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Mammalian cell: A unique scaffold for in situ biosynthesis of metallic nanomaterials

Fawad Ur Rehmanl’z, Hui Jiangl, Matthias SeIke3, Xuemei Wangl*

Production of nanoscale materials often requires the use of toxic chemicals and complex

DOl:
10.1039/x0xx00000x

synthetic procedures. A new scaffold has been explored for in situ synthesis of
nanomaterials that utilizes natural biological systems in the form of plants, bacteria,

fungi, algae and redox-imbalanced mammalian cells and systems. The latter approach

www.rsc.org/

has become popular in recent years and has shown some promising results in bioimaging

of cancer, as well as inflammatory and neurodegenerative maladies. Biosynthesis of

nanoclusters in redox-imbalanced mammalian cells is facile, cost-effective and

environmentally friendly with higher biocompatibility, target specify and lower adverse
effects than traditional synthetic approaches. Herein, we describe recent advances in

mammalian green in situ biosynthesis for biomedical applications, especially in cancer

and neurodegenerative disease theranostics.

1. Introduction

Biomedical applications of nanoscale materials are of
great interest for clinical applications. The size of
typical nanoscale materials used for biomedical
applications usually ranges from 10-100 nm, and in
some cases, the size may be up to 300 nm, especially
for drug delivery vehicles’?. In the biomedical realm,

nanoscale materials are used in tissue regeneration and
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engineering, photodynamic therapy, sonodynamic

therapy, photothermal therapy, biosensors,
theranostics, anti-microbial and nano drug delivery
system for various neoplastic and non-neoplastic
The

applications are favored due to their size and structural

maladies”. nanoscale materials biomedical
analogy with various cell structures and organelles, i.e.,
DNA, Ribosomes, Mitochondria, Endoplasmic reticulum,
Ligand-receptors, and Antibodies, all of which are

having a size range from 2 to 20 nm®.

It has been estimated that globally around 1300 new
with
applications ranging from food additives, cosmetics,

nanomaterials are produced every vyear’,
drug delivery vehicles, surface coating to biomedical
therapeutics®. The preparation processes of many of
these nanomaterials use various hazardous chemicals,
and, furthermore often the pre-synthesized nanoscale
materials are highly reactive due to their smaller size
and maximum surface electron presence. Hence, there

is a significant concern in the health and biomedical
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communities regarding both short-term and long-term
exposure to such materials.

Therefore, synthesis of nanoscale materials by plants,
bacteria, and fungi, as well as algae has recently
become popular’. More recently, the eukaryotic,
mammalian, neoplastic, pluripotent stem cells and
body functional proteins have been found to have
some potential for nanoscale materials synthesis. One
method is to pre-synthesize highly biodegradable
nanomaterials for biomedical applications. Yet another
approach, which has recently become popular, involves
in situ biosynthesis. The in situ biosynthesis is
comprised of the pre-ionic solutions, i.e. HAuCl, (Gold),
FeCl, (Iron), AgNO; (Silver), etc., that are injected into
the body and after attaining the desired concentration
in the targeted tissue (usually tumor), these ions form
nanoscale clusters and particles by utilizing the target
tissue microenvironment (Scheme. 1). Similarly, various
plants and microbial cells are also capable of
biosynthesis of nanoscale materials and particles by
using their own enzymes. These intra or extracellularly
biosynthesized nanomaterials may be used for various
biomedical and clinical applications. They may have
higher biocompatibility and less toxicity, and enhanced
surface areas. Control of particle size and shape is also

possible by this method™.

Eu(NO,),
Zn (CH,,0

6 11 7)2

Scheme 1. Mechanistic summary of the factors
involved in nanoclusters biosynthesis within cancer
cells and their biomedical

potential applications

reported so far.

This journal is © The Royal Society of Chemistry 20xx

Given the advantages of biosynthesizing nanoclusters
from ionic precursors, the mammalian cells have been
utilized for in situ biosynthesis of nanoscale materials
for biomedical

applications, especially for cancer

theranostics and neurodegenerative diseases.
2. Biosynthesis

Preparations of nanoscale materials by utilizing natural
biological systems are considered as green biosynthesis.
The natural biosystem could be comprised of plants,
bacteria, fungi, algae and eukaryotic cells, especially
mammalian cells and their pathophysiology'. The plant
cells have been reported to have the ability to
biosynthesize inorganic and organic nanoscale particles
from their environment and soil concentrated with
specific pre-ionic solutions. The phytochemicals which
are responsible for the nanoscale materials synthesis
include alkaloids, glycosides, terpenoids and phenolic
compounds including tannins, coumarins, and
The  biosynthesized nanoparticles

obtained from phytoextracts exhibit a relatively

flavonoids.™

homogenous size: For example, the silver nanoparticles
from Acalypha indica® possess a size range of 20-30
nm. The detailed plant nanoparticles biosynthesis can

be followed in several recent comprehensive reviews **
16

Similarly, the role of fungi and algae in green
nanotechnology has been extensively investigated. The
biosynthesis of nanoscale materials especially metal
oxides have recently become popular. For instance,
brown algae (Bifurcaria bifurcata) extracts have been
reported with the ability to produce Copper oxide (CuO)
nanoparticles (5-45 nm) from 1.0 mM copper sulfate
(CuSO,) solution. It is well known that fungi secrete
sufficient enzymes that can be used for the green
production of such nanoscale materials. Recently,
used Lentinus edodes, Grifola

frondosa, Pleurotus ostreatus and Ganoderma lucidum

Vetchinkina et al.
fungi extracts to biosynthesize gold nanoparticles from

HAuCI, solution®®. The fungal extracts contained phenol
oxidizing enzymes (i.e., laccases, tyrosinases, and Mn-
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peroxidase), which were key players in the gold
nanoparticle biosynthesis.

Different microbial species (spp.) have also been
reported to synthesize nanoscale materials by using the
cellular enzymes of the microbial species to convert
pre-ionic solutions to nanoparticles and clusters®.
These biogenic synthesized nanoparticles have higher
enzymatic catalytic activity, enhanced surface area and
exhibit a higher cell nanoparticle interface due to the
variation of the ambient conditions, i.e., microbial intra
pH,
temperature variations”. Microorganisms usually take
the metal ions from their environment and with the

and extra cellular osmotic pressure and

help of enzymes convert them to the nanoscale
materials. These biosynthesized nanoparticles are
further classified either as intracellular (i.e., formed
from metallic ions that are transported into bacteria in
the presence of intracellular enzymes) or extracellular
nanoparticles (i.e., metallic ions trapped on the surface
of bacteria and reduced to nanoscale materials)*.
These types of nanoscale materials include gold, silver,
and  their  associated

platinum, manganese

nanocomposites.

3. In situ biosynthesis using redox-imbalanced
mammalian cells

Medical bioimaging has become an indispensable tool
for early, rapid, accurate and cost-effective diagnosis of
cancer and many other non-cancerous diseases. In case
of cancer, the diagnosis before the onset of metastasis
to vital organs helps decrease the mortality rate and
enhances the patient’s quality of life. Although pre-
synthesized nanoscale materials have been reported
with promising results, there are various drawbacks of
nanoscale materials, i.e., the poor target recognition,
autoimmune reactions, lower serum albumin binding,
the hydrophobic nature of nanoscale particles and

adverse effects to vital organs®>**

. Moreover, the pre-
synthesized nanomaterials surface charge is also a
matter of concern, e.g., the cell membrane is negatively
charged and all negatively charged nanomaterials will
lead to poor

target recognition and prolonged

This journal is © The Royal Society of Chemistry 20xx

circulation time will result in adverse toxic effects. In
addition, the pre-synthesized nanoparticles have to rely
on the passive cellular uptake to pass the cell
escape the
endosomal/lysosomal pathway within the cell for

membrane and have to

desired theranostics effects.

To avoid these limitations, a new approach of in situ
biosynthesis via mammalian cells has been introduced.
In situ biosynthesis of metal nanoscale materials has
been described as green chemistry, and the resulting
materials are considerably more biocompatible as
compared to pre-synthesized nanoscale materials.
cells and certain

Recently, mammalian

conditions have been
|24-26

pathophysiological
within in situ biosynthesis potentia

reported

3.1.Neoplastic cells

In last few years, the cancer microenvironment has
been exploited to biosynthesize metallic nanoclusters.
The cancer cell biology is varied from the healthy cells,
thus provide a scaffold that can convert ionic solutions
to nanoscale materials. In situ bio-mineralization of the
inorganic salts have been extensively studied and
analyzed via fluorescence spectroscopy, UV-Vis-NIR,
scanning electron microscopy (SEM), transmission
electron microscopy (TEM), EDS, X-ray photoelectron
spectroscopy (XPS), confocal scanning microscopy and
in vivo lab-animals bioimaging system for nanoparticles
distribution studies and target recognition. Different
metallic nanoparticles biosynthesis reported so far are
as follow;

3.1.1. Gold biosynthesis

Biomedical applications of nanoscale gold materials
have been exponentially increased from last few
decades. These Au nanomaterials have primarily been
investigated as fluorescent bioimaging probe for cancer
and various non-cancer diseases. However, such
nanoscale gold materials

significant health hazards

may themselves possess
as reported by Falagan-
Lotsch et al. and others; abrupt exposure to gold

nanoparticles even at low doses induced significant

J. Name., 2013, 00,1-3 | 3
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cytotoxic effect’’. Therefore, a new approach to
biosynthesize  gold with  higher
biocompatibility has been introduced by Wang et al*®.
They reported gold nanoparticle formation inside the
cancer cell (hepatocellular carcinoma cells; HepG2 and

nanoclusters

myeloid leukemia cells; K562) cytoplasm around the
nucleus, whereas the normal embryonic hepatocellular
(LO2),
biosynthesize the gold nanoclusters from a 10 umol L-1

cells used as control were unable to
HAuCl, solution. Earlier Anshup et al. reported that
biomineralized gold nanoparticles within cervical cell
lines (Hela, SiHa) and human neuroblastoma (SKNSH)
were formed and ranged up to 100 nm size®®. They
suggested that ions transport takes place via the
diffusion the
concentration with smaller size nanoparticles can be

found in the nucleus. (Fig. 1) After two years, the

process and relatively  lower

reports of Shamsaie et al. also confirmed the Au
nanoparticles formation within the cancer cells and
given the credit of Au biomineralization to cell
membrane sugars and enzymes®’.

j (a)

Cytoplasm

=

-
o®

Fig. 1 Scanning near-field optical microscope images of
in two (a) and three
dimensional (b) views, whereas (c) and (d) are HEK cells

microtomed SKNSH cells

images after nanoscale Au biosynthesis. Scan area for
SKNSH cells is 20 X 20 um, whereas HEK is 35 X 35 um.
Adapted from the Ref.”, Copyrights 2005 American
Chemical Society.

This journal is © The Royal Society of Chemistry 20xx

The neoplastic tissue microenvironment is different
from healthy tissue homeostasis due to increased H,0,
production resulting in an elevated reactive oxygen
species (ROS) level’'. In the tumor cells, dioxygen
reduction leads to the generation of ROS that
subsequently provides an extra electron to the pre-
ionic solution, leading to nanoscale biomineralization.
Also, it has been reported that the initial nanoparticles
formation is close to the cell membrane, the area
which is enriched with the enzymatic pool, especially
NO-synthases and NAD(P)H-oxidases*’. The studies of
El-Said et al. have also demonstrated that NADP and
QOH-1 enzymes are having a contribution to the
formation of Au nanoparticles from Au* **. Husseiny et
al. suggested that the gold metal ions can easily cross
the cell membrane and act as electron acceptor inside
the cytoplasm and mitochondria®®, whereby they can
disturb any specific electron transport pathways and
nanoparticles the
mitochondria are well distributed within the cytoplasm,
the biosynthesized nanoparticles

result in formation. Since

were likewise

distributed and equally found within the cytoplasm (Fig.

2).

200nm
—

Fig. 2 Gold nanoclusters in situ biosynthesis within the
neoplastic tissue. (A) Scanning Electron Micrograph
(SEM) of HepG2 cells after incubation with HAuCl; 10
umol/L solution and EDS as inset, whereas (B) is an
enlarged image showing gold nanoclusters denoted by
white arrows. Adapted from Ref.”®, Copyrights 2013,
Macmillan publishers.

J. Name., 2013, 00, 1-3 | 4
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Recently, the peptides secreted by human breast
adenocarcinoma cells (MCF-7) in response to gold salt
exposure were regarded as a biological factor for
anisotropic gold nanoparticles formation®”. It has been
suggested that sudden exposure of cells to gold salt will
result in lowering of pH that will denature the cell
membrane and serum proteins, which in turn will
reduce the Au*"to Au® gold nanoparticles. Moreover,
the cells in stress condition also secrete peptides that
bind to specific facet resulting in anisotropic gold
nanoparticles formation. As a whole, this study
suggests that peptides secreted by the cancer cells to
the surrounding microenvironment and cell membrane
protein biomineralize the gold salt to nanoparticles.
Contrary to these findings, Kunoh et al., reported that
genetic materials from the nucleus are responsible for
Au®* reduction top Au’. They reported that of various
nucleosides and nucleobases only guanine and
Au

nanoparticles formation®®. Since the biological system

guanosine are potential reductants for
is complex with multiple factors and molecules
regulating each other simultaneously, therefore on the
bases of currently available data it’s hard to credit only
one factor as sole reducing agent form gold nanoscale
biomineralization. Moreover, the various cell growth
media and factors have also been reported with the
effect on the size and shape of biosynthesized gold and

other metallic nanoparticles.”’

Similarly, Lai et al. reported gold nanoclusters

biosynthesis for bioimaging of Alzheimer disease (AD)*.

As is the case with cancer cells, the ROS level is
elevated in Alzheimer patients’ cerebral tissue due to
an active exchange of various redox metal ions*> *°. The
AuCl, ions were accumulated in the hippocampus of
mice models, which is the first and most seriously
affected part of a brain in the AD. After accumulation
of gold ions in the brain, they rapidly start forming gold
nanoclusters, which were then used as nanoprobes for
the CT and fluorescent bioimaging of the AD brain. (Fig.
3) Besides, the findings of Chattoraj et al. proved Au
nanoclusters formation within the human lung cancer
cell line A549. They observed 20-40 times higher
fluorescence intensity within cancer cells as compared

This journal is © The Royal Society of Chemistry 20xx

to normal cells with about 1-3 nanoseconds lifetime
within cells. The size of nanoclusters was ~2 nm and Au

nanoclusters at this size range exhibit excellent

fluorescent properties*'.
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Fig. 3 Fluorescence bioimaging of Alzheimer Disease

via in situ biosynthesized gold nanoclusters.
Neurodegenerative diseases murine model is exhibiting
fluorescence at different time intervals, i.e. 1 hour (B),
6 hours (C), 18 hours (D) and 30 hours (E), after
injection of 10 mmol/L HAuCIl, solution, whereas (A)
control without injection. (F) is relative fluorescence
intensity and (G) is the fluorescence intensity, whereas
(H) is comparative fluorescence intensity of control
with treated models at various time intervals. Adapted
from the Ref. *, Copyrights 2016, Royal Society of

Chemistry.
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3.1.2. Silver  Nanoparticle  biosynthesis
Biosynthesized silver nanoparticles obtained via plant
extracts, or microorganisms biosynthesis are the most
abundantly investigated nanoparticles for biomedical
applications. Recently, Gao et al. exploited the
potential of cancer cell microenvironment to form
silver nanoparticles from the AgNO; solution combined
with glutathione (GSH), i.e. [Ag (GSH)]™*%. Both ex vivo
and in vivo experiments confirmed rapid biosynthesis
of Ag nanoparticles when Ag ions conjugated with GSH.
They bioimaged trace amount of cervical cancer cells
(HelLa) within the xenograft animal model in vivo, and
also in vitro by using Near Infrared (NIR) emission for
photoactivation (excitation 590, emission 670 nm) of
the clusters formed within the cell. The NIR experiment
has the advantage of deeper penetration (2-3 cm)
within living tissue and according to WHO
recommendations (i.e., 600-1000 nm, as the maximum
transparency of human skin is centered on 800 nm).

(Fig. 4)

is

Biosynthesized Effect of tumor size

Imaging

Fig. 4 Fluorescence bioimaging of murine xenograft
models after Silver nanoclusters formation within
tumor tissues and cell cultures (Hela). The pre-ionic
solution of Ag[GSH]* was injected to biosynthesize Ag
nanocluster in situ, exhibiting excellent theranostics
effect via tumor fluorescence bioimaging and
regression. Adapted from the Ref. *?, Copyrights 2014
Macmillan Publishers Ltd.

This journal is © The Royal Society of Chemistry 20xx
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GSH is a thiolated tripeptide present in normal
eukaryotic cells (ca 5 mM) responsible for the
maintenance of cellular redox homeostasis by
oxidation to glutathione disulfide (GSSG). It has been
shown that cancer cells are higher in GSH-GSSG
concentration as compared to normal cells®®. The
higher concentration of GSSG within neoplastic tissue
and cells may be attributed to the higher generation of
ROS and RNS. Meanwhile, the disulfides and thiols
possess a higher affinity towards silver ions which helps
to promote monolayer self-aggregation. Therefore, the
glutathione complexation and silver ions reduction
assist in Ag nanoclusters formation, which may lead to
a new route for selective bio-marking of cancer cells via
fluorescence bioimaging.

The recent findings of El-Said et al. showed successful
Ag and Au nanoparticles formation from their
respective salts within cancer cells (HeLa, MCF-7)*. The

Fig. 5 Scanning Electron Microscopic

images of
biosynthesized gold nanoparticles after Hela cells
incubation with HAuCl, solution for 4 (a,b), 08 (c,d), 14
(e,f), 21 (g,h) and 28 days (1,j). Adapted from Ref. *3,
Copyrights 2013 Willey-VCH Verlag GmbH & Co. KGaA,
Weinheim.

J. Name., 2013, 00, 1-3 | 6
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intracellular biosynthesized nanoparticles were used
for Surface Enhanced Raman Spectroscopy (SERS).
Their study that
extracellular secreted proteins can be utilized for

reveals cell membrane and
nanoscale particles synthesis, whereas whole cell
incubation (up to 28 days) with respective ionic

solution results in microscale particles formation.

the
biosynthesized nanoparticles that upon secretion to

The microscale particles may result from
surrounding environment aggregated and formed
microparticles. The intracellular enzymes present either
in the cell nucleus or nuclear membrane or cells
membrane may be responsible for the nanoparticles
formation. As per their report, the whole cell lysate or
nuclear lysate could form the nanoparticles in several
minutes whereas the cytoplasmic content may take
several hours for the nanoparticles formation. (Fig. 5)

3.1.3. Rare Earth metals biosynthesis
Compared to other organic and inorganic (metallic)
counterparts, Rare Earth lons (REI) also have significant
potential to form fluorescent nanoprobes via in situ
biosynthesis. These ions have narrow emission lines
and a wide band gap between excitation and emission
wavelengths®. They may not only be used as
fluorescent probes, but they may also be able to
their
concentration will define cell apoptotic or proliferative,

anti or pro-oxidant properties®. The REl has empty f

influence cellular  functionalities, i.e.,

and d orbitals, which makes them excellent fluorescent
probes to detect tumor cells at minute quantity via
bioimaging. REI or lanthanide ions generally have weak
fluorescence properties in aqueous solution due to low
molar absorptivity and low fluorescence quantum
yield46. However, some reports have suggested their
conjugation with a proper ligand can increase the
fluorescence intensity®’.

Europium (Eu) is also a member of REl or lanthanide
group. Recently, Ye et al. biosynthesized a Eu complex
by exploiting the tumor cell environment and then used
the resulting material as a fluorescent nanoprobe for
the detection of cervical cancer (Hela) *: They

This journal is © The Royal Society of Chemistry 20xx

cancer cell

Eu;' ‘

normal cell U—

Fig. 6 Tumor bioimaging via Europium biosynthesized
nanoclusters. The hepatocellular carcinoma culture and
murine model exhibited fluorescence within 24-48
Eu
incubation/injection of 0.01 mmol/L Eu(NOs); solution

hours. nanoclusters formation after
to cells and animal models. (Excitation wavelength was
488 nm). Adapted from Ref *®, Copyrights 2016 Royal

Society of Chemistry.

incubated cancer cells in 0.01 mM Eu(NOs); solution for
24-48 hours, and after employing the freeze-thaw
method, the nanoscale Eu material was isolated from
the cells. These nanoclusters were characterized by
confocal bioimaging and EDS within the cells, while
TEM and X-ray photoelectron spectroscopy (XPS) was
used to determine the particle size and valence state of
the europium atoms. They observed mixed valence
state of Eu (i.e., lll and II), which can be attributed to
the tumor microenvironment that reduced Eu (Ill) and
allowed Eu (ll) to form within the cells. Similar to other
nanoprobes biosynthesized in situ, the formation of the
Eu complex was also favored by the elevated level of
H,0, and NADPH- dependent GSH within the cancer
cells that allowed Eu (lll) to form the Eu complex.
reported that the Cerium(lll)-GSH
complex could be synthesized in vitro by using the

Earlier studies
redox conditions for Cerium (Il) and GSH*, and it is
likely that Eu undergoes the same reaction under these
conditions. Meanwhile, the proteomic studies of cancer
() suggested the
involvement of p53 and NADP(H)-oxidase in the

cells treated with Eu also

neutralization of the antioxidant pathways and

persistent fluorescence up to 48 hours (Fig. 6).

J. Name., 2013, 00, 1-3 | 7
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3.14.
is a most important precursor for many enzymes,

Zn nanoclusters biosynthesis Zinc (Zn)

immune regulatory system, and cellular functionality°.
Zn was the first metal ion which was detected by
biosensors in the human plasma by Mahanand and
Houck in 1968". Zinc and Copper ions are the most
investigated and well-defined metal ions maladies
Both ZnCl,
Zn(C¢H1107), (Zn Gluconate) have been reported to be

associated with homeostasis>. and
able to form nanoclusters within living cells. A lower Zn
concentration has been reported in various ailments
including neoplasms, especially prostate cancer®®. Also,
the interaction of Zn ions with glucose and oxygen
leads to increased ROS and RNS generation compared

to normal tissues®* >°.

Given these properties, Su et al. biosynthesized Zn
nanoclusters from a Zn Gluconate (0.08 mM) solution
within neoplastic cells cultures, both in vitro and in vivo
in xenograft models®. Pre-synthesized nanoscale Zn
has already been reported to exhibit fluorescent
the Zn
nanoclusters reported by Su and coworkers were

properties®.  Indeed, biosynthesized
successfully used for bioimaging of Hela and HepG2
cancer cells. Again, the specific microenvironment of
these cancer cells was essential for the nanocluster

formation.

Recently, Du et al. combined Zn with Fe ions to
biosynthesize a cancer multimode bioimaging probe
from a single pre-ionic solution®®. They used 300 pM
Zinc gluconate and 300 uM FeCl, to biosynthesize
nanoclusters in various cancer cell lines including
HePG2, Hela, U87 (glioblastoma) and L0O2 as control,
both in vitro and in vivo. The Zn nanoclusters were
found to be highly biocompatible. They exhibited
fluorescence both in the cancer cells cultures and
tumors in xenograft animals. (Fig. 7)

The pathophysiology of neurodegenerative diseases
has also been associated with an imbalance of ion
concentrations of Zn, Cu, and Fe. These ions modulate
molecular aggregation of certain proteins associated

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 Fluorescence, CT and MRI multimode bioimaging
achieved via Zn and Fe nanoclusters biosynthesis within
xenograft tumor models. The hepatocellular carcinoma
tumor models with fluorescence (A), MRI (C) and CT (D)
bioimages, neoplastic tissue denoted by white circles,
whereas (a) is 5 mM FeCl, and Zn Gluconate treated
models and (b) is controlled. Similarly, (B) is showing
fluorescence intensity of various treated murine
models. Adapted from Ref *%, Copyrights 2017 Tsinghua

University Press and Springer-Verlag Berlin Heidelberg.

with the neurodegenerative disease. Therefore,
injection of Zn ions may help both in remediation of the
imbalance and also make possible bioimaging of
various cerebral diseases. Recently, Lai et al.
successfully bioimaged AD with Zn Gluconate by
forming nanoclusters inside the brain of murine
models®. Similarly, cerebral stroke, which is not a
primary brain disease, but occurs due to the
compromised blood supply to certain parts of the brain,
was successfully bioimaged by Zhao et al.®° They
claimed hypoxic conditions and inflammation as a
primary cause for the formation of Zinc nanoclusters

from Zn Gluconate solution.

More recently, Wu et al. reported ZnO nanoclusters
spontaneous the
copulatory blood. Furthermore, they claimed that
the
biosynthesize the ZnO nanoclusters from Zn gluconate
rather than glutathione or metallothionein. They also

formation  within mammalian

serum albumin were key ingredients to

proposed that Zn ions above the physiological level are
converted to ZnO nanoclusters by the serum albumins

J. Name., 2013, 00, 1-3 | 8
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and then safely excreted from the body61. All the
aforementioned reports confirm the ZnO nanoclusters
in situ biosynthesis and potential biomedical
applications in theranostics; nevertheless, the exact
mechanism of ZnO nanoclusters biosynthesis still

remains unknown.

3.1.5. Nano Fe in situ biosynthesis

Iron has been reported as a contrast agent in
diagnostic bioimaging via X-ray computed tomography
(CT) and magnetic resonance imaging (MRI). The MRI
ensures deep penetration whereas CT reveals the
anatomical structure of the target tissue. MRI contrast
agents have been classified as T1 and T2 agents,
depending on their resonance properties. Fe;04 can be
classified as a T2 imaging agent for clinical applications
due to its transverse relaxation time in H,0%. Various
pre-synthesized nanoscale Fe based materials include
Fe;0,%, FeNPs®, CoFe,0,%, NiFe,0,%, Au-Fe;0,”, Au-
FePt®, and MnFe;0,%%etc. Similar to other pre-
synthesized nanoscale materials, iron also has some
adverse effects including cellular leakage, impaired
mitochondria function, DNA damage, chromosome
condensation and inflammation”®.

Recently Zhao et al. used a new approach to synthesize
by the
microenvironment’". They combined 10 mmol L™ FeCl,

iron  nanoclusters utilizing cancer
and 5 mmol L™ HAuCl, solutions to form iron and gold
nanoclusters for multimode cancer bioimaging. They
exploited the potential of the cancer microenvironment
to convert the pre-ionic solutions (Fe®*) to Fe,0; and
AuCl; to gold nanocomposites via Hela, HepG2 and
U87 cancer cell lines and also in xenograft models as
well (Fig. 8). Meanwhile, the biocompatibility of the
Iron and gold nanoprobes was evaluated via MTT assay
and vital organ (Liver, Kidney, and Spleen) functionality
by histopathology and serum biomarkers. All of the in
vivo and in vitro biocompatibility trials proved the
inertness of the biosynthesized Au-Fe nanoprobes to
vital organs indicating the relative lack of toxicity of

these materials in biomedical applications.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 (A) Mechanism of Iron and Gold nanoclusters
biosynthesis within the cancer cells and (B) is the XRD
pattern of Fe complexes. Adapted from Ref. 7%,
Copyrights 2016 Willey-VCH Verlag GmbH & Co. KGaA,

Weinheim.

The
different from normal tissues due to the higher amount

neoplastic microenvironment is somewhat
of nicotinamide adenosine dinucleotide phosphate
hydrogenase enzyme (NAD(P)H), glutathione (GSH-

GSSG), as well as RNS and ROS, and lower pH value. The

J. Name., 2013, 00, 1-3 | 9
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lower pH value may be attributed to lack of blood
vessels, higher metabolic rate, and decreased oxygen
concentration. All these factors play a pivotal role in
the formation of fluorescent, and magnetic
nanoclusters from a simple ionic solution injected into
the body. Since the GSH-GSSG is 1-10 times higher in
the cancer cells as compared to normal healthy tissues,
the F*" ions are oxidized to Fe** ions which assist in gold
the GSH-GSSG
control the Fe** and Fe® ratio and additionally form
iron nanoclusters and reduce gold nanoclusters size

nanocluster formation. Meanwhile,

ultimately leading to efficient fluorescence probes (Fig.
9).

Similarly, Du et al. used Fe ions (Fe*") combined with Zn
(Zn*) to achieve cancer multimode bioimaging via
fluorescence (Zn nanoclusters) and CT, MRI

v)

FL intensity (a.

Intensity /3.y

Au (0) 89.8%
Au ) 102%

;;

iy 0:225 nm
I Au(111)

0.257 nin
Fe:0+(311)

20 nm

Fig. 9 Characterization of biosynthesized Fe and Ag
nanoclusters within the neoplastic tissue. TEM (e,f)
EDS (a), Fluorescence spectrum and XPS of cellular (c)
and tumor extracts (d) confirming the co-existence of
Fe2+ and Fe*' ions at 09-01 ratio, respectively. Adapted
from Ref . ’!, 2016 Copyrights Willey-VCH Verlag GmbH
& Co. KGaA, Weinheim.
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(paramagnetic Fe;04 nanoclusters) as discussed earlier
*% (Fig. 10). Another study by the same group (Du et al.)
used Zeolitic Imidazole Framework-8 (ZIF) to adsorb Fe
ions and successfully deliver Fe ions to target tissue, i.e.,
the tumor, both in vitro and in vivo’>. After
in neoplastic tissue, the ZIF was
biologically degraded to form ZnO nanoclusters,

accumulation

whereas Fe ions were converted to paramagnetic Fe;0,
nanoclusters triggered by the combination of lower pH
(elevated acidity), oxygen (higher ROS level) and an
elevated level of  GSH-GSSG in the neoplastic
environment.
3.1.6. Pt nanoclusters biosynthesis
Platinum is well-known for its photothermal properties.
In the biomedical realm, its potential has long been
used for chemotherapeutic anti-cancer drugs, e.g.,
Cisplatin, Carboplatin, Oxaliplatin, etc.”® In spite of the
fact that these drugs have been in use for many years,
their exact mode of action still is under investigation.
Their potential cytotoxic effects are significant; for
instance, Pt adducts with pyridine ligation have been
attributed to cytotoxic effects. Similarly, conjugation
with tRNA has potential cytotoxicity’*. Also, the
octahedral Pt(lV) state has been reported to cause
gastrointestinal and blood adverse effects after oral
administration’®. In tumor bioimaging, the role of
nanoscale Pt has been limited compared to its use in
chemotherapeutic agents. Problems with the use of Pt
in bioimaging include poor photostability, rapid
photobleaching, and self-aggregation’®. Moreover, the
Pt drug cisplatin  (cis-

diamminedichloroplatinum Il) and similar derivatives
77,78

well-known anticancer
are well known to cause severe nephrotoxic effects
Indeed, the new biosynthetic approach has the
potential to overcome these limitations as Chen et al.”®
did not observe any adverse effects after nanocluster
formation with cisplatin; however further studies may
whether this is generally the case beyond this specific
example may well be required. The hypoxic reducing
environment can be utilized to in situ biosynthesize Pt
nanoclusters from their ionic precursor solutions.
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Fig. 10 Tumor tissue in situ biosynthesized nanoclusters
(A) is the TEM image of in situ
biosynthesized ZnO nanoclusters, (B) is the mixture of

characterization.

Zn0O and Fe;0,; nanoclusters, whereas (C) is the FTIR
spectra of glioblastoma cells, ZIF -8 and their mixtures.
(D) is the MTT assay for cell viability after treatment.
Adapted from the Ref. ’* Copyrights 2017 Willey-VCH
Verlag GmbH & Co. KGaA, Weinheim.

Recently Chen et al. used 5 mmol L™ Chloroplatinic acid
(H,PtClg) solution to biosynthesize Pt nanoclusters by

using various cancer cell lines including Hela, HepG2,
and A549 (lung cancer)’. For the theranostics effect,
they combined Tetra sulphonatophenyl porphyrin
(TSPP) with spontaneously formed round shaped 3.3
nm Pt nanoclusters. The TSPP was used to enhance the
fluorescence by a synergistic effect that realized the
photothermal effect of Pt nanoclusters®. The elevated
level of GSH-GSSG was again responsible for chemical

etching of Pt sols (Fig. 11).

3.2.Normal cells and Biosystems

Apart from exploiting the tumor microenvironment,
some normal body cells and their microenvironment
have also been reported to have the potential for

nanoscale materials biosynthesis. Larios-Rodriguez et al.

reported epithelial cells
biosynthesize gold nanoparticles (average size 49 nm)

They deposited 10 pl of 0.1 M tetracholoauric acid

with the potential to

solution on the finger of a subject individual resulting
immediately in a pale color. This color turned purple

This journal is © The Royal Society of Chemistry 20xx
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after three hours at room temperature, indicating
nanoscale gold formation. The skin (epithelium) was
then removed and was further investigated under TEM
for nanoparticles characterization. They proposed that
certain enzymes and sugars may be responsible for
ions to Au (0), which further
aggregated into gold nanoparticles. the

actual mechanism within non-neoplastic cells is still

reducing Au (lll)
However,

unknown.

Recently, the US army research labs have also
their report that NG108-15
neuroblastoma-glioma hybrid cells when exposed to
the HAuCl,
nanoclusters were formed. They proposed its potential
use in detection of the brain trauma®. Meanwhile,
West et al.
(C8B4) with the potential of Au nanoclusters formation

demonstrated in

solution, within 24 hours of gold

also reported neuronal microglial cells

ability. They claimed that glutamate was a key player in
the Au nanocluster formation rather than the elevated
level of ROS as most researchers claimed for the
neoplastic cells.®®

—-----------—------------.
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Fig. 11 Pt Nanoclusters in situ biosynthesis inside the
cancer cells and tissues after inoculation /injection of
H2PtCl6 and TSPP, and their further theranostics effect.
Adapted from Ref. ’°, Copyrights 2015 American
Chemical Society.
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The formation of Au nanoclusters in non-neoplastic
cells and microenvironment are of great interest,
especially in the neuroscience, to help in understanding
the neural functionality or ailment.

Most recently, human adipose mesenchymal stem cells
(MSC)
nanoparticles by transfecting the MSC by bacterial

were used to biosynthesize magnetic
magnetotactic gene, i.e., mms6®’. After inoculation of
34 mM ferric quinate solution, the cells began to
synthesize magnetic nanoparticles (Fes04) without
affecting cellular activities, such as multiplication and

differentiation. (Fig. 12)

Another approach towards exploiting the neoplastic
environment for cancer therapeutics was reported by
Mackay et al. ® They prepared chimeric polypeptides
conjugated with doxorubicin that self-assembled into
particles of less than 100 nm size. These polypeptides

(emu/g)
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8 4 0 4 8
HoH (T)
200

T(K)

Moment per sample mass

0 100 300

n

Average MNP
3
\

W o ©0o o

gram (10'%)  diameter (nm)

MNPs per

5.

1
Weeks after transfection

Fig. 12 Mesenchymal stem cells magnetic nanoparticles
biosynthesis  after

transduction from bacterial

magnetotactic gene mms6
(a) is the TEM

micrograph, (b) is the AFM micrograph upper row and

cells.

middle, whereas the lower row is the MEM images and
the right column is control. (c) is SQUID magnetometry
and (d) is a superparamagnetic sample (upper panel)
and the dry sample (lower panel). Adapted from Ref.?*,
Copyrights 2017 Macmillan publisher limited.
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were then conjugated with chemotherapeutic agents
and were then successfully used to deliver the Dox to
target neoplastic tissue and subsequently induced
apoptosis in the colon carcinoma cells (C26) and
murine xenograft models. This method can be applied
further to many drug delivery and bioimaging systems
for cancer theranostics.

In addition to mammalian cells other in vivo
experimental models have also been used to produce
nanoscale materials. For instance, Earthworms have
been used in various traditional Chinese medicines due
their  bactericidal, cytotoxic, agglutinating,
proteolytic, hemolytic and mutagenic properties®. And

recently, their potential for nanoscale materials green

to

synthesis has been explored by Jagannathan et al®’.
They prepared exudate from earthworm (Eudrilus
eugeniae) minced tissues and treated them with 1 mM
AgNOs solution to biosynthesize silver nanoparticles.

3.3.Biomedical applications

The nanoscale metallic biomaterials are used widely in

biomedical applications including gene delivery,

chemotherapeutics,  anti-bacterial,  antiprotozoal,
diagnostics, molecule detection, bioimaging, DNA/RNA
analysis The

applications of nanoscale materials are based on

and biosensors. recent biomedical
nanomaterials prepared by traditional methods in the
lab. The biosynthesized metallic nanoscale particles
and clusters are still in the developing phase. Although
the methodology of using mammalian cells as a
scaffold for in situ biosynthesis is only a few years old,
it may nevertheless lead to significant applications in
the biomedical realm in the relatively near future. A
few major biomedical applications developed in the

last few years are summarized as follows;
3.4.Cancer Therapeutics

Silver nanoparticles synthesized from the Melia dubia
plant extracts were reported for their anticancer effect
by Kathiravan et al®. Meanwhile, the earthworm
extract based silver nanoparticles were also reported to
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possess anticancer effects against hepatocellular
carcinoma cells, i.e., Hep6287. Similarly, Muthukimar
and coworkers used extracts of Carica papaya and
Catharanthus roseus plants to biosynthesize round
shaped gold nanoparticles with potential anticancer

applications against HepG2 tumor cells®’.
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Fig. 13 Application of DNR-loaded bio-ZnO NCs to
tumor growth suppression in vivo. (a) HepG2 cells were
treated with 10 mg/L bio-ZnO NCs (blue) for 2 h and
then stained with Alexa 488-conjugated anti-SPARC
antibody (green). Scale bar: 100 um. (b) Scheme of the
synthesis of DNR-loaded bio-ZnO NCs. (c) K562
xenograft nude mice were treated (1) without or with
(2) 3.2 mg/kg DNR (equivalent to the 32% loading rate
on the bio-ZnO NCs), (3) 10 mg/kg DNR-loaded chem-
Zn0O NCs, or (4) 10 mg/kg DNR-loaded bio-ZnO NCs. The
apoptotic cells were assayed by TUNEL staining. The
nuclei of apoptotic cells (brown) and viable cells (blue)
were stained. Scale bar: 100 um. The bars in the
histogram represent the results from five independent
experiments. *Significant difference compared with the
untreated group (P < 0.05). (d) The protein levels of
cleaved caspase-3, -8, and -9 in tumor samples were
analyzed by Western blot. GAPDH was detected as an
internal standard. Adapted from Ref.®!, Copyrights
2017 American Chemical Society.
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Recently, CuO nanoparticles synthesized from leaf
extracts of Ficus religiosa plant were reported to treat
lung cancer after finding their anticancer effect on
A549
biosynthesized terbium oxide (Tb,0;) nanoparticles by

human lung cancer cells®.  Similarly,
Fusarium oxysporum (fungus) were reported to exhibit
anticancer activity against osteosarcoma cells lines, i.e.,
Saos-2, MG-63°1. Meanwhile, the in situ biosynthesized
ZnO nanoclusters were combined with DOX to
bioimage and ablate the k562 tumor in murine

xenograft models . (Fig. 13)

The aforementioned in situ biosynthesized nanoscale
materials involving Pt, Au, and Ag ions can also be used
to induce apoptosis or necrosis in local cancer tissue
the biosynthesis.  After
photoactivation with  other
photosensitizers such as TSPP these nanoclusters can
generate ROS (0,, *OH, '0,, and H,0,) and RNS that
may interfere with cellular signal pathways and alter

during nanoclusters

or in combination

the membrane permeability to induce apoptosis or

necrosis in cancer cells®®>.

3.5.Bioimaging agents

The history of bioimaging can be traced back to 1958
when Joseph von Gerlach stained brain cells nuclei by
carmine®®. Subsequently, the discovery of Hematoxylin
and Eosin led to a revolution in the histopathology of
various diseases, and these two agents are still the
most abundantly used worldwide, due to their low cost

and reliable stain for cellular studies®”*°

. However, H&E
satin applications are limited to fixed tissue samples
only in the cytoplasm and nucleus. Therefore various
other stains are used to bioimage living cells, i.e., DAPI,
Hoechst, SYTO, and DRAQ. Several recent reviews have
been published on these stains’®"%,

Modern diagnostics largely relies on the optical imaging
of cellular organelles, DNA, RNA and other functional
molecules. Currently, various bioimaging molecular
probes are employed to serve this purpose. However,
have certain limitations
the

autoimmune

these probes
photobleaching,
hydrophobicity,

including

poor target recognition,

reactions, and high
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cytotoxicity'® 1%

some of these drawbacks.

. Nanoscale materials may overcome
Most of the nanoscale
materials, e.g., quantum dots (QDs) and clusters have
been reported as efficient bioimaging probes for PET,
MRI, CT, FRET, and fluorescence, due to their stability
to photobleaching and efficient targeting ability’®.
Among the various nanoparticles, Gold has been
extensively investigated as a fluorescent and CT
bioimaging nanoprobe. The nanoscale probes have
been used to bioimage almost all types of cancer cell
lines, inflammatory diseases, autoimmune diseases
such as rheumatoid arthritis, and neurodegenerative
diseases. Recently, Lai et al*® successfully investigated
murine models of Alzheimer disease (AD) by using in
situ biosynthesized gold nanoprobes as bioimaging
tools. They found that after injecting the AD models
with  HAuCl, salts,
hippocampus region of the AD model brain become

ionic within two hours the

fluorescent as compared to the normal control.
Similarly, the work of Wang et al. demonstrated
bioimaging of cancer

via in situ biosynthesized
nanoclusters®. In addition to gold, Zn nanoclusters

have also been used to bioimage cerebral ischemic

stroke®® and Alzheimer’s disease®®, whereas Pt
nanoclusters were reported to exhibit cancer
theranostics properties”. Most of the in situ

biosynthesized nanoprobes were primarily used to
diagnose cancer and neurodegenerative maladies,
followed by therapeutics and drug delivery systems.

3.6.Antimicrobials

The anti-microbial effect of nanoscale materials has
become popular in recent years due to both lower cost
and enhanced efficacy against drug-resistant microbes.
The most common microorganisms including drug-
resistant bacterial strains, i.e., Klebsiella Pneumoniae,
Escherichia coli, Pseudomonas aeruginosa have been
reported to be quite sensitive to nanoscale materials
Most of the nanoscale materials generate reactive
oxygen and nitrogen species including superoxide, ¢OH,
H,0,, and NOe, which react with cellular organelles,
genetic materials (DNA, RNA) and the cell wall to
induce apoptosis or necrosis within the cell. They may

This journal is © The Royal Society of Chemistry 20xx
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also interfere with cellular signal pathways resulting in
altered cellular activities and functionality'®’. Similarly,
non-ROS, RNS generating nanoparticles, e.g., nano
silver generate silver ions that interfere with functional
proteins and enzymes, disrupt cell membranes, and
deactivate the respiratory chain and DNA replication®.

Recently, Shinde et al. used Guava leaves extract to
produce nanoparticles. They also reported on the
antimicrobial effect of their nanoparticles'®. Also,
Mariselvam et al. used Cocos nucifera phytoextracts,
i.e., ethyl acetate and methanol to synthesize silver
nanoparticles against the clinically most significant
pathogenic bacteria including Pseudomonas aeruginosa,
Klebsiella pneumoniae, Bacillus subtilis and Salmonella
the CuO
biosynthesized by the Gloriosa superba L. plant extracts
had excellent bactericidal effects against Gram-

paratypi'®.  Similarly, nanoparticles

negative (i.e., Klebsiella aerogenes, E. coli,
Pseudomonas desmolyticum) and Gram-positive (i.e., S.
aureus) pathogenic bacteria. The gold and silver
nanoparticles synthesized from the ginger extracts
have also been reported to show antibacterial effects
against gram-positive (Staphylococcus and Bacillus spp.)

and gram-negative (Klebsiella spp.) bacteria**.

Meanwhile, the silver nanoparticles synthesized from

earthworm exudates were reported to possess
excellent antibacterial effects against Proteus vulgaris,
Klebsiella pneumoniae, E.coli, Bacillus subtilis and
Bacillus thuringiensis®’. Likewise, nanoparticles by Goa
et al. which were biosynthesized from the mammalian
cells as described earlier were excellent antimicrobials

in burn wounds healing.
3.7.Fungicidal

Silver nanoparticles prepared from the earthworm
exudates were evaluated for their fungicidal effects on
Candida albicans, Fusarium solani and Aspergillus
niger®’. Moreover, silver nanoparticles obtained from
Bacillus spp. were reported with efficient fungicidal
effect against Fusarium oxysporum when used at a
concentration of 8 pg/ml.'™! Similarly, the silver

nanoparticles were reported to be effective against
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Trichoderma spp, Aspergillus niger, and Mucor spp™**.
Several studies have been reported that silver particles
exhibit efficient antifungal effects against Candida spp

including C. albicans, C. tropicalis, C. glabrata, C. krusei,
113-115

3.8.Multiple organisms and systems

The actinobacterium, Streptomyces minutiscleroticus
M10A62 biosynthesized Selenium (Se) was used to
evaluate its anticancer (Hela, HepG2). It has also been
investigated as a wound healing agent (as topic
ointment) and antiviral drug against Dengue viruses in
addition to its antioxidant and biofilm activity™.
Another green biosynthesis approach was recently
reported by Li et al. who used egg white, egg yolk, and
serum to prepare gold nanoclusters (~5 nm) for
efficient bioimaging of hepatocellular carcinoma cells
These biosynthesized nanoparticles had excellent
biocompatibility and low toxic effects on vital organs,
i.e., liver, kidney, spleen, brain, heart, and lungs, which
demonstrated their inertness.

Some of the biosynthesized silver nanoparticles from
earthworm exudates were used against chloroquine
sensitive and resistant malaria parasites, i.e.,
Similarly, the
nanoparticles biosynthesized from the nest of paper
spp) reported

antibacterial, antifungal, anticoagulant and blood clot
118

Plasmodium  falciparum®’. silver

wasp (Polistes was to possess

dissolution properties

4. Outlook and conclusion

Biomedical applications of nanotechnology are

However, the
biocompatibility and the use of toxic compounds during

dramatically increasing each year.
the synthesis of nanoparticles are a matter of concern
among the scientific and medical communities. The
most important reservation regarding nanoscale
materials in biomedical applications are toxicity, and
adverse effects and genetic mutations due to the
structural analogy of the particles to various cellular
organelles. Moreover, the special selective barrier

system within the body, i.e., the blood-brain barrier

This journal is © The Royal Society of Chemistry 20xx
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and the blood-testis barrier cannot be easily crossed by
pre-synthesized nanoparticles. Similarly, the biomedical
application of nanoscale materials is highly dependent
upon their sizes. For instance, nanomaterials of less
than 10 nm size can easily be eliminated by the
reticuloendothelial system within cells, whereas those
above 100 nm size may cause a severe embolism in
small capillaries.

The pre-synthesized materials may mimic autoimmune
reactions due to their hydrophobic nature. Therefore,
in situ biosynthesized nanoscale materials may avoid
autoimmune reactions due to their locally restricted
biosynthesis and rapid elimination. The pre-ionic
solutions can easily pass through the blood-brain
barrier which makes bioimaging in brain tissue a
possibility. Formation of these materials takes
advantage of the local neoplastic environment in case
of cancer and elevated ROS levels in stroke, Parkinson’s
disease, and AD. The rapidly in situ biosynthesized
nanoclusters (< 5 nm) can easily be eliminated from the
body as compared to pre-synthesized nanoscale

materials.

Similarly, all  mammalian cells are secreting
extracellular vesicles and exomes (i.e., 30- 150 nm size).
The nanoclusters in situ biosynthesized within the
tumor may also be secreted in the extracellular vesicles
and exosomes and can thus be used as biomarkers for
drug efficacy and tumor ablation after chemotherapy
and bioimaging. Another possible opportunity in the
nanomedicine is that biocompatible solutions such as
Zn Gluconate can easily pass the placental barrier
between the developing fetus and mother. This may
provide an opportunity for preterm bioimaging or
identify malformation,

neoplasm inside the fetus.

teratogeny or developing

The main bottleneck in the clinical application of
nanoscale materials is that there still exists a gap from
bench to bedside. This is partly due to the fact that
most of the nanoscale materials are designed and
fabricated by groups of chemists or chemical engineers,
who, after preliminary in vitro experiments report their
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results. And fewer studies report in vivo investigation
for toxicity and adverse effects or even detailed clinical
applications. The in situ biosynthesized nanoscale
materials, and probes can readily be formed inside the
body using local microenvironments. Therefore just a
few additional parameters (regarding toxicity) may rule
out possible toxic and adverse effects of such
biosynthesized nanomaterials.

Herein, we conclude that the in situ biosynthesized
nanoscale materials may provide a scaffold for safe,

rapid, cost-effective, multimodal imaging and

therapeutics of neurodegenerative and

associated inflammatory ailments. Moreover, the green

cancer,

biosynthesis of these nanoscale materials may also
help in reducing adverse environmental effects and
health hazards.
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