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Prospecting Cellular Gold Nanoparticle Biomineralization as
a Viable Alternative to Prefabricated Gold Nanoparticles

Aaron S. Schwartz-Duval and Konstantin V. Sokolov*

Gold nanoparticles (GNPs) have shown considerable potential in a vast
number of biomedical applications. However, currently there are no clinically
approved injectable GNP formulations. Conversely, gold salts have been used
in the clinic for nearly a century. Further, there is evidence of GNP formation
in patients treated with gold salts (i.e., chrysiasis). Recent reports evaluating
this phenomenon in human cells and in murine models indicate that the use
of gold ions for in situ formation of theranostic GNPs could greatly improve
the delivery within dense biological tissues, increase efficiency of intracellular
gold uptake, and specificity of GNP formation within cancer cells. These
attributes in combination with safe clinical application of gold salts make this
process a viable strategy for clinical translation. Here, the first summary of the
current knowledge related to GNP biomineralization in mammalian cells is
provided along with critical assessment of potential biomedical applications
of this newly emergent field.

1. Introduction

Throughout history and prehistory, humankind has been fasci-
nated with the possibility of medical applications of gold.[1] This
fascination has continued into modern times; in the past three
decades, gold nanoparticles (GNPs) have been a ubiquitous sta-
ple in biomedical nanoparticle research. With more than 100 000
peer-reviewed studies published on the subject of GNPs since
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1995, the global communal knowledge
and demonstrated potential of GNPs for
biomedical applications are vast. GNPs
have been touted for their tunable op-
tical properties related to their size[2]

and shape[3] and for ease of surface
functionalization.[4] These properties have
been the source of much success in the
development of in vitro diagnostics.[5]

Owing to the highly reactive and relatively
simplistic nature of the favored precur-
sor for GNP synthesis—chloroauric acid
(HAuCl4)- virtually any nanoscale size or
shape could be achieved, and the synthesis
was shown to be reproducible by multiple
laboratories.

Once formed, GNPs are stable and
largely considered bioinert,[6] enabling their
use in biological settings. The “bioinert-
ness” of GNPs, tunable morphology, and

morphologically dependent optical properties, combined with
the high-Z number of gold atoms that is beneficial in interactions
with x-rays led to many successful preclinical therapeutic and
diagnostic studies. For therapeutics, GNPs can act as radiosen-
sitization agents for radiation therapy,[7] and as vehicles for the
conversion of electromagnetic energy to thermal energy for pho-
tothermal ablation.[8] For diagnostics, GNPs are able to provide
contrast for computed tomography (CT),[9] optical,[10] and pho-
toacoustic imaging.[11] However, thus far, there are no clinically
approved parenteral GNP applications,[12] with only few reaching
clinical trials.[13]

Unlike GNPs, gold salts have been used in the clinic in the
treatment of rheumatoid arthritis for nearly a century.[14] Al-
though these gold salt treatments are not as prevalent in the clinic
today as previously, since more effective drugs are now available,
gold salts are being reappropriated and investigated for applica-
tions against other diseases (e.g., cancer, HIV, bronchial asthma,
and malaria).[15] These past clinical applications of gold salts
also provided evidence of nanoparticle formation within treated
patients.[16] However, gold as a nanoparticle colloid with its po-
tential applications was not fully appreciated at that time and thus
was not taken advantage of.

In this review, we evaluate strategies reliant on the application
of gold salts that can intentionally enable the biomineralization of
GNPs in situ as a viable, translatable alternative or complement
to the classic nanomedicine approach, wherein nanoparticles are
prepared through benchtop syntheses and then administered to
patients. This approach, wherein particles are generated on-site
may have significant clinical potential for improving transport
within dense biological environments because it changes the
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current delivery methodology from pre-made GNPs with sizes
of 5–200 nm to delivery of ≈0.3 nm gold ions (≈16 to 1400-fold
size reduction), and formed particles may even be packaged
within exosomes. These strategies take advantage of the long
history of the application of gold salts and the vast wealth of
knowledge and demonstrated potential of GNPs in biomedical
applications, while making use of the biological machinery to
drive gold biomineralization-based theranostics. We acknowl-
edge the potential for in situ nanoparticle applications other than
gold, and also with non-mammalian cell-based biosynthesis.
Microbial gold biosynthesis is generally better understood than
biomineralization by mammalian cells,[17] and there are many
studies showing exciting results for biomedical applications
of biomineralization or in situ nanoparticle formation from
other materials as well.[18] Herein, we choose to focus primarily
on biomineralization of GNPs by mammalian cells for this
review because of how it combines and intertwines three re-
lated fields that each have significant long-term background
research but with seemingly little overlap, namely, 1) GNPs
in medicine,[1–11,13] 2) geobiological cycling of heavy metals by
microbes,[17] and 3) chrysotherapeutics.[14–16,19]

2. Chrysotherapy

Gold salts were used in clinical settings since the late 1920s in
the treatment of rheumatoid arthritis.[14,19a] These chrysothera-
pies (chryso, meaning gold) were shown to affect a number of bi-
ological processes providing antimicrobial, anti-immunological,
and anti-inflammatory effects (i.e., interfering with microbial,
immune, or inflammatory processes).[19c] Although the pre-
cise mechanism of action against rheumatoid arthritis by
chrysotherapies remains unclear,[19b,c] some patients found re-
lief. Chrysotherapeutic drugs are currently used less frequently
for rheumatoid arthritis since more effective antirheumatic
drugs are now available, but chrysotherapeutics are being inves-
tigated for their potential against other diseases including par-
asitic/bacterial infections, neurodegenerative disorders, AIDS,
cancer, and even potentially against COVID-19.[19d,e] Just one of
these gold salt drug formulations, auranofin, is being investi-
gated in five clinical trials listed in clinicaltrials.gov. Success-
ful clinical translation of chrysotherapies from ideation can be
more easily achieved due to the historically long use in humans.
Follow-up of patients who underwent long-term gold salt treat-
ments suggested evidence indicative of GNP formation, namely,
a blue-purple discoloration of the skin that was clinically diag-
nosed as chrysiasis.[19a,f] A report from 1931 showed that in 28
of 57 patients who presented with chrysiasis, skin pigmentation
was dependent on the amount of gold salt (sodium aurothiosul-
fate) applied.[19g] Patients who received larger doses of auroth-
iosulfate were more likely to present with chrysiasis than were
those who received lower doses.[19g] We can now appreciate that
this pigmentation was likely due to GNP nucleation within the
patient with nanoparticle deposition within their dermis. How-
ever, pigmentation alone does not necessarily indicate GNP for-
mation. A more recent report (1989) confirmed the dermal pres-
ence of metal gold in skin biopsies of patients with chrysiasis and
characterized the crystalline state of this gold.[16] In this report,
the authors confirmed the presence of gold by using energy dis-
persive x-ray spectrometry and determined the crystallinity of the

gold using electron diffraction.[16] Further, transmission electron
microscopy (TEM) showed crystalline nanoscaled gold particles
within electron-dense vesicular bodies termed aurosomes (Fig-
ure 1A–D).[16] Although this study may have been the first and
only to characterize the crystallinity of gold found within auro-
somes of patients with chrysiasis, aurosomes were also identified
with use of all electron microscopy examinations of preclinical
and clinical applications of gold salts regardless of formulation
(i.e., aurothiosulfate, gold sodium thiomalate, aurothioglucose,
or other gold-based drugs).[19h–k] This evidence suggests that crys-
talline nanoscaled gold particles are biomineralized in patients
treated with gold salts regardless of the formulation of these salts.

3. Biomineralization

The term biomineralization encompasses biotic processes that
mediate the formation of mineral compounds in conditions
distinct from those of inorganic mineralization (i.e., high-
pressure and high-temperature mineralization conditions).[20] In
the biomedical realm, the majority of biomineralization focuses
on calcium with bone development, as well as the formation
of kidney and salivary stones,[21] with some intriguing calcium
biomineralization strategies for therapy.[22] However, biominer-
alization is an extremely widespread process that occurs in all tax-
onomic kingdoms.[23] In humans, a wide variety of minerals are
considered essential for good health (e.g., calcium, chromium,
copper, iron, magnesium, manganese, molybdenum, potassium,
sodium, and zinc).[24] These minerals enable many biological
processes that have been conserved since soon after life be-
gan on Earth.[23] Considering nanoparticle biomineralization,
the classic example is found through magnetotactic bacteria,[25]

named for their ability to move with directional guidance from
Earth’s magnetic field. This ability is granted from the unique or-
ganelles inside these bacteria—magnetosomes—containing mag-
netite (Fe3O4) nanoparticles. Biomineralized iron oxide for mag-
netosensation has been also found in many animals, including
birds and bees, and some evidence suggests that magnetorecep-
tion exists for humans as well.[26] What About Gold?

The biological cycling of gold is well established in the geo-
science community, wherein microorganisms have been shown
to be responsible for the cyclic mobilization and concentration of
submicroscopic primary grains of gold to secondary macroscopic
grains (Figure 1E–G), more commonly known as nuggets.[17f] Cur-
rently, biomining strategies that are reliant on these microor-
ganisms to extract metal from ore are largely seen as niche or
green alternatives to conventional techniques,[17g,h] but strate-
gies such as these were used since before knowledge of microor-
ganisms even existed, as early as the first century BC by an-
cient Romans.[17g,i] Furthermore, there is mounting evidence that
GNPs are not as inert in mammalian biological systems as pre-
viously believed.[27] Recent reports have shown evidence for the
biological cycling of GNPs in vivo within mice[27a] and in vitro in
primary human fibroblast cells.[27b]

In 2015, Kolosnjaj-Tabi et al.[27a] explored the long-term (1 year)
fate of gold/iron oxide nanoparticle heterostructures in mice.
From this study,[27a] the authors found evidence for a two-stage
degradation process, with primary dissolution of iron crystals fol-
lowed by a secondary degradation and reformation of gold par-
ticles. More recently, the same group explored degradation and
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Figure 1. Biological cycling of gold. A–D) TEM images of aurosomes resulting from treatments of gold salts. Reproduced with permission.[19i] Copyright
1981, Elsevier. E) Schematic of the geobiological cycle of gold with scanning electron microscopy of Cupriavidus metallidurans biofilm with highlight of
nanoparticle-cell associations. E–G) Reproduced under the terms of the Creative Commons CC-BY license.[17f] Copyright 2013, The Authors. Licensee by
MDPI. H) TEM of GNPs applied to primary human fibroblasts and I) the cells after 2 weeks of incubation. Reproduced under the terms of the Creative
Commons CC-BY license.[27b] Copyright 2019, National Academy of Science.
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Figure 2. Comparison of a benchtop gold nanoparticle synthesis and gold nanoparticle synthesis through cellular biomineralization.

reformation of GNPs lacking any iron oxide component in a pri-
mary human fibroblast cell culture.[27b] In this study, the authors
found that aurosome-like structures, similar to those found in
chrysiasis patients, formed in cells treated with GNPs after 1
week (Figure 1H,I).[27b] The authors found that the nanoparticles
in the aurosomal structures had a distinct size and crystallinity
that differed from the nanoparticles used to treat the cells.[27b]

This observation suggests that biological cycling of gold can oc-
cur in human cells wherein nanoparticles can be oxidized to
ionic form and recrystallized to nanoparticles intracellularly. In
a review from this same group,[27c] the authors suggested that
larger GNPs can be recrystallized from gold-containing auro-
some structures. Below, we discuss 1) underlying principles of
how GNP biomineralization can occur through processes that are
innately present in mammalian cells, followed by 2) evidence of
that formation, 3) environmental factors, and 4) the impact of
GNP biosynthesis on mammalian cells.

4. Mammalian Cellular GNP Biomineralization

4.1. Principles of Mammalian Cell-Based GNP Synthesis

While the existing literature on microbial GNP biomineralization
is vast, mammalian cellular biomineralization of GNPs is fairly
small, with only 12 publications;[28] thus, the driving factors of
this process regarding mammalian cells and how it can be ap-
plied for biomedical advancement is still in very early stages of
inquiry. However, GNP formation during synthesis in solution
- in general - is well understood, initiating through a redox re-
action and involving the reduction of ionic gold (typically Au3+

but also Au1+) to form Au0. Due to the high surface area–to–
volume ratio and thus high catalytic potential of the initial gold
seeds, capping agents are required to stabilize GNPs and to pre-
vent them from forming larger crystals. In its most simple form,
aqueous GNP synthesis requires at a minimum ionic gold with
reducing and capping agents (Figure 2). In a biological environ-
ment such as cells and tissues, all of the necessary components
for GNP formation are present in the form of biomolecules with
reducing and capping properties, aside from the ionic gold pre-
cursor (Figure 2). The oxidoreductive microenvironment/cellular

redox potential can vary substantially, depending on cell pheno-
type and environment including various pathological states such
as cancer. The cellular redox potential is largely determined by
metabolic biomolecules such as NAD/NADH, NADP/NADPH,
FAD/FADH, ATP, reactive oxygen species (ROS), and reactive ni-
trogen species (RNS).[29] Related to capping agents, amphiphilic
molecules that can spontaneously form liposomes or micelles
(such as membrane lipids), thiolated molecules (such as cysteine
containing proteins and peptides), and metal chelators (such as
metallothioneins and metalloproteins) could potentially fill this
role (Figure 2). For cellular GNP biomineralization, one should
primarily consider physiologically relevant conditions of 37 ±
1 °C and a pH of 7.4 ± 0.1. When restricted to the physiologi-
cal conditions, there is sufficient evidence that mammalian cells
have the capacity to reduce ionic gold to a nanoparticle form;[28]

however, thus far, little research has been conducted on the sub-
ject so the mechanisms are still poorly understood.

4.2. Evidence of GNP Synthesis by Mammalian Cells

The first report of intracellular GNP formation through the appli-
cation of gold salts, published in 2005 by Anshup et al., explored
mammalian cells as nanoparticle “factories.”[28a] In this study,
human cells (kidney, HEK-293; cervix, HeLa and SiHa; and brain,
SKNSH) were treated with 1 mm HAuCl4 in phosphate-buffered
saline (PBS) over a 96 h period.[28a] The authors used electron
microscopy to visualize GNPs inside the cells (Figure 3A) and
observed that cellularly formed GNPs localized within the cell’s
cytoplasmic membrane and nucleus. This observation, wherein
GNPs formed through cellular biomineralization localizing to
the nucleus, would be confirmed by follow-up reports through
various methods including confocal fluorescence imaging, laser
ablation inductively coupled plasma mass spectrometry (LAICP-
MS), and Raman spectral mapping (Figure 3B–E).[28a,b,e,i ] Also in
the Anshup et al. report,[28a] the authors found: 1) an increase in
the plasmon resonance absorbance peak at ≈560 nm at progress-
ing time points in supernatants of all cell types, indicating that
extracellular GNP biomineralization was occurring and was in-
creasing over time; 2) various amounts of nanoparticles in lysates
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Figure 3. Nuclear localization of GNPs formed through biomineralization. A) TEM of GNPs formed by treating HEK 293 cells with 1 mm HAuCl4 in
PBS for 24 h. Reproduced with permission.[28a] Copyright 2005, American Chemical Society. B) Confocal fluorescence micrograph obtained using a
488 nm excitation laser of HepG2 cells incubated in full cell media supplemented with 10 μm HAuCl4 solutions for more than 48 h. Reproduced with
permission.[28e] Copyright 2013, Springer Nature. Bright field optical images and 197Au+ intensity distributions from LAICP-MS of 3T3 fibroblast cells
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of different cell types, indicating that different cell types have
distinct capacities for GNP biomineralization; and 3) a greater
formation of GNPs by noncancerous human embryonic kidney
HEK-293 cells compared with cancerous cervical HeLa and SiHa,
as well as neuroblastoma SKNSH cells. However, contrary to
this last finding by the Anshup et al.,[28a] all follow-up studies
comparing cancerous and noncancerous nanoparticle biominer-
alization of gold found that GNP biomineralization occurs to a
greater extent in cancerous cells.[28e–h,j] However, these findings
should not be oversimplified through cancer/noncancer compar-
isons, as none of the studies of GNP/GNC biomineralization
within mammalian cells thus far have compared cancer/non-
cancer cells originating from the same tissue/organ type.

Later studies also found that cellular biomineralization can re-
sult in formation of fluorescent atomic gold nanoclusters (GNCs)
(Figure 3B). Particles of gold that are sufficiently small (<3 nm,
tens to hundreds gold atoms) can exhibit fluorescent proper-
ties, which are dependent on the number of gold atoms in each
cluster.[30] Typically, these GNCs are characterized by the number
of gold atoms per cluster (via mass spectroscopy) rather than by
the nanoparticle diameter. But what exogenous factors influence
the biosynthesis of gold particles?

4.3. Exogenous Influences of Cellular GNP Biosynthesis

Published reports suggest that the incubation media conditions
affect the cellular biomineralization of GNPs/GNCs from ionic
gold. In 2017, Drescher et al.[28i] explored this aspect by compar-
ing the cellular distribution of prefabricated GNPs against GNPs
formed through cellular biomineralization of Au3+ by 3T3/NIH
cells (mouse fibroblasts) incubated in PBS, full cell media, or
serum-free (SF) cell media. To characterize intracellular distribu-
tion of gold, they used Raman spectral imaging to detect surface
enhanced Raman spectra (SERS) from intracellular gold parti-
cles and LAICP-MS to quantify total gold content within cells
with a spatial resolution of 6 × 1 μm (pixel size). LAICP-MS
can determine intracellular distribution of gold regardless of its
redox state. The LAICP-MS studies showed that following the
treatments with Au3+ ions, the majority of gold was localized
inside the nucleus and in comparable amounts between treat-
ments made in full cell media or PBS (Figure 3C,D). Whereas
the cellular content of gold as quantified by LAICP-MS was sim-
ilar between treatments made in full media or PBS, this was not
the case for SERS intensity. Raman signals from ionic gold treat-
ments in PBS were 15 times greater than were those in full me-
dia. The information provided by both Raman and LAICP-MS,
indicates that gold internalization is similar between the incubat-
ing media conditions; however, plasmonic SERS active particles
are more favorably produced under conditions lacking nutrients
(i.e., PBS). Literature analyses indicate that fluorescent GNC pro-
duction through cellular biomineralization is favored in full cell
media, whereas plasmonic GNP formation is prevalent in PBS

or nutrient-free media (Figure 4). However, some of these pub-
lications did not specifically focus on evaluation of both types of
particle (i.e., plasmonic or fluorescent), and, therefore, they do
not exclude the possibility that both GNCs and GNPs may still be
present under these environmental conditions. When comparing
modifications of incubation time and concentration of ionic gold
treatments of cells, regarding the GNC versus GNP production
via biomineralization, these relationships are not quite as clear
(Figure 4).

4.4. Impact of GNP Biosynthesis on Affected Cells

Comparing cellular biomineralization against prefabricated
13 nm citrate-capped GNPs, Drescher et al.[28i] found that cellu-
lar GNP biomineralization resulted in two orders of magnitude
higher gold intracellular content over the same treatment time
period. Furthermore, for all incubation solutions (i.e., PBS, SF
media, and full media), intracellular GNP synthesis resulted in
prominently nuclear localization of gold, whereas cells treated
with prefabricated GNPs had almost no gold within the nucleus.
Drescher et al. also explored the cytotoxicity of Au3+ treatment
on 3T3/NIH cells in full media and PBS using an XTT assay.
In full media, there was no significant effect on cell viability at
low HAuCl4 concentrations (0.01–0.10 mm); however, cell via-
bility was reduced by more than 80% at higher concentrations
(0.25–1.00 mm). From treatments made in PBS, the authors re-
ported reduction in cell viability by more than 50% at all con-
centrations with an increase of ≈10% from lowest to the largest
HAuCl4 doses (0.01 to 1.00 mm). However, this apparent increase
might be explained by an overlap between the absorption spec-
tra of the viability reporter (460 nm peak) and the GNPs formed
through cellular biomineralization rather than an increase in ac-
tual cell viability. Further, Schwartz-Duval et al.[28b] demonstrated
this interference with formazan-based viability measurements
(MTT assay), suggesting that viability measurements for cellu-
lar biomineralization of GNPs should not rely on reporters with
absorbance spectra overlapping with absorbance of GNPs.

Singh et al.[28k] built on the work of Drescher et al.[28i] in char-
acterizing the effect of cellular biomineralization of GNPs on cel-
lular viability with MCF7 human breast cancer cells. With the use
of fluorescent calcein and propidium iodide staining, they found
similar viability between 1.0 mm treatments of HAuCl4 and non-
treated control MCF7 cells in full media. However, treatments
made in SF media resulted in chromatin condensation indicat-
ing apoptosis.[31] Following this analysis, authors characterized
the senescent/quiescent state of cells by using 𝛽-galactosidase
(SA-𝛽-gal) activity as a biomarker. These SA-𝛽-gal measurements
showed irreversible senescence in cells treated with concentra-
tions of Au3+ greater than 0.50 mm in full media, even after appli-
cation of a senescence-reversal agent Y-27632.[32] Singh et al.[28k]

also compared absorption spectra and TEM of GNPs collected
from the cell supernatant after treatments with Au3+ ions in full

after incubation with 1 mm of HAuCl4 for over 24 h in either C) PBS or D) full cell media. Reproduced under the terms of the Creative Commons CC-
BY license.[28i] Copyright 2017, Royal Scoeity of Chemistry. E) Bright field optical images, surface enhanced Raman spectral map, and merged bright
field/Raman map images of MCF7 cells treated with either 0.24 mm Au3+ admixed with 10kDa hydroxyl-terminated PEG (Au-PEG) or 0.24 mm Na+ with
PEG (Na-PEG) in full cell media for 4 h. Reproduced under the terms of a Creative Commons Attribution 4.0 International License.[28b] Copyright 2020,
Springer Nature.
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Figure 4. Treatment conditions during gold nanoparticle biomineralization and resulting particle optical properties. Treatment duration and concen-
tration in relation to the observed GNPs formed through mammalian cellular biomineralization in publications with information regarding incubating
media. Red or green symbols indicate observation of plasmonic GNPs or fluorescent gold atomic clusters, respectively. Combined red and green sym-
bols indicate that both plasmonic GNPs and fluorescent gold atomic clusters were both reported. Cell incubating solutions are indicated as phosphate
buffered saline (PBS), water only (H2O), serum free media (SFM), or full media (FM). Dotted vertical lines indicate the most common treatment
conditions—24 h with 1 mm concentration of Au3+.

media and PBS. From these measurements, the authors found
distinct differences in nanoparticle biomineralization between
treatments in full cell media and PBS, with the treatment in full
cell media resulting in spherical particles while the treatment in
PBS resulting in sharp, faceted nanoparticles.

The data from Drescher[28i] and Singh[28k] indicated that gold
biomineralization by cells under stress, whether through incuba-
tion in serum free(SF) PBS or with high concentrations of Au3+,
results in differential nanoparticles compared with cells treated
under normal growth conditions with a relatively low concentra-
tion of gold ions. Furthermore, fluorescent GNCs are preferen-
tially formed by cells that are not stressed. This coincides with ob-
servations made in literature trends shown in Figure 4, wherein
fluorescent GNCs are observed in treatments made in full cell
media, and larger GNPs are found in treatments made in nu-
trient free conditions. Although this observation is insightful, it
does not address the following important question: What are po-
tential mechanisms driving cellular biomineralization of GNPs
and GNCs?

5. Mechanism of Gold Biosynthesis

5.1. Reactive Oxygen and Nitrogen Species

There are many factors within cells that have the potential
to enable GNP formation from ionic gold (Figure 2). Specif-
ically, though, which of these factors and processes are actu-

ally involved, and how do they influence nanoparticle forma-
tion? Thus far, the majority of the existing work on this topic
focuses on ROS/RNS as drivers of GNP biomineralization. One
potentially important practical implication of ROS/RNS’s in-
volvement in this process is that they are upregulated in can-
cer pathology.[28a,e–h,j] Contrary to the first publication by Anshup
et al.,[28a] a number of follow-up studies presented evidence that
nanoparticles are produced in greater extend by cancer cells than
by noncancerous cells.[28e–h,j–l] Wang et al.[28e] showed that the for-
mation of fluorescent GNCs through biomineralization in mam-
malian cells occurred more readily in cancerous human hep-
atoma (liver) HepG2 and human leukemia K562 than in “non-
cancerous” L02 cells treated with HAuCl4. It is important to
note that the L02 cell line has since been found to be a HeLa
derivative,[33] calling into question its use as a noncancerous cell
control; however, the oxidative stress elicited by H2O2 has been
reported to be 25% lower for L02 cells than for HepG2 cells,[34]

so comparisons based on differences in ROS production can still
be made.

In follow-up studies by Dr. Wang’s group, adjuvant treatments
that affect cellular ROS/RNS formation were applied in order to
affect cellular GNP/GNC formation.[28g,j] The first study by Zhao
et al.[28g] investigated whether the co-application of HAuCl4 and
Fe2+ ions enhances formation of fluorescent GNCs as FeCl2 is
known to induce an elevated ROS/RNS response.[35] Indeed, the
authors observed an enhanced fluorescence from GNCs asso-
ciated with co-application of FeCl2.[28g] Later, Rehman et al.[28j]
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Figure 5. NADH dehydrogenase flavoprotein 2, quinone oxidoreductase-like protein, and glutamate as drivers of gold nanoparticle biomineralization by
mammalian cells. A) UV-Vis spectra of gold nanoparticle solution that formed by mixing Au3+ with total protein of MCF-7 cell lysate extracted from cells
without added inhibitor (control) or treated with ES936, rotenone, and mixture of ES936 and rotenone inhibitors for 2 h (1, 2, 3, and 4), respectively.
Reproduced with permission.[28f] Copyright 2013, by WILEY-VCH. B) Confocal micrographs of human keratinocytes (HaCaT) and mouse neuronal cells
(Cath.a) treated with 10 μm HAuCl4 in full cell media for 48 h in either their native state or in the presence of the inhibitor Compound 968. Reproduced
with permission.[28h] Copyright 2016, by American Chemical Society.

included another adjuvant—sodium selenium (Na2SeO3), com-
bined with FeCl2 and HAuCl4, that resulted in an additional in-
crease in GNC fluorescence from treated cells. The rationale for
this combination is that selenium is a known reducing agent for
GNP formation[36] and is a naturally occurring trace element as a
component of selenocysteines/selenoproteins,[37] so its applica-
tion is not likely to be associated with any significant cytotoxicity.

5.2. NADH Dehydrogenase Flavoprotein 2 and Quinone
Oxidoreductase-Like Protein

Whereas the above-mentioned studies indicated that ROS
and RNS molecules can play a significant role in cellu-
lar biomineralization of gold through redox potential reac-
tions, El-Said et al.[28f] were the first to directly explore the
roles of specific biomolecules, namely, the role of NADH
dehydrogenase (ubiquinine) flavoprotein 2 and of quinone
oxidoreductase-like protein (QOH-1). Specifically, they used
enzyme inhibitors rotenone and 5-methoxy-1,2-dimethyl-3-[(4-
nitrophenoxy)methyl]-1H-indole-4,7-dione (ES936) to inhibit
NADH and QOH-1, respectively. In this inhibition study, 100 nm
enzyme inhibitors were added to MCF-7 breast cancer cells for
2 h; this treatment reduces the levels of these enzymes by more
than 95% without impacting cell viability.[38] Then the cells were
lysed and the total protein of cells admixed with HAuCl4 for anal-
ysis of gold formation through measurements of absorption spec-
tra. The inhibitions of NADH and QOH-1 resulted in a signifi-
cant decrease of nanoparticle plasmonic peak intensities (Figure
5A), indicating potential role of these enzymes in cellular GNP
biomineralization. However, this observation could partially be a
consequence of the NADH binding capacity of these enzymes, as
NADH is known to reduce nanoparticles spontaneously.[39]

5.3. Glutamate

In 2016, West et al.[28h] further explored potential mechanisms
of intracellular GNP formation through a different pathway, link-

ing intracellular GNP reduction to glutamate synthesis.[28h] They
used a glutamate synthesis blocker compound 968 (Sigma, Saint
Louis, MO) and found that in the presence of compound 968, flu-
orescence from intracellular GNCs was greatly reduced in non-
cancerous, spontaneously transformed, and tumorigenic cells
(Figure 5B). These data suggest that glutamate may play a large
role in intracellular formation of fluorescent GNCs and correlates
with studies by Carera et al.,[40] wherein GNPs were synthesized
through direct reaction with sodium glutamate. However, gluta-
mate is linked to many metabolic processes as well as being a
precursor for a large variety of biomolecules,[41] so it is possible
that the observation by West et al.[28h] could be associated with
action of glutamate as a reducing agent or with downstream ef-
fects.

A better understanding of the mechanisms of gold particle
biomineralization in mammalian cells could enable its poten-
tial use for biomedical applications. Appropriate pairing of its
usage with diseases whose hallmarks are associated with the bi-
ological pathways involved in gold biomineralization would re-
sult in the greatest benefit. As discussed above initial work to-
ward enabling this understanding showed some evidence that
ROS,[28e–h,j] NADH dehydrogenase flavoprotein 2,[28f] quinone
oxidoreductase-like protein,[28f] and glutamate[28h] play a role in
the formation of GNP biomineralization. However, it is likely
that many biomolecules involved in this process, since Au3+ is
a highly reactive gold state that can readily form nanoparticles
upon interactions with a wide variety of biomolecules. Thus, ex-
plorations related to the influence of a single molecule may not
be an efficient way of uncovering the mechanisms and pathways
for cellular biomineralization of GNPs.

5.4. Protein Analysis

Using high-throughput methods, Singh et al.[28k] and Schwartz-
Duval et al.[28b] independently identified proteins that adhered
to the GNPs/GNCs formed through biomineralization and the
properties/characteristics of those proteins. Both studies used
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matrix-assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF MS) with MASCOT analysis (Matrix
Science, Boston, MA) and MCF7 breast cancer cells for this work.
However, there were distinct differences between the processes
used for protein isolation and fragmentation preceding their
respective analyses including 1) the subcellular location from
which formed nanoparticles were extracted, 2) the separation of
biomineralized nanoparticle-protein constructs from erroneous
proteins (i.e., proteins that were not associated with biomin-
eralized particles), and 3) how the protein fragments were re-
lease from the extracted particles (Figure 6A). Specifically, Singh
et al.[28k] collected nanoparticles from the supernatant of treated
cells, whereas Schwartz-Duval et al.[28b] collected nanoparticles
from the nuclear fraction of treated cells Additionally, Singh
et al.[28k] used a ligand exchange reaction with thiolated agents to
free proteins adhered to GNPs through thiol bonds (Figure 6A),
whereas Schwartz-Duval et al.[28b] performed the partial trypsin
digestion of the total nanoparticle-protein complexes before sep-
arating particles from partially digested protein fragments (Fig-
ure 6A). From the isolation techniques used by Singh et al.,
the authors were able to identify 10 different proteins that were
chemically released from the particles (Table 1). A number of
these proteins have molecular functions related to DNA, ATP,
and metal ion binding.[42] Although the biomineralized nanopar-
ticles used in this analysis were extracted from the supernatant
space, surprisingly, only two of the nanoparticle-bound proteins
are typically found in the extracellular space—HSP70 and PUR9,
and many are typically found within the nuclear compartment
such as GTD2A, CPSF3, MT1X, and ZN681.[43] Singh et al. then
identified the specific gold-binding peptide sequences among
these proteins with use of a high-throughput approach with cus-
tom peptide libraries (ranging from 7–13 mer length). The 7–
13 mer peptides from the custom peptide library were incubated
with gold ions for 24–72 h to determine which sequences were
capable of reducing GNPs. Mixtures capable of reducing gold
as well as specific binding kinetics were identified with use of a
quartz crystal microbalance with dissipation monitoring (QCM-
D). Gold binding peptide sequences identified through this high-
throughput approach were attributed to specific identified pro-
teins. Specific peptides rich in polar amino acid observed as good
gold binders/reducers are shown in bold in Table 1.

From the isolation techniques used by Schwartz-Duval
et al.,[28b] the authors identified 16 different proteins among frag-
ments cleaved (via trypsinization) from the particles. Similar to
findings by Singh et al.[28k] these proteins have molecular func-
tions related to DNA, ATP, antigen, and metal ion binding.[42]

Although the proteins from biomineralized nanoparticles were
extracted from the nuclear fraction, surprisingly only three of
these identified proteins are typically found within the nuclear
compartment (TTN, FRG1, and DDX31).[43] The method used
by Schwartz-Duval et al.[28b] to release protein fragments from
particles, by direct trypsinization cleavage of the whole particle-
protein complex, enables the identification of proteins that could
be associated with particles through partial insertion or em-
bedment within the particles. Furthermore, the use of direct
trypsinization method ensures that the amino acids remaining
bound to the gold surface will not appear in the LC-MS MAS-
COT analysis; these amino acids are likely to play an important
role in cellular biomineralization of gold. To identify these amino

acids the authors ranked all amino acids based on their rela-
tive abundance within the identified fragments from free pro-
tein not adhered to particles and those excised from the gold
constructs. To this end, amino acid distributions from identified
fragments of on-site proteins (i.e., proteins bound to biominer-
alized GNPs) and off-site proteins (i.e., free protein not adhered
to particles) were compared to normative amino acid distribu-
tions of the proteins in their native states (i.e., total amino acid
sequence from UniProt library) (Figure 6B). Comparing amino
acid distributions of protein fragments from erroneous proteins
(off-site) with the amino acid distribution of their whole unfrag-
mented state (native state) enabled the authors to determine the
bias of amino acids by the fragmentation process and LC-MS
analysis. Making this comparison of the amino acid distribu-
tions between native state gold-bound proteins (on-site) with er-
roneous non-gold bound proteins (off-site) enabled the authors
to determine the bias of amino acid distribution between on-site
and off-site proteins. After accounting for these biases, the au-
thors determined that serine and threonine residues were the
most underrepresented in the identified fragments of on-site or
gold-bound proteins and thus these amino acids are most likely
involved in gold intracellular biomineralization (Figure 6B). This
coincides with previous reports ing interactions between specific
polypeptides and gold indicating that close contact between pep-
tides and gold (111) surfaces mainly involves polar side chains of
serine and threonine.[44] Surprisingly, there was no direct overlap
between proteins identified by these two studies,[28b,k] Although
this is interesting and suggests that various proteins related to
nuclear versus extracellular localization of biomineralized parti-
cles could exist, this lack of overlap could also be explained by
the use of different protein extraction methods. However, there
was overlap between identified protein functions. Specifically,
many of the identified proteins in both studies were established
as binding DNA or metal ions through searches of gene ontol-
ogy database profiles.[42] It is feasible that these identified pro-
teins with cationic binding capacity (CPSF3, MT1X, ZN681, and
PSKH1 from Singh et al.;[28k] and GBE1, CDH23,CALM1, and
TTN from Schwartz-Duval et al.[28b]) may be directly involved in
the biomineralization of gold in MCF7 cells initiated through a
gold ion replacement. There is considerable evidence of gold-ion
replacement within metalloproteins,[45] already with more than
80 known structures of gold metallation proteins.[45c] Endoge-
nous biomolecules such as metalloenzymes with cationic bind-
ing sites (such as Fe, Ca, Zn, Cu) are known to have promis-
cuity in their cationic binding.[45b] While the catalytic activity of
these molecules may be reduced, there is some evidence that par-
tial bioactivity can be retained, with examples of this observed
through Co2+ or Cd2+ replacement.[45d–f] Additional support of
the potential role of metalloproteins in cellular biomineraliza-
tion of gold comes from the findings within the report by Bal-
fourier et al.[27b] concerning the long-term dissolution and recrys-
tallization of prefabricated GNPs—particularly the mechanisms
of recrystallization. They showed that GNPs can be degraded via
ROS generated species within the lysosomes and, then recrys-
tallized via metallothioneins. Interestingly, there is little over-
lap between the specific biomolecules involved in gold biomin-
eralization identified in reports by Balfourier et al.,[27b] Singh
et al.,[28k] and Schwartz-Duval et al.[28b] with only metallothione-
1X (MT1X) being identified by both the Balfourier et al.[27b] and
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Table 1. Proteins associated with extracellular gold particles produced through biomineralization. Major proteins, with gold-binding peptide sequence,
P-value (frequency match would occur by chance), mass, molecular function, and number of polar amino acids (Polar AA) identified by Singh et al.[28k]

Polypeptides in bold show high affinity for gold-binding/reducing as determined through phage display library results.[28k]

Gold binding proteins Gold binding reducing
polypeptide sequences

P-value Monoisotopic (Mr)
(Mass in Daltons)

Molecular function Polar AA

1-*)ALG14-UDP-N-acetylglucosamine transferase VVAGSGGHTT
NAYSPRHYVI

0.0041 24,135 Catalytic activity N-acetyl glucose
aminyl transferase activity

1,3

2- Cleavage and polyadenylation specificity factor
subunit 3 (CPSF3)

FWCYHAGHVL 0.0059 73,000 Heavy metal binding 2

3 -Bifunctional purine biosynthesis protein (PUR9) ANYWWLRHH 0.038 64,575 Cadherin binding involved in
cell-cell adhesion

4

4-*)Heat shock protein (HSP70) YSENEEIVGLAAK 0.011 54,760 ATP binding 2

5- Zinc finger protein (ZN681) KAFNHSSHLATHK 0.033 75,011 DNA and metal ion binding 6

6- Archidonate 5-lipoxygenase (LOX5) VMNHWQED
YDWLLAK

0.019 77,933 Iron ion binding 3,1

7- Serine/threonine-protein kinase (KPSH1) PENLLYYHPGTD 0.289 48,005 ATP binding protein Ser/Threo
Kinase

2

8- Insulin receptor related protein (INSRRP) CWQPNPR 0.055 14,3628 ATP binding actin cytoskeleton
reorganization

3

9- General transcription factor II-I (GTD2A) TGTPAMVDANNG
IDEITDINNT

0.009 107,162 DNA binding 2

10- Metallothionein-1X GSYACAGSCKCK — 6,063 Metal binding 2

∗)Proteins extracted from both serum/serum-free culture of MCF7 incubated with gold ions.

Singh et al.[28k] The lack of overlapping biomolecules could re-
flect differences in composition and environment of intracellular
compartments that are involved in gold biomineralization. In-
deed, among the proteins identified in the reports from Singh
et al.[28k] and Schwartz-Duval et al.[28b] a majority are nuclear
proteins (TTN, FRG1, DDX31, GTD2A, ALOX5, CPSF3, MT1X,
ZN681, PSKH1, HSP70), however, some are from other subcellu-
lar regions such as the cell membrane (IGHA1, CD23, PSKH1,
PUR9), cytosol (GBE1, ALOX5, HSP70), cytoskeleton (CALM1,
PSKH1, HSP70), endoplasmic reticulum (PSKH1), and some
are from the extracellular space as secretions (GBE1, IGLL5,
IGHA1, HSP70, PUR9) or as components of exosomes (GBE1,
HSP70, and PUR9).[43] The report by Balfourier et al.,[27b] is fo-
cused on lysosomes—the subcellular location where they had
identified gold particle dissolution and recrystallization to occur;
this is distinctly different from the reports by Singh et al.[28k]

and Schwartz-Duval et al.[28b] where whole cells were treated
with gold ions to initiate the biomineralization process. Inter-
estingly, these differences in environmental conditions of vari-
ous cellular compartments result in strikingly different morphol-
ogy of biomineralized GNPs (compare morphologies shown in
Figures 1I and 3A).

6. Loci of Cellular Particle Biosynthesis

Understanding the subcellular locations for GNP biomineraliza-
tion and the respective mechanisms involved therein, would bet-
ter inform applications of use similar to how understanding the
therapeutic mechanisms of chemodrugs enables their targeted
use.[46] Reports of gold biomineralization by mammalian cells
identified gold particles in the extracellular space[28a,f,j–l] as well
as intracellularly.[28b–e,g–j] However, it is not clear if particles are
formed in these observed locations or migrate there after biomin-
eralization. Since currently there is a limited number of studies in
mammalian cells, additional mechanistic information could be
gained from studies of microbial gold biomineralization where
three loci have been considered in nanoparticle nucleation: 1) ex-
tracellularly via secreted metallophore biomolecules, as a stress
response to remediate ion toxicity;[17t] 2) the outer cell mem-
brane or cell wall, wherein ions passively accumulate followed
by nucleation and precipitation of nanoparticles or other larger
nanostructures;[17s] and 3) intracellularly, where gold ions are re-
duced to particles, to reduce cytotoxicity.[17o] It was shown that the
ensuing gold particles produced via microbial biosynthesis are
distinct by loci of formation, with particles inside microbes being

Figure 6. Preference in amino acid binding to in situ formed gold particles. A) Comparison of the processes used for 1) extraction of biomineralized
GNPs, 2) purification of extracted biomineralized protein-nanoparticle constructs from erroneous proteins, and 3) release of nanoparticle bound proteins
preceding identification of proteins adhered to biomineralized GNPs through mass spectroscopy by Singh et al.[28k] and Schwartz-Duval et al.[28b] B)
Changes in amino acid (AA) distributions showing biases for AA distributions and bias corrected ranking of AA presence in identified protein fragments.
AA distribution changes between on-site proteins found in LC–MS fragments and native states in red. AA distribution changes between off-site proteins
found in LC–MS fragments and in native states in blue. AA distribution changes between complete sequences of on- or off-site proteins in yellow. AA
binding preferences with LC-MS fragmentation bias correction in purple. AA binding preferences with bias correction between on- and off-site proteins
in orange. AA binding preference with bias correction for both protein and LC-MS biases in black shows an overrepresentation of lysine and arginine
and underrepresentation of serine and threonine. Error bars are standard deviations of the mean (n ≥ 16 proteins). Reproduced under the terms of a
Creative Commons Attribution 4.0 International License.[28b] Copyright 2020, Springer Nature.
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considerably smaller (<10 nm) than those reduced externally ei-
ther by secretions or on the outer membrane (1–10 μm).[17j,ab–ae]

Thus far, no reports on mammalian gold particle biosynthesis
meaningfully compare sizes of gold nanostructures depending
on their formation loci. In this section we focus on biomineral-
ization of GNPs in extracellular, intracellular, and the boundary
(i.e., cell membrane) loci of prokaryotic and eukaryotic cells.

Secreted proteins related to gold biomineralzation by mam-
malian cells include proteins that are related to stress responses
such as antigen binding (IGLL5, and IGHA1) and protein unfold-
ing (HSP70).[28b,k,42] This finding correlates with microbial GNP
synthesis, showing secretion of metallophore moieties (such as
delftibactin) as a response to stress that results in precipitation of
ionic gold to a stable particle form.[17t,z] The time-frame of parti-
cle synthesis via microbial secretions is known to occur within
30 min from the start of the ion treatment.[17t] Within mam-
malian systems, the shortest time-point recording extracellular
nanoparticle formation was 24 h, with treatments in PBS by El-
said et al.,[28f] and Anshup et al.,[28a] as well as both serum and
serum free media conditions by Singh et al.[28k] There may be
particle formation at earlier time points, however, these measure-
ments were not carried out.

Membrane mediated nanoparticle synthesis was directly ob-
served by Singh et al.[28k,l] and by Schwartz-Duval et al.[28b] Specif-
ically, Singh et al.[28k,l ] showed gold nanostructures covereing the
cell’s surface using electron microscopy; and Schwartz-Duval
et al.[28b] observed plasmonically enhanced Raman signal in the
membrane of intact cells and in membrane fractions of lysed
cells pre-treated with gold ions. However, there is also, potential,
indirect evidence of particle nucleation on the cell membrane,
through the report indicating the presence of biosynthesized
gold particles in exosomes (Figure 8A,B),[28j] as exosomal vesicles
are derived from the cell membrane. This membrane-mediated
synthesis was thoroughly explored in microbial systems by
Kang et al.[17s] In this study, they showed that extracellular
polymetric substances (EPS), such as polysaccharides and pro-
teins, are largely responsible for membrane-associated synthesis
by showing that removal of EPS reduced GNP formation on
the membrane. Further, validating this finding, they showed
that extracted EPS moieties can directly reduce Au3+ to GNPs
in a concentration dependent manner. A similar observation
was made in mammalian systems where freshly extracted cell
membranes from B16-F10 mouse melanoma cells were shown
to spontaneously reduce Au3+ to gold particles;[39a] although the
specific molecular mechanism was not addressed in this study,
the suggested role of polysaccharides and proteins from bacterial
evaluation by Kang et al.[17s] provides a viable hypothesis for
future mechanistic exploration of mammalian systems.

The intracellular nanoparticle formation by mammalian cells
is evident at the earliest measurement points of ≈30–60 min
by higher Raman and fluorescence signals associated with
SERS and GNCs, respectively, from treatment groups compared
against non-treated controls.[28b,g] For example, Schwartz-Duval
et al.[28b] used Raman microscopy to confirm formation of plas-
monic gold particle following vectorized delivery of Au3+ as early
as 30 min after treatment with a continued increase in Raman sig-
nal at 1, 2, and 4 h after treatment indicating continuing GNP for-
mation. Zhao et al.[28g] explored fluorescent properties of GNCs
to evaluate timing of their formation in cell lines (HepG2 and

L02) and in subcutaneous xenograft mouse models with U87
and HepG2 human cancer cells. In vitro, they found an increase
in fluorescence signal due to intracellularly formed fluorescent
GNCs as early as 1 h post-gold ion treatment with a continuous
increase of fluorescence up until ≈7 h where the signal inten-
sity plateaued for Au3+ treatment alone and in combination with
Fe2+ that was co-applied to increase gold biomineralization. In
vivo, they observed that fluorescence for their combined treat-
ment peaked at ≈20 h, whereas the fluorescence intensity fol-
lowing Au3+ treatment alone did not peak even at the latest time
point of 24 h. Similarly, the study by Schwartz-Duval et al.[28b] re-
ported an increase in the fluorescent signal at the site of injection
of polymer-encapsulated Au3+ ions peaking at 48 h after injection
and returning to background signal after 7 days (Figure 9F).

Considering the internalization of ionic gold precursor ma-
terial, cellular uptake could occur through “borrowed” path-
ways used by other ions,[47] common nanoparticle endocytotic
pathways,[48] or a combination of both. The report from Schwartz-
Duval et al.[28b] explored nanoparticle endocytosis pathways via
microarray and blocking studies (quantifying gold content via
ICP-MS), finding that there were very few changes in gene reg-
ulation related to endocytosis and that none of the inhibitors
indicated preferential uptake. Similarly, the report by Drescher
et al.,[28i] found that cells treated with prefabricated particles had
considerably lower gold content compared to either condition
when treated with ions. These data suggest that gold ion inter-
nalization occurs through pathways distinct from nanoparticle
internalization.

Currently available reports of gold biomineralization by mam-
malian cells identified a number of important parameters of this
process including kinetics of formation of gold nanostructures,
sizes, and physical properties of biosynthesized GNPs, their cel-
lular localization as well as provided initial mechanistic insights
into the biomineralization process. This knowledge has already
been transferred into initial biomedical applications that we dis-
cuss below.

7. Biomedical Potential of Cells as Nanoparticle
Factories and In Situ Nanomedicine

The studies of gold biomineralization in mammalian cells re-
veals an ideological duality related to the potential application
of this process by using cells as biomimetic nanoparticle fac-
tories, and through in situ nanomedicine (Figure 7). Cells as
biomimetic nanoparticle factories were presented by Anshup,[28a]

El-Said,[28f] Rehman,[28j] and Singh,[28k] who used cells as incu-
bators to form biomimetic GNPs to be applied or envisioned
to be applied elsewhere. In situ nanomedicine has been pre-
sented by Shamsaie,[28c] Liu,[28d] Wang,[28e] Zhao,[28g] West,[28h]

Drescher,[28i] Rehman,[28j] Singh,[28l] and Schwartz-Duval,[28b]

who described cells forming GNPs as the potential target, rely-
ing on the differential nanoparticle formation for diagnosis or
therapeutic applications.

7.1. Cells as Biomimetic Nanoparticle Factories

In 2005, Anshup et al.[28a] were the first to publish the concept of
giving cells raw materials to produce biomimetic gold particles.
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Figure 7. The ideological duality for the application of cellular biomineralization of GNPs. Cells as Nanoparticle Factories, wherein patient’s cells are
1) cultured from biopsy and 2) used as bioreactors to create personalized biomimetic nanoparticles in order to 3) reapply to the patient; and in situ
Nanomedicine, wherein 1) ionic gold is applied directly to the pathological tissue, 2) resulting in the formation of nanoparticles within that tissue 3),
enabling imaging or a therapeutic treatment such as fluorescence or photothermal ablation respectively.

El-Said et al.[28f] showed that through variations in incubation
time and Au3+ concentration, a wide variety of GNPs can be
formed.

Next, Singh et al.[28k] characterized the diverse nature of
proteins functionalizing GNPs that are formed this way. In
addition, Rehman et al.[28j] showed that nanoparticles formed
through biomineralization are present within extracellular vesi-
cles generated by cells pretreated with gold salts (Figure 8A,B).
The authors concluded that GNPs were formed intracellularly
and then loaded within exosomes. However, there is also a
possibility that the GNPs could be reduced on or by exosomes
extracellularly, which was reported elsewhere (Figure 8C–E).[49]

To assess whether the GNPs found in the extracellular space
are produced mostly by gold reduction on extracellular vesicles
or if they are first formed inside cells followed by cell excretion
in extracellular vesicles would be an important experiment for
potential biomedical applications. Using cells as biomimetic
nanoparticle factories may have significant potential, especially
if the nanoparticles formed this way are packaged within the
cell-excreted exosomes, as exosomes are involved in cell-cell
communication and in turn the tumor niche formation.[50] If
nanoparticles produced by cells are packaged within exosomes,

then there is a possibility for exploiting this exosomal commu-
nication system for distribution of therapeutic particles within
the tumor niche and possibly even to metastatic sites. While
not exploring this exosomal delivery directly, two of the particle-
bound proteins identified by Singh et al.,[28k] namely, HSP70
and PUR9 are proteins found on exosomes. This study also
explored homotypic targeting and uptake of extracellular gold
particles produced by MCF7 and C2C12 cells.[28k] It was shown
that both cells preferentially uptake homotypic nanoparticles
with MCF7 cells showing an ≈ 2.5- and ≈5.0-fold homotypic
particle uptake preference over particles synthetized by C2C12
cells and chemically synthetized nanoparticles, respectively, and
C2C12 cells exhibiting a ≈3.3- and approximately ≈5-fold homo-
typic uptake preference over nanoparticles produced by MCF-7
biomineralization and chemical synthesis, respectively.[28k] This
homotypic targeting supports the notion of exosomal packaging,
as there is prior evidence that exosomes from cancer cells can
act as a “trojan-horse” to deliver cancer drugs.[50c] Building from
this, if the pathological tissue itself is used as a nanoparticle
factory, then only gold salts would need to be administered to
the tissue, and as discussed above, gold salts have a lengthy
tenure of clinical use. We refer to this strategy, wherein gold
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Figure 8. Comparison of gold particles loaded within exosomes through
cellular biomineralization and manual benchtop preparation. Gold
nanoparticle containing exosomes formed A,B) through cellular reduction
of HAuCl4 with the addition of iron (II) chloride to promote cellular pro-
duction of ROS/RNS and C–E) through benchtop synthesis via mixing of
exosomes with HAuCl4. A,B) Reproduced with permission.[28] Copyright
2018, Elsevier. C-E) Reproduced with permission.[49] Copyright 2019, El-
sevier.

salts are applied directly to the pathological tissue, resulting
in the formation of biomimetic GNPs from that tissue for the
purpose of therapy or diagnosis against that pathology, as “in situ
nanomedicine.” Under this paradigm, theranostic nanoparticles
could be generated in situ within the tissue, and the theranostic
properties would be dependent on the tissue properties.

7.2. In Situ Nanoparticle Synthesis for Diagnosis and Therapy

7.2.1. In Situ Synthesis of Particles to Provide Imaging Contrast

The 2007 paper by Shamsaie et al.[28c] was the first to present the
strategy of generating GNPs intracellularly as an alternative to
cell targeting using prefabricated nanoparticles. Using the same
incubation parameters as Anshup et al.[28a] but with a different
cell line, normal human breast epithelial MCF10a, the authors
presented their approach as a solution to the challenges of en-
dosomal escape and nuclear delivery of GNPs as Raman probes.
GNPs that are suitable for SERS are too big for efficient nuclear
delivery without developing a complex nanoparticle design and
they typically aggregate in endosomes.[51] Growth of GNPs as Ra-
man reporters intracellularly was shown as a valid strategy result-
ing in SERS signals from the nucleus and the cytosol. Single gold
ions are considerably smaller than nanoparticles and, therefore,
can easily penetrate cellular organelles such as the nucleus where
in situ gold biomineralization can result in formation of GNPs
that provide a strong SERS signal. Shamsaie et al.[28c] compared
Raman spectra of cells with intracellularly grown GNPs and cells

incubated with prefabricated 10 and 50 nm diameter GNPs. They
observed a striking difference between the Raman spectra from
the intracellularly grown particles compared against prefabri-
cated particles, especially, at the 500 cm–1 band. This band that
is associated with the stretching vibration mode of the disulfide
bond (v S-S),[52] is favorably formed and observed within the oxi-
dizing environment of lysosomes.[53] It was observed for prefab-
ricated particles in the Shamsaie et al. and other reports[28c,54]

and it was absent in the case of intracellularly formed particles.
This data indicates that pre-fabricated GNPs might be trafficked
to lysosomes following cellular internalization, while intracellu-
larly grown nanoparticles can localize in various cellular compart-
ments as discussed above. Subsequently, Liu et al.[28d] were the
first to explore how adjuvant treatments such as graphene oxide
could accelerate the intracellular formation of GNPs as intracel-
lular Raman probes in human lung cancer (A549), mouse breast
cancer (4T1), and human cervical cancer (HeLa) cells. They found
that the addition of graphene oxide could increase the intracellu-
lar SERS signal and could reduce the time required to form in-
tracellular Raman reporter probes to ≈15 h compared with ≈24 h
treatments required in the case of Au3+ alone. This study showed
that the majority of intracellularly formed GNPs localized to the
nucleus with or without the use of graphene oxide adjuvant; this
observation of nuclear localization was similar to the two pre-
vious reports by Anshup[28a] and Shamsaie.[28c] Most recently,
Schwartz-Duval et al.[28b] were able to reduce the incubation time
even further through the nano-vectored application of Au3+ com-
bined with polyethylene glycol (PEG) by observing SERS signal
in the treated MCF7 cells in vitro as early as 30 min after appli-
cation of Au3+, with the maximal Raman signal achieved within
4 h (Figure 3E).

In addition to providing Raman enhancement through plas-
monic nanoparticle formation, fluorescent GNCs may also form
through cellular biomineralization of Au3+.[28b,e,g,h,j] These parti-
cles are commonly imaged by using 450–490/540–840 nm ex-
citation/emission filter pairing.[28b,e,g,h,j] Among these studies,
the majority of in vivo animal applications focused on fluores-
cent nanoparticle formation within tumors. Wang’s group[28e]

presented data suggesting that subcutaneous tumor xenografts
have a higher capacity for in situ formation of fluorescent GNPs
through biomineralization and that even injections of gold salts
near the tumor can provide fluorescent contrast (Figure 9B–D).
However, the latter observation was not supported by the re-
cently published work by Schwartz-Duval et al.,[28b] where fluo-
rescence GNC formation was observed throughout the subcuta-
neous space if not injected directly into the tumor (Figure 9E,F).

7.2.2. In Situ Therapeutic Particles

Additional efforts were focused on exploring the therapeutic po-
tential of GNPs formed through cellular biomineralization in
photothermal ablation.[28b,l] To this end, Singh et al.[28l] explored
treatments combining cellular biomineralization of ionic gold
with prefabricated nanoparticles (Figure 10A).[28l] In this ap-
proach, HAuCl4 in PBS was first directly added to confluent hu-
man breast adenocarcinoma MCF7 cells in full cell media, and
after 8 h of incubation, was followed by addition of 20-nm spher-
ical GNPs with an additional 24–36 h incubation (Figure 10A).[28l]
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Figure 9. In situ nanomedicine for fluorescent imaging contrast. A photo of a mouse with A) a subcutaneous hepatocellular carcinoma and B) in vivo
fluorescence image of intratumorally generated fluorescent GNCs, 24 h after a subcutaneous injection of 10 mm HAuCl4. C) In vivo fluorescence image
of chronic myeloid leukemia 24 h after 10 mm injection of HAuCl4 near the tumor. D) In vivo fluorescence image of a control (non-tumor bearing) mouse
48 h after 10 mm injection of HAuCl4 in the right side of the abdomen. E) Bright field and in vivo fluorescence images xenograft tumors treated either
with mixtures of 7.5 mm Au3+ with PEG (Au-PEG) or the same molar concentration of sodium chloride PEG mixture (Na-PEG, control); the top and
the middle images show intratumoral injections and the bottom images are from a transdermal injection (administered locoregionally to the tumor). F)
Longitudinal assessment of fluorescence contrast comparing intratumoral and intradermal injections of ionic gold (Au-PEG) and salt control (Na-PEG)
in mice that were used in photothermal therapy study (“+/-“ indicates whether a laser was applied during treatment). A–D) Reproduced under the
terms of a Creative Commons Attribution 4.0 International License.[28e] Copyright 2013, Springer Nature. E,F) Reproduced under the terms of a Creative
Commons Attribution 4.0 International License.[28b] Copyright 2020, Springer Nature.

This process induced growth of anisotropic gold nanostructures
(nanoribbons) that were better suited for a photothermal treat-
ment than prefabricated PEGylated gold nanorods. This conclu-
sion was supported by thermal imaging of photothermal treat-
ments (Figure 10B–D), as well as by evaluation the efficacy of
photothermal treatment in killing cancer cells (Figure 10E–L).
From thermal imaging of 780 nm NIR laser excitation of par-
ticles in DMEM at ≈0.6 W cm−2, the nanoribbons had a pho-
tothermal effect 15.3 °C greater than the nanorods and 26.4 °C
greater than the spherical particles (Figure 10B–D). After this in
vitro study, Schwartz-Duval et al.[28b] used a vectorized applica-
tion of ionic gold for plasmonic nanoparticle generation in vivo
(60 μg Au per mouse). The authors used a 10 kDa hydroxyl ter-
minated PEG as a delivery vehicle for the ionic gold in direct
intratumoral injections in MCF7 mouse xenografts.[28b] In this
approach, the authors relied on the natural tendency for PEG
to form clusters under acidic conditions. Thus, the presence of
HAuCl4 resulted in a coaggregation of PEG with the Au3+ ions in
≈200 nm clusters that prevented a prematurely reduction of gold
ions before interacting with cells. The study by Schwartz-Duval
et al.[28b] marks the first photothermal therapeutic treatment in
vivo by GNPs generated within the tumor (Figure 10M,N). Tu-
mors treated with the Au3+-PEG clusters were completely elimi-
nated after only two 3 min of exposures to a 500 mW 632 nm CW
laser increasing tumor temperatures by 10.4 °C greater than con-
trols (Figure 10M,N).[28b] Currently there are no studies directly
comparing in situ nanoparticle generation with treatments using
prefabricated GNPs. However, some initial comparisons could
be made using available data on treatment conditions. For exam-
ple, Mulens-Arias et al.,[8f,g] reported a therapeutic photothermal
effect in vivo with prefabricated particles using 1/3 of the total
gold content used by Schwartz-Duval’s in situ synthesis,[28b] but
using a laser with four times greater power (2 W cm−2). Sim-
ilarly, the preeminent studies describing enhancement of pho-
tothermal therapy using pre-fabricated GNPs such as the 2003
report by Hirsch et al.,[8c] which used gold nanoshells, and the

subsequent 2019 clinical study by Rastinehad et al.,[13c] applied
35 W cm−2 and 4.5–6.5 W cm−2 treatments, respectively, that is
significantly higher power than used in studies exploring in situ
synthesis −0.5 and 0.6 W cm−2.[28b,l]

8. Future Outlooks

From these reports, we can begin to see the potential for cellular
biomineralization of GNPs as an alternative to the classic bench-
top preparation, perhaps using cells as biomimetic nanoparticle
factories, in situ nanomedicine, or in a combination of both. The
published studies have demonstrated these processes providing
SERS and fluorescence image contrast as well as photothermal
therapy.

This emerging approach can have significant clinical potential
because it is associated with an ultimate size reduction in deliv-
ery of a gold therapeutic agent to just a single atom that could
greatly improve transport within dense biological environments.
Moreover, gold salts have decades-long history of a safe clinical
use in treatment of rheumatoid arthritis providing a clear path
toward clinical translation. Through cellular biomineralization of
gold particles from salts, this pathway toward clinical translation
can be combined with the vast wealth of peer reviewed published
knowledge relating to GNPs. Additionally, this application is in-
herently simplistic, with a single active component—gold ions,
but it takes advantage of a complex cell biology in order to pro-
duce therapeutic GNPs inside mammalian cells. However, this
strategy also has its own unique challenges including a number
of critical questions that need to be addressed to facilitate clini-
cal translation: 1) is the time-frame for biosynthesis adequate for
clinical applications? 2) What are the transport phenomena of
biomineralization precursor materials and byproducts? 3) What
is the location of therapeutic action? 4) How can the toxicity of
soluble heavy metals be addressed? 5) Are there any ways to con-
trol biosynthesis for desirable outcomes? Below we summarize
initial considerations based on the available literature reports.
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Figure 10. In situ nanomedicine for photothermal therapy. Photothermal therapy applications of cellular biomineralization of ionic gold by Singh et al.[28l]

and Schwartz-Duval et al.[28b] A) Schematic of a multistep synthesis of Au nanoribbons by action of cellular biomineralization of ionic gold combined with
an application of gold seeds.[28l] Thermograms of microcapillaries filled with B) spherical gold NPs, C) PEGylated gold nanorods, and D) nanoribbons
under laser irradiation. Optical images of cells after laser irradiation stained with either E–H) trypan blue or I–L) calcein AM; prior to laser irradiation the
cells were subjected to the following treatments: E,I) intracellular generation of nanoribbons, F,J) PEGylated-Au nanorod, G,K) spherical gold NPs, and
H,L) control cells without any treatment.[28l] M) Maximum surface temperature from laser irradiation to tumors treated with either vectorized ionic gold
(Au-PEG, red) or a sodium chloride control (Na-PEG, purple) control via thermal imaging.[28b] N) Thermal and bright field images from laser treatment
of M with colored arrows indicating either remaining tumor from Na-PEG treatments (purple) or cavities/scabbing from total tumor elimination via
photothermal effect through Au-PEG (red) treatments.[28b] A-L) Reproduced under the terms of the Creative Commons CC-BY license.[28l] Copyright
2018, Royal Society of Chemistry. M,N) Reproduced under the terms of a Creative Commons Attribution 4.0 International License.[28b] Copyright 2020,
Springer Nature.

8.1. Is the Time-Frame of Cellular Biosynthesis Appropriate for
Clinical Use?

From studies covered herein, we can see that the initiation of
nanoparticle formation occurs fairly quickly, within 30 min
following administration of gold ions, as was assessed by fluo-

rescence imaging and Raman spectroscopy with the maximum
nanoparticle formation intracellularly occurring within 24–
48 h.[28b,g] Comparatively, the dissolution of GNPs is on the
scale of weeks to months.[27b] One could imagine applications
of gold ions for cellular biomineralization through staging
similar to the clinical study conducted using gold nanoshells for
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photothermal ablation of prostate cancer.[13c] The clinical study
was staged as a 2-day process, wherein patients received nanopar-
ticle infusion 1 day before the photothermal therapy. Similarly,
with gold biomineralization, ions could be applied 1–2 days prior
to therapy or diagnosis.

8.2. What Transport Phenomena Are Involved?

Understanding transport phenomena involved in mammalian
gold particle biomineralization will also be essential for success-
ful clinical translation. It will be important to understand how
much gold will be retained at the delivery site following local ad-
ministration or how effectively gold ions can be delivered through
systemic route (e.g., by potential utilization of delivery vehicles
discussed below in Section 8.5.2). Since gold ions can be eas-
ily reduced by a variety of biologically abundant molecules,[55]

it is likely that following local administration most of the de-
livered dose will be reduced to particles locally. This hypothesis
is supported by a high local fluorescence of GNCs observed in
vivo by both Zhao et al.[28g] and Schwartz-Duval et al.[28b] after
intratumoral injection of gold ions (Figures 9). Therefore, the
relevant transport phenomena for gold ions is likely to be pri-
marily limited to the local environment per application and the
systemic transport would primarily be associated with biomin-
eralized nanoparticles. Once formed, the fate of in situ formed
GNPs would likely be comparable to other particles of similar size
reported in literature.[56] Size dependent trends within these re-
ports indicate that larger particles (>10 nm) tend toward a biliary
excretion through the fecal route and smaller particles (< 10 nm)
excreted via urinary route. However, the surface coating also
has significant influence on nanoparticle biodistribution,[4] es-
pecially when considering specific targeting.[4d,e,g–i] As discussed
herein, the size and surface coating of biomineralized GNPs pro-
duced by mammalian cells are dependent on the cellular mi-
croenvironment in which they are formed, although it remains
to be determined if the particle bound biomolecules retain their
activity. Overall, the biodistribution of biosynthesized GNPs is de-
termined by local diffusion of gold ions with a concurrent reduc-
tion process in the extracellular space and various cellular com-
partments that can also involve potential diffusion and transport
of the formed nanoparticles. Understanding these transport phe-
nomena will in turn identify potential loci for therapeutic action
of biomineralized nanoparticles.

8.3. What are Potential Locations of Therapeutic Action?

Treatments with gold ions for nanoparticle biomineralization
present many potential locations for therapeutic action through
distinctions between each nucleation loci (e.g., extracellularly, on
the membrane, and intracellularly). For instance, if a disruption
of the cell membrane is desired, then strategies to enhance mem-
brane templated synthesis could be applied through targeting
membrane moieties (as discussed below in Section 8.5.1.). Fur-
ther, extracellular particles loaded in exosomes have the potential
to target distal pathologies. However, we find the innate prop-
erty of nuclear accumulation to be of particular interest, as the

nucleus of cells and the nucleic acids therein are highly desir-
able targets for therapy.[8h] Multiple studies have been focused
on development of complex strategies to accomplish delivery to
this cellular compartment.[4g–i] For example, Pan et al.[8h] showed
that nuclear delivery of pre-synthetized gold nanorods can greatly
enhance efficiency photothermal therapy of cancer cells in vivo
with only a mild photothermal effect using a low intensity laser of
0.2 W cm−2. Further, an efficient photothermal therapeutic treat-
ment of cancer in vivo with in situ synthetized GNPs reported
by Schwartz-Duval et al.[28b] required ≈70-fold lower power than
was used in the foundational study by Hirsch et al.[8c] that em-
ployed pre-synthetized gold nanoshells without nuclear target-
ing that ultimately lead to clinical trials.[13c] Notwithstanding that
these are separate studies, the apparent difference in efficiency
of photothermal therapy might be associated with nuclear local-
ization of biomineralized GNPs in the study by Schwartz-Duval
et al.[28b] However, while the nucleus is a desirable target for some
therapeutic interventions, there is also evidence showing that nu-
clear localization of gold particles may induce cytotoxicity.[57] Fur-
ther, nanoparticle biomineralization that involves nuclear bind-
ing proteins might disrupt their function and, therefore, lead to
unanticipated adverse effects. These potential undesirable conse-
quences of gold biomineralization process will need to be care-
fully studied especially in normal cells.

8.4. Addressing the Toxicity of Soluble Heavy Metals

With treatments of gold salts, intended to generate nanoparti-
cles within the affected cells, there may be concerns regarding
safety especially considering the known cytotoxicity of HAuCl4
and other soluble heavy metals. While HAuCl4 treatments can
be associated with cytotoxicity in some cells with doses as low
as 0.25 mm,[28i] the biomineralized GNPs are stable and are con-
sidered bioinert with low cytotoxicity as has been well-established
in both biomedical and geobiology research communities.[6,17p,r,s]

Compared with the rapid reaction kinetics for gold particle re-
duction from ions, the dissolution kinetics of gold (conversion
of Au0 to Au3+ or Au1+) through microbial biomineralization is
so slow that episodes of gold cycling (dissolution and reprecipita-
tion) are estimated to occur on the time scale of years (≈7.64–4.1
years per cycle).[17r] This slow, rate-limiting dissolution is in-part
what enables the low cytotoxicity of gold particles.[17p,r,s] In micro-
bial settings, mineralization of metal ions serves as a mechanism
to reduce toxicity[17n] that can potentially be maintained continu-
ously as long as cell metabolism remains intact.[17l–n,y] At high
concentrations of soluble gold in microbial systems, lysis and
release of reductive biomolecules occur, providing supplemen-
tary resilience to the remaining biofilm.[17j,k] This strategy could
potentially be applicable to biomedical applications, wherein cy-
totoxic concentrations of ionic gold could be directly applied to
a pathological site such as solid tumor. While the interior cells
within the pathology may lyse, their released content would serve
as a cocktail of reducing agents for formation of benign GNPs
thus preventing gold ions from leaking out of the tumor at cy-
totoxic concentrations. However, if a direct delivery to the patho-
logical site is not available then other strategies to control delivery
and local concentration gold ions would need to be used.

Adv. Sci. 2022, 9, 2105957 © 2022 The Authors. Advanced Science published by Wiley-VCH GmbH2105957 (17 of 22)



www.advancedsciencenews.com www.advancedscience.com

8.5. Adding Control to GNP Biosynthesis

Although cellular driven biosynthesis might appear as a system
“lacking” control, specificity of GNP biosynthesis could poten-
tially be achieved through a number of approaches that can ei-
ther adjust reaction kinetics in vitro or in vivo, or also through
strategies to control delivery and release of gold ions.

8.5.1. Controlling the Reaction Drivers of Biosynthesis

The major reaction drivers for GNP synthesis are similar to bio-
logical and benchtop strategies (temperature, concentration, etc.)
and thus, approaches that can modify these reaction drivers could
in turn influence particle synthesis.

It is well established that changes in the reaction tempera-
ture influences GNP formation;[3a–c,f,h] and this is similarly re-
flected in works from biogeochemistry perspectives in micro-
bial systems.[17p] In mammalian cell gold biomineralization,
Schwartz-Duval et al.[28b] demonstrated that an application of
thermal energy via a laser illumination resulted in an increased
Raman signal of ex vivo samples. They hypothesized that the in-
creased Raman signal is associated with formation of larger gold
particles, resulting from the additional thermal energy modify-
ing the reaction kinetics of biosynthesis. Indeed, laser induced
synthesis of gold particles from ions is documented elsewhere as
well.[58]

Gold biomineralization by mammalian cells was also modified
by the addition of prefabricated gold particles,[28l] Na2SeO3,[28j]

FeCl2,[28g,j] and graphene.[28d] Further, these strategies also re-
sulted in acquisition of novel properties such as nanoribboned
morphology observed in the presence of prefabricated GNPs,
which acted as scaffolds, that improved photothermal effect;[28l]

magnetic properties for MRI contrast in the presence of iron
ions;[28g,j] and approximately fourfold greater Raman signal from
a co-application of graphene compared to an application of gold
ions alone.[28d] Interestingly, nuggets of gold formed by microbes
are often found not as pure gold but as mixtures with iron, cop-
per, silver, or other metals,[17o,q,x,aa] and the variety of minerals in
microbial nanoparticle biosynthesis is vast.[17a] From these obser-
vations, one could envision a scenario wherein other metal ions
are supplemented alongside gold and the ratio of precursor met-
als is tuned for desirable optical or magnetic properties.

Tuning the concentrations of both gold ion and reductant
determines the ensuing particles formed through benchtop
synthesis,[3a–c,f,h] and microbial precipitation.[17v] Aside from ex-
ternally delivered gold salts, other precursor components to gold
biosynthesis are generated and maintained by the cells. Reports
on mammalian cell biomineralization contain examples of mod-
ifications of the concentration of cellular reductants involved in
gold biosynthesis. These studies used rotenone, ES936, and com-
pound 968, to evaluate disruptions of gold particle biomineraliza-
tion through the inhibition of NADH, QOH-1, and glutamate, re-
spectively, finding that these treatments resulted in reduction of
fluorescent GNC formation.[28f,h] But for biomedical applications,
treatments to directly enhance particle formation at a patholog-
ical site would be even more desirable. An example of this ap-
proach was reported by Zhao et al.[22a] where calcification of cell

membranes was achieved in folate-receptor overexpressing can-
cer cells. Their strategy relied on primary application of folic acid,
which interacts with folate receptors on the membrane of cancer
cells, followed by application of Ca2+ ions that resulted in a can-
cer specific mineralization and encapsulation of a calcium bioce-
ramic on the cell surface, inducing cell death. This strategy could
potentially be directly applied to enhance membrane-templated
GNP biosynthesis, as folic acid is known to have gold ion reduc-
ing capacity.[59]

8.5.2. Controlled Release of Gold Ions and Targeted Biosynthesis

Strategies to control the release of gold ions could enable ther-
apy with lower concentrations of gold, as well as systemic tar-
geted applications aside from direct application to the pathologi-
cal site. Only one of the current publications on mammalian gold
biomineralization used a nano-vectorized, albeit, a non-targeted
local delivery approach based on a PEG co-aggregation with the
gold ions.[28b] Their PEG-based strategy to package ions could
potentially be adapted to include targeted moieties similarly to
other PEG-based nanovectors.[60] Furthermore, there are many
other hydrogel and nanoparticle strategies for controlled release
of metal ions that could be adapted for gold ions.[61] For ex-
ample, the review by Janarthanan et al.[61b] describes hydrogels
loaded with Fe3+ and other ions including Al3+, Co2+, Ni2+, Cu2+,
Zn2+, Zr4+, Ag+, La3+, Ce3+, Sm3+, Eu3+, Tb3+, Au+, Bi3+. Misra
et al.[61a] reported an ionic “OjoGel” loaded with Au3+ as a col-
orimetric sensing material to detect changes in the ascorbic acid
content of tear films resulting from ocular injury. These hydro-
gel strategies can be adjusted to control the release of ions, as
was shown in the report by Tian et al.,[61g] where the degree of
hydrogel cross-linking was calibrated to tune the release of iron
cations to kill bacteria; strategies like this could be applied to
gold ions.

In addition, nanoparticle-based strategies for delivering metal
cations could also be adapted for delivering of gold ions.[61c–f]

The specific examples include: 1) Du et al.,[61c] where Ag+, Cu2+,
Zn2+, Mn2+, or Fe2+ were loaded into chitosan tripolyphosphate
nanoparticles to enhance the antibacterial properties through the
combination of chitosan and the cations; 2) Daza et al.,[61d] who
delivered Cs2+ ions using a Brij polymer based inverted micelle
to inhibit cancer cell metabolism; 3) Tarn and Yu et al.,[61e] who
described the use of mesoporous silica nanoparticles loaded with
Ca2+ ions to induce apoptosis in cancer cells; and 4) Zhu et al.,[61f]

who used nanodiamonds for controlled intracellular release of
Cu2+, Ni2+, Cd2+, or Cr3+ cations to induce cell cytotoxicity.

An interesting strategy that involves direct modification of a
biomineralization precursor was reported by Kim et al.[62] In
this study a mitochondria-targeting moiety (i.e., cationic triph-
enylphosphonium) was conjugate with to an initiating precur-
sor for silica biomineralization (i.e., trialkoxysilane). The authors
showed that this conjugate specifically targeted cellular mito-
chondria resulting in aggregation of silica precursor moieties and
a targeted mitochondrial silicification. A similar approach could
be envisioned where gold ions are bound to a targeting moiety
through a chelate for specific delivery to cellular targets in solu-
tion or inside a nanovehicle.
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9. Summary of Translational Potential of GNP
Biomineralization

We believe that the newly emergent field of GNP biomineraliza-
tion in mammalian systems has potential to change the current
paradigm of nanomedicine. By using pathological tissue to drive
synthesis of therapeutic or diagnostic materials, this strategy is
inherently personalized.

We see a strong potential for this process to significantly im-
prove therapeutic interventions in dense biological tissues when
applied at the pathological site. Key components of this treatment
would include gold ion penetration through the dense tissue en-
vironment at the treatment site that would not be impeded by
size, providing initial therapeutic cytotoxicity. As the gold treat-
ment diffuses outward toward the periphery of the pathology, the
concentration of the cytotoxic gold ions would decrease through
conversion to benign but therapeutically activatable particles. A
large portion of these particles would innately localize to cell nu-
clei, potentially providing a secondary mechanism for cytotoxic
therapy through their disruption of intranuclear processes and,
importantly, greatly enhancing efficacy of external interventions
such as photothermal therapy.

In the cases when direct local delivery is not feasible, there
are multiple available strategies that can enable systemic appli-
cations and can add targeted specificity to gold particle biosyn-
thesis. However, realizing the potential of gold biomineraliza-
tion in biomedical applications will require extensive mechanis-
tic studies as many of the involved processes are largely un-
known. Specifically, these unknowns include 1) the full mech-
anisms of GNP biosynthesis, 2) the timeframe of biosynthesis
in different subcellular locations, and 3) how the formation of
gold particles impacts the activity of the involved biomolecules.
Making these discoveries would in turn better inform and enable
targeted specificity for biomedical applications of particle biosyn-
thesis as well as development of the appropriate disease specific
applications.
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