots, after
growing in AuNO; or HAuCl, solution.”® They found that the
nanoparticles preferred to grow in or around chloroplasts, the
production center and a repository of reducing sugars (glucose
and fructose) produced by photosynthesis. The quantity of
these sugars in the plant seemed to influence the metal
reduction processes and found to be responsible for the amount
of metallic nanoparticles formed in total. However, another
research study revealed that the contents of reducing sugars
and antioxidant compounds, proposed to be involved in the
biosynthesis of metallic nanoparticles, were quite different
among three species of plants which could synthesize Ag
nanoparticles, leading to the concept that there is no substance
that is solely responsible for the process.™® It is thought that
there are synergistic effects among different substances, such as
polysaccharides, proteins, flavonoids and terpenoids. In addi-
tion, the formations of Cu nanoparticles’ and Au-Ag-Cu
alloy*** in living plants were also studied in a few articles. Given
the complexity of plant metabolism, the synthesis of nano-
materials in whole living plants is usually uncontrollable. More
reports have focused on biosynthesis using plant extracts.*>**>*

© 2021 The Author(s). Published by the Royal Society of Chemistry

Synthesis by algae cells

Algae, simple plants with no real leaves, stems or roots, have been
investigated for nanoparticle biosynthesis as well.” Algae are easy
to harvest and to culture, they grow fast, and few produce toxins
like bacteria and fungi.? As is well known, diatoms have an innate
ability to synthesize nanoscale SiO, to construct cell walls
(Fig. 9B).**>**” Similar to higher plants, various algae such as
Chlamydomonas reinhardtii (C. reinhardtii),"”***° Cystophora mon-
iliformis,'*® and Botryococcus braunii (B. braunii)'* have been used
to biosynthesize Ag nanoparticles, while algae such as Kilebsor-
midium flaccidum,'® Nostoc ellipsosporum,'®® Rhizoclonium fonti-
nale,'* and Euglena gracilis'** have been used to synthesize Au
nanomaterials. What's different, algal resources including cell-
free extracts, broths, isolated proteins and whole living cells can
be used in the biosynthesis of metallic-, chalcogenide- and oxide-
based nanomaterials.® Living cells of C. reinhardtii were employed
to produce composition-controllable Ag-Au alloy nanoparticles
with a uniform spherical shape.*® Composition-tunable bime-
tallic alloys could be synthesized by simply changing the stoi-
chiometric ratio of metal salts added to the cultures. The
researchers described the extracellular alloy nanoparticle creation
processes as three stages: cellular uptake of metal ions and
reduction-mediated formation of nanoparticles, stabilization of
the nanoparticles by the extracellular matrix around, and release
of the nanoparticles to the culture medium. Similar to other
species, fluorescent CdSe QDs could be efficiently synthesized by
algae cells, by incubating algae cells with immobilized Cd ions
with different types of selenium sources.'**'®” The possible
mechanisms included the internalization of Na,SeO; by an

Nanoscale Adv., 2021, 3, 2975-2994 | 2987
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Table 1 Summary of typical inorganic nanomaterials synthesized by various living cells
Species Cells Inorganic NMs Applications Reference
Bacteria Magnetospirillum magneticum AMB-1 Fe;0, NPs T2-weighted MRI and PTT of tumors 34
Magnetospirillum gryphiswaldense MSR-1 Fe;04 NPs MHT on carcinoma cells 38
Escherichia coli MG1655 Au NPs Photothermally controlled TNF-o therapy 14
Bacillus subtilis Ag NPs Antibacterial activity 184
Shewanella oneidensis MR-1 Pd NPs Augmenting photothermal tumor therapy 64
Lactobacillus casei ATCC 393 Se NPs Antioxidant activity 62
Staphylococcus aureus Te NRs — 41
Escherichia coli CdS,Se; _, QDs Bioimaging of cancer cells and tumor tissue 26
of mice
Staphylococcus aureus CdSy.5Seq.s QDs  Pathogen detection 24
Escherichia coli CdTe QDs — 18
Escherichia coli MnO, MRI and enhanced cancer-specific chemo- 46
nanospindles chemodynamic therapy
Yeasts Candida glabrata and Schizosaccharomyces pombe CdS crystallites — — 94
Saccharomyces cerevisiae BY4742 CdSe QDs — 96
Saccharomyces cerevisiae CdTe QDs — 97
Saccharomyces cerevisiae ZIF-8 Cytoprotective exoskeletons for living cells 102
Saccharomyces cerevisiae Mesoporous silica Effective living cell protection under harsh 104
NPs conditions
— Hydroxyapatite Cell-based drug carrier system for tumor- 105
nanoscaffolds targeting therapy
Pichia pastoris Ag and Se NPs — 106
Multicellular Phomopsis sp. XP-8 CdS,Se; _, QDs Chloramphenicol detection 107
fungi
Phanerochaete chrysosporium BKMF-1767 CdS QDs — 108
Fusarium oxysporum ZnS QDs — 109
Neurospora crassa CuCO; NPs — 111
Fusarium oxysporum ZrO, NPs — 113
Fusarium oxysporum SiO, and TiO, NPs — 114
Penicillium brevicompactum Au NPs Cytotoxic effects against cancer cells 117
Catharanthus roseus Ag NPs Anticancer properties against cancer cells 118
Neurospora crassa Alloy-type Au/Ag — 88
NPs
Aureobasidium pullulans, Mortierella humilis, Trichoderma Se and Te NPs — 121
harzianum and Phoma glomerata
Animal cells Human hepatoma carcinoma cell HepG2 Ag,S QDs NIR fluorescence imaging 125
Mammalian cancer cell MCF-7 CdSe QDs Fluorogenic labeling 126
Melanoma cell B16F10 Au NPs Combinatorial photothermal therapy and 127
immunotherapy against tumors
Platelets Au NPs Dark-field microscopy (DFM)-based imaging 143
and CT imaging
Human hepatocarcinoma cell HepG2 and lung cancer Pt NCs Fluorescence imaging and photothermal 15

Higher
plants

Algae

cell A549

Human hepatocarcinoma cell HepG2
Human breast carcinoma cell MDA-MB-231
HeLa, U87, and HepG2 cancer cells

HeLa and HepG2 cancer cells

Human mesenchymal stem cells
Seshania drummondii

Brassica juncea

Phragmites australis and Iris pseudoacorus
Brassica juncea

Diatom Thalassiosira pseudonana
Klebsormidium flaccidum

Cystophora moniliformis

Chlamydomonas reinhardtii

Chlorella pyrenoidosa and Scenedesmus obliquus

Chlorella kessleri
Chlorella sp. HQ

2988 | Nanoscale Adv, 2021, 3, 2975-2994

Eu complex
Cu NCs

ZnO and Fe;0,
NCs

IrO, and Fe;0,
NCs

Fe;O4 NPs

Au NPs

Au and Ag NPs
Cu NPs
Au-Ag-Cu alloy
Si0O,

Au NPs

Ag NPs

Ag-Au alloy NPs
CdSe QDs

Cu and CuO NPs
Fe-based NMs

© 2021 The Author(s). Published by the Royal Society of Chemistry

therapy of tumors

Fluorescence imaging of tumors 135
Intracellular temperature nanoprobes 137
Fluorescence imaging, CT imaging and MRI 138
of tumors

Fluorescence imaging, CT imaging and MRI 139
of tumors

MRI 142
Catalytic function 149

— 160
— 165
Fluorescent nanoprobe for imatinib 167
detection

— 168
Harvesting of oleaginous microalgae 170
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Table 2 Summary of factors affecting the synthesis of inorganic nanomaterials by living cells
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Cells Inorganic NMs Regulated characteristics Affecting factors Reference
Escherichia coli DH5a FeCo metal NPs Size Concentration of Fe** (or 21
Fe") and Co®" metal ions
Escherichia coli DH5a CdSe NPs Size, color and fluorescence Concentration of Cd*" and 21
emission wavelength Se” metal ions
Escherichia coli DH5a ZnO, BaCOj3, Eu, Gd NMs, Producibility and Reduction potential and pH 40
etc. crystallinity
Escherichia coli K12 CdTe QDs Size and fluorescence Incubation time 18
emission wavelength
Escherichia coli CdS,Se;_, QDs and Synthesis rate and yield Glucose metabolism 26
Cd;(PO.),
Shewanella oneidensis MR-1 CdSe QDs and Se NPs Synthetic yield Engineering to regulate 23
extracellular electron
transfer ability
Saccharomyces cerevisiae CdSe QDs Size and fluorescence Incubation time 96
wavelength
Saccharomyces cerevisiae CdTe QDs Size and fluorescence Incubation time; 97
wavelength; synthesis rate temperature
Saccharomyces cerevisiae CdSe QDs Synthesis yield Engineering to regulate Se 95
metabolism
Saccharomyces cerevisiae CdSe QDs Synthesis yield Engineering to regulate 19
glutathione metabolism
Fusarium oxysporum CdSe QDs Fluorescence intensity, size, Concentration of CdCl, and 17
synthesis rate and yield Na,SeO3, pH, and
temperature
Human hepatoma Ag,S QDs Synthetic yield and Aging time 125
carcinoma cell HepG2 fluorescence intensity
Medicago sativa (alfalfa) Au NPs Shape and size pH, temperature and light 16
conditions
Botryococcus braunii Ag NPs Crystallinity, shape, size, Concentration of AgNO; and 12

yield and synthetic rate

pH

osmotic process, the generation of selenium precursors by the
reduction reaction in the thylakoid membranes or cytoplasm
within the electron transport system (ETS), the combination of
selenium precursors and Cd(SG), under the catalysis of relative
reductase to form CdSe nanoparticles with protective protein
molecules, and the accumulation in the algal cytoplasm or release
into culture media.’*® Since the obtained QDs showed obvious
fluorescence quenching by Hg>", they were successfully employed
for Hg>" detection (Fig. 9C). In addition, some articles also
demonstrated the biofabrication of Cu and CuO nanoparticles,'*®
superparamagnetic 2-line ferrihydrite nanoparticles’® and Fe-
based magnetic nanomaterials'”® by algae cells.

The synthesis of nanomaterials in whole living plants is
usually uncontrollable and inhomogeneous, and thus difficult
in practical application. Algae, which are generally unicellular,
colonial or constructed of filaments or composed of simple
tissues, have the advantages of being easy to harvest and to
culture, and produce no toxins, making it possible for scalable,
sustainable and eco-friendly bioproduction of safer
nanomaterials.?

Viral synthesis

Viruses are nanosized non-cellular organisms, typically con-
sisting of self-assembled capsid proteins (CPs) surrounding an
RNA or DNA core of genetic material."”* Since viruses have no

© 2021 The Author(s). Published by the Royal Society of Chemistry

cellular structure, the biosynthesis of nanoparticles in them is
distinct from that in living cells discussed above, and cannot be
veritably called “living cell synthesis”. In general, viruses serve
as templates or scaffolds for metal nanoparticle bio-
mineralization, because of their extremely tiny sizes and
bioactive protein surfaces.'” Besides, genetic modification'”?
and chemical modification* can be used to functionalize the
obtained virus-based nanomaterials. M13 filamentous bacte-
riophages have been widely used to synthesize a variety of
inorganic nanoparticles, such as Au nanostructures,”>"”” Ag
nanoparticles,"”® Cu nanostructures’”® and Co-Pt alloy nano-
particles."” Furthermore, tobacco mosaic viruses,"**'** potato
virus X'** and cowpea chlorotic mottle viruses*®* have also been
utilized in templated synthesis of nanomaterials.

Conclusions

In this review, we summarized the biosynthesis of inorganic
nanomaterials in different types of living cells including
bacteria, fungi, plant cells and animal cells, accompanied by
their application in tumor-targeting theranostics (Table 1). The
mechanisms involving inorganic-ion bioreduction and detoxi-
fication as well as biomineralization are emphasized. Based on
the mechanisms, we describe the size and morphology control
of the products via the modulation of precursor ion concen-
tration, pH, temperature, and incubation time, as well as cell

Nanoscale Adv., 2021, 3, 2975-2994 | 2989
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metabolism by a genetic engineering strategy (Table 2).
Compared to the conventional chemical synthesis, living cell
synthesis has the advantages of easy preparation and environ-
mental friendliness. Meanwhile, the obtained biosynthetic
nanomaterials have the characteristics of good biocompatibility
and unique biological properties. When it comes to bacteria,
characteristics of single cell growth, facile cultivation, rapid
proliferation, and particularly easy genetic manipulation make
it possible to synthesize designed nanomaterials under mild
conditions. The inherent tumor-targeting ability and immune
response activation of bacteria also contribute to the targeted
diagnosis and treatment of tumors by bacteria-synthesized
nanomaterials. Compared with other microorganisms, fungi
are more tolerant to metal ions, and secrete more extracellular
enzymes and proteins, resulting in higher yields of nano-
materials and easier scale-up production. Considering the
toxicity of bacterial and fungal products, nanomaterials
synthesized by animal cells could be safer and efficient for in
vivo tumor-targeting applications due to the homology and
homing effects. Referring to synthesis by plant cells, few
produce toxins like bacteria and fungi, leading to scalable,
sustainable and eco-friendly bioproduction of nanomaterials.
Despite the emerged limitations, such as the controllability of
the biosynthetic process and safety of biological components,
inorganic nanomaterials synthesized by living cells show a great
promise for biomedical applications.

Perspectives

In spite of what is mentioned above, it is still a far way to go
until inorganic nanomaterials synthesized by living cells
predominate the field of tumor-targeting applications.
Researchers should pay more attention to the following aspects.
(1) The mechanisms of inorganic nanomaterial synthesis in
living cells are reported to be mainly related to inorganic-ion
bioreduction, detoxification and biomineralization. Some
kinds of intracellular enzymes, reducing molecules such as
glutathione and glucose, cell surface expressed polysaccharides
and proteins are proved to participate in these biosynthetic
processes and play key roles. However, the biochemical reac-
tions involved are so complicated that the mechanisms are not
illustrated deeply in most cases. For the purpose of controllable
preparation, the mechanisms should be clearly clarified. (2)
Referring to the controllability of biosynthesis, it is a more
challenging issue. As we all know, the components, size,
morphology, purity etc. have crucial impacts on the properties
of nanomaterials. Likewise, their surface coating and stability
are also important for their bioapplication. How can we make
the living cells give us what we want but not what they can?
Modulation of precursor ion concentration, pH, temperature,
and incubation time, as well as cell metabolism by genetic
engineering can help to some extent, but more strategies are
urgently needed. (3) Majority of the biosynthetic products are
metallic nanoparticles and their oxides or chalcogenides.
However, functional inorganic nanomaterials that can be used
in biomedicine and other fields are far more diverse than these.
Considering the diversity of living cells, the bioconstruction of
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many other types of nanomaterials would become possible. (4)
Although there are many advantages of biosynthesis, high-
quality inorganic nanomaterials are usually prepared by
chemical processes. Under mild reaction conditions, the crystal
orientation of the available nanomaterials will not be as perfect
as those fabricated at high temperature. The presence of defects
will degrade the performance of the nanomaterials. (5)
Biosynthesis is considered as a cost-effective and eco-friendly
approach for inorganic nanomaterial preparation. It is highly
possible to scale up the synthesis. But before that, the process
parameters should be optimized and the preparation tech-
nology needs to be deeply investigated. (6) The capping agents
on the surface of nanomaterials originating from living cells
during the biosynthesis endow them with high stability and
good biocompatibility. Sometimes, they can synergize with the
nanomaterials to enhance their therapeutic effect, for example,
the immune response activation by lipopolysaccharides on the
outer membrane of bacteria. On the other hand, as exogenous
biomolecules, their potential toxicity should be considered. (7)
When it comes to their commercial application, standards
regarding biofabrication, characterization, evaluation and so on
of the nanomaterials should be established.
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