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A B S T R A C T

Green fabrication of nanoscale materials is highly desirable because of associated adverse effects with conven-
tional nanomaterial biomedical applications. Moreover, the higher selective nature of the blood-brain barrier
(BBB) limits the brain ailments treatment through conventional chemotherapy, thus providing room for
nanotechnology-based modalities for BBB traversing. In this contribution, we have biosynthesized gold nano-
particles from the HAuCl4 solution in the aged cells culture medium. This approach is highly facile without any
other chemical utilization. The cell culture medium age and cell number can tune the Au nanoparticles (AuNPs)
size from 2 to several hundred nm. The 24 h MTT assay and cell uptake studies in vitro and murine models' vital
organs (liver, kidney, spleen, lung, and heart) study up to 48 h demonstrated that biosynthesized AuNPs were
biocompatible and BBB amenable. Interestingly, the transferrin and cell culture medium isolated proteins were
found factors responsible for HAuCl4 solution biomineralization and size control. Moreover, the protein corona on
biosynthesized AuNPs could help them traverse BBB both in vitro and in vivo, suggesting their potential appli-
cations for brain disease theranostics. In conclusion, the biosynthesis of AuNPs from aged cells medium is highly
facile, green, and biocompatible for brain disease theranostics.
1. Introduction

The exponential increase in nanoscale materials biomedical applica-
tions has provided us with a new scaffold for daunting diseases thera-
nostics [1–3]. However, the associated adverse effects because of the
employment of hazardous chemicals during the fabrication process have
limited their clinical applications. Therefore, new fabrication modalities
are highly desired that could provide robust, hypoimmunogenic,
biocompatible, and efficient nanoscale materials for biomedical appli-
cations [4]. The biosynthesis of nanomaterials by exploiting the potential
of living sources viz plant [5], bacteria [6], fungi [7], and mammalian
cells [8] has got a reputation in the recent past. These approaches are
highly biocompatible and green with equal efficiency as that of con-
ventional chemosynthesized nanomaterials.

The employment of a mammalian scaffold for the biosynthesis of
nanoscale materials is relatively new and recently got popularity [9]. The
mammalian scaffold utilizes biomolecules that are already present within
living cells to biomineralize the administered salts to nanoscalematerials.
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Recently, the biosynthesized nanoscalematerials biomedical applications
have been reported in several types of cancer and Alzheimer's disease
[10]. So far, the iron [11], zinc [12], silver [13], iridium [14], and gold
[11] nanoparticles have been biosynthesized and employed in cancer
theranostics. It is well known that the cancer microenvironment is
different from the healthy cells, having a higher number of reactive ox-
ygen species (ROS), reduced and oxidized glutathione (GSH-GSSG),
GAP(D)H, and lower pH value, providing an excellent scaffold for bio-
mineralization of ionic salts to nanoscale materials [9]. Therefore, the
biosynthesis is selectively orchestrated in the neoplastic environment that
provides realm for selective targeting of tumors and helps in differentia-
tion from healthy tissue.

We hypothesize that biomolecules present inside the cells may also be
secreted into the surrounding microenvironment. Therefore, the cell
culture media (i.e. making culture cells microenvironment) may provide
the same scaffold for the nanomaterial's biosynthesis with higher
biocompatibility for biomedical applications. Notably, cell proteins,
especially the transferrin is essential for reduction and transportation
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agent for Feþ2 ions [15], have a crucial role in providing the reducing
realm for other ionic salts reduction, including HAuCl4 solution, where
the Au(þ3) is reduced to Au(0), thus forming AuNPs [16]. The nanoscale
gold applications are well known in various diseases theranostics,
including cancer [17]. To date, all reported biosynthetic mammalian
cell-basedmodalities only provide evidence of intracellular nanoparticles
formation. The intracellular nanoparticles/clusters formation has limited
biomedical applications for certain diseases. Therefore, broad biomedical
applications of mammalian biosynthesized nanoparticles are still a
challenge.

In brain disease theranostics, the BBB role is very critical because of
its selective amenability to a limited number of drugs, resulting in 98% of
conventional medications fail to cross the BBB [18]. The BBB maintains
homeostasis of the brain by only allowing small molecules, i.e. size
<400 Da or having less than nine hydrogen binding, O2, CO2, alcohol, or
glucose, whereas highly charged and large size molecules that may pose a
threat to brain physiology are refrained [19]. Therefore, the nanotech-
nology may provide opportunities to overcome the BBB selectivity for
therapeutic agents and enhance the drug permeation to cerebral milieu
[20]. The nanoscale materials due to natural structural analogy to cell
receptors/ligands are highly admired for BBB traversing [21–23].

Keeping in view these limitations, we have biosynthesized the AuNPs
from the aged cell culture medium. The prolonged incubation time of the
cultured cells results in a higher number of biomolecules secretion to cell
culture media. Moreover, in contrast to previous reports, for the first-
time, cell-free mammalian scaffold was employed to prepare the nano-
scale materials, i.e. AuNPs.

2. Materials and methods

2.1. Chemical and instruments utilized

All chemicals used in this study were experimental grade and pur-
chased from Sigma Aldrich, otherwise specified. The cell culture chem-
icals were purchased from HyClone Inc. USA. The UV–vis absorption and
MTT optical density values were measured by SpectraMax® i3x, Mo-
lecular Devices, LLC. San Jose, CA. Malvern Zetasizer ZS measured the
particle size and zeta potential. The cell's fluorescence imaging was
performed by Zeiss LSM880 confocal microscope.

All animals used in the experiment were specific pathogen-free and
provided with food and water ad libitum. A 12-h light on and off cycle
within a full automatically controlled environment was provided. All the
animals' experiments were performed under the guideline approved by
Henan University Laboratory Animal Center and the Animal Care and use
Committee of Henan University.

2.2. Procedure for cells culture

All the cell lines including U87 (glioblastoma), MCF-7 (breast cancer),
MGC803 (gastric cancer), HeLa (cervical cancer), A549 (lung cancer),
and healthy cells, i.e. L02 (hepatocytes) and RAW264.7 (macrophage)
cells were purchased from the Chinese Academy of Sciences, Shanghai,
China. The cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM) high glucose (HyClone™, Inc.) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin solution, under
standard incubation conditions of 37�C, 95% relative humidity and 5%
CO2.

The monocytes were isolated from the bone marrow of BALB/C mice
at the age of 4 weeks and 16–18 g weight, as per previously reported
protocol [24]. After euthanasia, the long bones (femur, tibia, humerus,
and radius) were isolated and washed with cold phosphate buffered sa-
line (PBS) containing 2% FBS and 1 mM EDTA. Then bone marrow was
isolated in the aseptic environment by flushing the bones with cold PBS
at 4�C. Then cells were sieved with 70 μm filter and centrifuged to obtain
the cells in a pellet form. Then, the supernatant was discarded, and the
pellet was re-suspended in DMEM-F12 (Hyclone) medium supplemented
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with 10% FBS and 1% penicillin-streptomycin solution and macrophage
colony stimulating factor (PROSPEC, protein specialists) and then incu-
bated under standard conditions, i.e. 37�C, 95% RH, 5% CO2. After 72 h,
cell colonies were visible that were used for further experiments.

2.3. AuNPs biosynthesis

The glioblastoma (U87) cells were cultured in a standardmedium, i.e.
DMEM, high glucose containing 10% FBS, and 1% penicillin-
streptomycin solution, under standard incubation conditions at 37�C,
5% CO2, and 95% relative humidity. The media was collected after 24 h
of aging. For a comparative study on other cell lines (i.e. HeLa, MCF-7,
MGC08, RAW264.7, and monocytes), DMEM with 10% FBS was used
as standard media. Then, it was centrifuged at 2000�g for 10 min and
further centrifuged at 15,000�g for 30 min to ensure the removal of dead
cells and debris. Then, the medium was mixed with 3.25 mM HAuCl4
solution at the 1:1 ratio and incubated at 95�C with a shaking speed of
100 rpm for an hour. The color change was an indication of AuNPs for-
mation that was further confirmed by dynamic light scattering (DLS) and
transmission electron microscopy (TEM) etc.

2.4. AuNPs characterization

The morphology of the AuNPs was investigated by using high-
resolution transmission electron microscope (HR-TEM) TEM, FEI Talos
200X, and JEOL USA Inc. Samples for HR-TEM analysis were prepared on
carbon-coated copper grids. The films were allowed to dry before mea-
surement. Elemental identification was performed using Thermo Scien-
tific's Energy-dispersive X-ray fluorescence (EDXRF) operated at an
accelerating voltage of 120 kV. X-ray photoelectron spectroscopy (XPS)
experiments were performed on a ThermoFisher Scientific ESCALAB 250
spectrometer (XPS, Thermo ESCALAB 250). The surface chemical prop-
erties were investigated using a monochromatic Al Kα radiation source (h
1486.6 eV). The C1s, O 1s, and Au 4f core levels were recorded at pass
energy of 29.35 eV and with a take-off angle of 90�.

2.5. Protein separation from cell culture media

The cell culture media after aging was isolated and collected in a 50mL
tube and then centrifuged at 2000�g for 20 min, followed by 15,000�g for
30 min at 4�C. Then, ultracentrifuge (Hitachi, N100) was used to isolate
the proteins from cell culturemedia at 120,000�g for 90min. Themedium
as the supernatant was used for downstream experiments.

2.6. MTT assay

Fibroblast cells were isolated from the mice by procedure reported
earlier [25] and cultured in the 75 cm2 culture flasks under standard
incubation conditions. At 90% confluency, the cells were trypsinized
(Trypsin 0.25%) and cultured in 96-well plate for 24 h. Then various
concentrations (30, 60, 150, and 225 μM) of biosynthesized and che-
mosynthesized AuNPs were inoculated and further incubated for 24 h.
Afterward, 10 μl of 5 mg/mL MTT solution was added to each well and
further incubated for 4 h. The cell culture media was then discarded, and
200 μl of DMSO was added and vortexed for 10 min. The optical density
value was recorded at 490 nm by using a microplate reader.

2.7. Cell uptake study

A total of 1.0 � 106 U87 cells were cultured in the special confocal
Petri dishes for 24 h. Then 30 μM of biosynthesized and chemo-
synthesized AuNPs were inoculated and further incubated for 24 h. The
cell nucleus was stained with DAPI for 5 min and then fixed with para-
formaldehyde 4% solution for an additional 10 min. After washing three
times with PBS, the cells were imaged under a confocal scanning laser
microscope. (AuNPs were fluorescent at 488 nm excitation).
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2.8. Trans-well BBB model preparation

The trans-well model was used to construct the in vitro BBB model by
culturing the 1 � 106 bEnd.3 (endothelial) cells in the membranes
(Millicell®) having a pore size of 100 nm. When the bEnd.3 cells
confluence resistance became higher than 300 Ω (checked by EVOM2,
world precision instruments, 175 Sarasota Center Blvd. Sarasota, FL
34240), the AuNPs were inoculated to the membrane having cultured
bEnd.3 cells in the upper chamber and incubated for 24 h under standard
incubation conditions and shear force. Meanwhile, 1 � 105 of the
U87 cells were cultured on the round glass coverslips in a lower chamber
of trans-well cell culture apparatus in 24 well plates. After 24 h, the
U87 cells were incubated with DAPI solution (1:1000) for 5 min to stain
the cell nucleus and then fixed with 4% paraformaldehyde solution for
further 10 min. After 3 x washes with PBS, the coverslips were mounted
on glass slides by using Thermofisher ProLong™ Gold Antifade Mount-
ant. The U87 cells were then imaged under a confocal scanning micro-
scope for AuNPs uptake at 488 nm, and cell nucleus at 358 excitations
wavelength.

2.9. In vivo BBB crossing

A total number of 15 BALB/C female mice were randomly allocated to
three groups named as biosynthesized, chemosynthesized, and control
(PBS) group (n ¼ 5). The age of mice was 6–8 weeks, with an average
body weight of 18 � 2 grams. They were injected with 100 μl of AuNPs
(either chemosynthesized or biosynthesized) dissolved in PBS via the tail
vein. At various time points of 01, 12, and 24 h, the mice were imaged
under small animals in vivo bioimaging system (IVIS Lumina III, Perki-
nElmer). Moreover, the vital organs, including brain, were removed and
also imaged for fluorescence intensity that represented the AuNPs
accumulation in vital organs (excitation 488 nm, emission 670 nm).
Later, the brain and vital organs were homogenized in 65% HNO3 solu-
tion and evaluated for Au quantification under inductively coupled
plasma (ICP) apparatus (PerkinElmer, Optima 8000 ICP-OES) by using an
ICP standard protocol.

2.10. Histopathology for biocompatibility

A total of 12 ICR mice with a mean weight of 18 � 2 g, and 6 weeks
age were divided into twomain groups, i.e. injected with chemosynthetic
and biosynthetic AuNPs, which were further divided into two groups, i.e.
24 and 48 h (n ¼ 3). A 100 μl solution of AuNPs was intravenously
injected into mice and then euthanized at assigned time points. The vital
organs (liver, kidney, spleen, heart, and lungs) were removed and
initially stored in 10% formalin that was further processed through the
paraffin embedding technique for histopathology. The H&E staining
technique was used to stain the cell nucleus and cytoplasm differentially.
Afterward, the slides were observed under an Olympus fluorescence
microscope at 20 X.

2.11. Statistical analysis

The data were initially recorded in MS Excel. Then, the difference in
mean was measured by analysis of variance via statistical software SPSS.
version 18 (SPSS Inc. Chicago IL). The probability value < 0.05 was
considered as statistically significant. All the experiments were per-
formed in triplicate otherwise specified. The data presented are the
mean � standard deviation (SD).

3. Results

3.1. Fabrication and characterization of AuNPs

The AuNPs were biosynthesized by a very facile method of mixing
HAuCl4 solution with aged cell culture medium, and a color change of the
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solution from light yellow to red was observed that indicated the forma-
tion of AuNPs (Scheme 1). Then, the TEM, energy dispersive spectroscopy
(EDS), X-ray photon spectra, UV–vis spectroscopy, and DLS technique
were employed to characterize the obtained nanoparticles and made a
comparison with the AuNPs synthesized by the conventional chemosyn-
thesis method as described earlier [26]. As shown in Fig. 1A and B, the
biosynthesized AuNPs were monodisperse with an average diameter of
3.6 � 0.28 nm, smaller than the chemosynthesized AuNPs
(9.6 � 0.067 nm) that were prepared under standard citrate method in
vogue. The zeta potential of the biosynthesized AuNPs was (�48 mv)
almost similar to the chemosynthesized one (�51 mv) (Fig. 1C), sug-
gesting their excellent dispersibility in aqueous media [27]. Moreover,
there was no difference in the UV–vis absorbance of the biosynthesized
and chemosynthesized AuNPs, i.e. around 540 nm (Fig. 1D). The absor-
bance peaks of biosynthesized and chemosynthesized AuNPs are accord-
ing to the earlier reports [26,28].

A HR-TEM image of one typical spherical AuNPs is shown in Fig. 2A
and SI1A. An evident lattice fringe indicating a lattice spacing of ca.
0.235 nm, which corresponds to the [111] facets of Au, could be easily
observed in a high population in the representative HR-TEM images.
Meanwhile, lattice fringes with a lattice spacing of ca. 0.204 nm, corre-
sponding to the [200] planes of Au, could also be detected occasionally in
a small fraction. Experimentally, we found that there are no other lattice
facets as fringes ascribed. Likewise, the face-centered cubic structure of
biosynthesized AuNPs and spots in the single crystal of selected area
electron diffraction pattern are indexed and reveal that the particles are
single, isolated, and crystalline (SI1B).

The EDS analysis was used to verify the purity and composition of the
gold nanoparticles (Fig. 2B). An EDS pattern displays a very high content
of Au, which indicates the purity of the nanoparticles. Several other
peaks were also observed that could be attributed to the substrate used.
Similarly, the XPS was performed to determine the composition, surface
chemical state, and surface concentration of the AuNPs. The XPS spectra
have proven the presence of a strong gold signal, indicating that sub-
stantial low level of impurities. Thus, it confirms the presence of high-
purity AuNPs. Coating organic materials may surround the AuNPs,
describing for the other peaks attributed to C, N, and O. Two separate
peaks located at 84.1 and 88.2 eV are attributed to Au(4f5/2) and Au(4f7/
2) transitions, respectively (Fig. 2C and D). A positive shift for the Au(4f)
peaks in the spectrum was observed for the AuNPs. The obtained peaks
were assigned to the spin-orbit splitting component of the Au(4f5/2 and
4f7/2) level in metallic gold, whereas the binding energies of 84.1 and
88.2 for the Au(4f) peaks correspond to Auþ and Au3þ respectively, as
previously reported [29] and are also in line with reports for bio-
synthesized AuNPs that utilized intracellular cancer scaffold [11,30].

3.2. Cell type effect on AuNPs biosynthesis

To investigate whether this biosynthesis procedure can be extended to
other types of cancer cells, aged cancer cells culture medium from cervical
(HeLa), gastric (MGC803), and breast (MCF-7) cancer cells were utilized for
biosynthesis of AuNPs. Encouragingly, well-defined AuNPs were obtained
from all of the culture medium-aged at 24 h. The HeLa, MGC803, and MCF-
7 cancer cells culture media produced AuNPs particle size mean � standard
deviation of 70 � 44 (range: 21 to164), 31.35 � 18 (range: 11.7 to 68), and
121 � 69 (range 37.84–255) nm, respectively (Fig. SI2). The difference in
the biosynthesized AuNPs size may be attributed to the cancer cell type and
different concentrations of cell biomolecules [31]. The zeta potential of these
biosynthesized AuNPs was also comparable to the chemosynthesized AuNPs
(Fig. SI3). Moreover, to investigate the difference between cancer and
healthy cells, the monocytes (Mp) aged cell culture media was employed to
biosynthesize the AuNPs with a size mean of 171� 54 (range: 105–256 nm)
and had ~ 40% lower yield and larger size as compared with cancer cells
culture aged medium (Fig. SI2 & 3). Likewise, the macrophage cell line 24 h
aged cell culture media could produce the AuNPs with an average mean size
of 177 � 43 nm, almost the same to monocytes biosynthesized AuNPs



Scheme 1. Gold nanoparticles biosynthesis from the aged cancer cell culture media and its comparison with the chemosynthetic process currently in vogue.

F.U. Rehman et al. Materials Today Bio 8 (2020) 100072
(Fig.SI4A, B). Besides, there was a clear absorbance range difference be-
tween healthy and cancer cell lines aged medium produced AuNPs
(Fig. SI5A).

3.3. Incubation time and confluency effect

It was observed that the aged culture media incubation time and cell
number could significantly affect the AuNPs size. We investigated the
4

role of cell number on the AuNPs biosynthesis. The different concen-
trations (0.5 � 106, 1.0 � 106, 1.5 � 106, 2.0 � 106, 2.5 � 106 and
3.0 � 106 cells in six-well plates) of cancer cells (U87) at 24 h incubation
demonstrated that increase in the number of cells had a significant size
lowering effect on the biosynthesized AuNPs, i.e. from several hundred to
below 10 nm (Fig. 3A). Furthermore, six various types of cell lines were
used to confirm the cancer cells' effect on the size of biosynthesized
AuNPs, and all cells aged media could significantly lower the AuNPs size
Fig. 1. Characterization and comparison of
conventional chemosynthesized AuNPs with a
cancer cell (glioblastoma U87 cell line) aged
culture media biosynthesized AuNPs. Herein,
(A) is the size distribution of biosynthesized and
(B) is the chemosynthesized AuNPs (the inset are
the TEM micrographs of AuNPs). The scale bar is
representing 50 nm sizes. Similarly, (C) and (D)
are the absorption and zeta potentials of chemo
and biosynthesized AuNPs. AuNPs, Au nano-
particles; TEM, transmission electron microscopy.



Fig. 2. Characterization of biosynthesized AuNPs from aged cancer cells culture medium. (A) The Fringe spacing for interplanar distance confirming AuNPs
fabrication, (B) is the TEM-EDS spectra for Au, whereas (C, D) are the XPS spectra of the Au 4f level of biosynthesized AuNPs from U87 cancer cells. AuNPs, Au
nanoparticles; TEM, transmission electron microscopy; XPS, X-ray photoelectron spectroscopy; EDS, energy dispersive spectroscopy.
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with an increase in the cell number (Fig. 3B). Meanwhile, the healthy
cells (L02) at the same cell concentration had no significant effect on the
size lowering of AuNPs (Fig. SI6).
3.4. Serum proteins influence of AuNPs

To investigate the differential factor present in the cancer cells
responsible for the AuNPs size control, we in situ spiked the HAuCl4
solution with various factors viz glucose, reduced glutathione (GSH),
H2O2, genetic material (RNA), FBS with and without protein, DMEM
medium, serum proteins, and DMEM supplemented with 10% FBS.
Among them, serum proteins, DMEM with and without 10% FBS, were
able to biosynthesize AuNPs under standard conditions (Fig. 4A). We
further investigated various types of proteins that constitute the cell
microenvironment, i.e. serum albumin, cytochrome C, hemoglobin,
transferrin, cell culture aged medium isolated proteins at ultracentrifu-
gation (120,000�g), and FBS isolated proteins. Surprisingly, the latter
three were able to biomineralize the HAuCL4 to AuNPs under the stan-
dard conditions. (Fig. 4B, C, D). It was demonstrated that the cancer cell
medium could significantly lower the AuNPs size as compared with fresh
and healthy cell culture media (Fig. 5A and B). Similarly, when we spiked
the same type of media with cancer cell isolated protein (i.e. 150 μg/mL),
the size of all biosynthesized AuNPs was lowered, even the fresh DMEM
also lowered the AuNPs size (Fig. 5C). These results indicate that cancer
cells' soluble factors and proteins both have a strong synergistic effect on
the size lowering of the biosynthesized AuNPs.
3.5. Biosynthesized AuNPs BBB traversing ability

The BBB crossing ability of biosynthesized AuNPs was evaluated by
the trans-well method in vitro and animal studies in vivo. Both data
confirmed excellent BBB crossing ability of AuNPs. The in vitro fluores-
cence confocal imaging showed higher uptake in U87 cells after BBB
5

crossing by biosynthesized AuNPs (Fig. 6A). Meanwhile, the chemo-
synthesized AuNPs exhibited significantly (p < 0.01) lowered BBB
traversing ability, as shown in Fig. 6B and Fig. SI7. Likewise, the animal
models showed higher fluorescence in the brain of mice treated with
biosynthesized AuNPs at various time intervals, i.e. 01, 12, 24 h (Fig. 6D
and E). Meanwhile, the fluorescence intensity of various organs (Fig. 6F)
and ICP (Fig. 6G) data both confirmed higher AuNPs uptake in the brain,
followed by the liver and kidney.
3.6. Biocompatibility of biosynthesized AuNPs

3.6.1. In vitro
For the cellular uptake of the biosynthesized and chemosynthesized

AuNPs, the U87 cells were 24 h incubated with 30 μM AuNPs under
standard incubation conditions and bioimaged via a confocal micro-
scope. The cellular uptake and fluorescence (excitation at 488 nm)
properties of chemosynthesized and biosynthesized AuNPs had no dif-
ference (Fig. SI8A). Also, a comparative MTT assay was performed to
check the fibroblast cell viability. The results suggested that at higher
doses of 150 and 225 μM, the biosynthesized AuNPs remained less toxic
as compared with chemosynthesized ones (Fig. SI8B).

3.6.2. In vivo
For in vivo biocompatibility, 100 μl of 10 mg/mL biosynthesized

and chemosynthesized AuNPs were injected into the mouse models
for 24 and 48 h. The vital organ histopathology indicated the
biocompatibility of biosynthesized AuNPs (Fig. SI9). Meanwhile, the
fluorescence imaging also showed prolonged accumulation of che-
mosynthesized AuNPs in vital organs as compared with bio-
synthesized (Fig. SI10). During histopathology investigations, in the
chemosynthesized AuNPs group the lung's broken alveolar epithe-
lium, presence of inflammatory cells in the liver and increased space
between glomerulus and bowmen's capsule in the kidney at 48 h



Fig. 3. The cancer cell number effect on the HAuCl4 biomineralization. Herein, (A) is the glioblastoma, i.e. U87 cells and (B) representing various types of cancer
and their cell number influencing the size of biosynthesized AuNPs. Here the *, **, and *** are representing probability value at 0.05, 0.01, and 0.001, respectively.
AuNPs, Au nanoparticles.
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vouch chemosynthesized AuNPs adverse effects that were absent in
the biosynthesized AuNPs at the same time interval.

4. Discussion

In the recent few decades, an exponential increase in nanotechnology
for biomedical applications have revolutionized the modern therapeutics
[32,33]. Nevertheless, nanoscale materials fabrication processes and
adverse effects have also brought serious concerns to the biomedical
research community. It has been reported that globally around 1300
nanomaterials are produced every year (http://www.nanotechproject
.org/); among them, few are environment-friendly because of highly
hazardous chemical use during the fabrication process. Therefore, inert
and biocompatible materials fabrication is highly desired.

In this study, we observed that the HAuCl4 biomineralization to
AuNPs is driven by three main factors, i.e. cell culture medium in-
gredients, a pool of vital factors from cells, and proteins (mainly trans-
ferrin). Because the aged cell culture media is rich in various
biofunctional molecules, especially proteins, which interact with the
surface of the nanoparticles, and this nanobio interface makes AuNPs
amenable for rapid cellular interactions [34]. It was found during the
TEM that biosynthesized AuNPs had a protein corona on their surface
6

that makes them highly biocompatible and can easily be uptaken by cells
as previously been explained by Sotnikov et al. [35]. Upon interaction
with biological fluids, a series of biological molecules confer upon the
pristine nanomaterials termed as the corona, and it decides the fate of
nanomaterial. Moreover, the reticuloendothelial rapid clearance is one of
the significant limitations for the nanoscale materials biomedical appli-
cations [36]. Therefore, the protein corona precoated on the nano-
materials may program the fate of nanomaterials. For instance, the
transferrin protein corona promotes clathrin-mediated endocytosis [37].

Previously, it was reported that chemosynthesized AuNPs, when
interacted with cell culture media, could produce protein corona on its
surface, which was attributed to the serum proteins coating [38]. The
cystine content of serum protein is considered highly cationic toward the
metallic surfaces [39]; likewise, the transferrin is comprised of
half-cystine molecules, hence shows affinity to the Au, which is driven by
the electrostatic forces on its surface [40,41]. Cox et al. evaluated the
protein corona on the presynthesized AuNPs before and after BBB tra-
verse [42]. It was found that protein corona post-traverse was more
stable as compared with the pre-BBB traverse. They attributed this
corona stability to detachment of specific proteins before BBB traverse
that could hamper the nanomedicine traversing, allowed new protein
interaction with higher stability post-BBB traverse. Our approach is

http://www.nanotechproject.org/
http://www.nanotechproject.org/


Fig. 4. Neoplastic microenvironment's
various biological factors initiating HAuCl4
biomineralization to fabricate AuNPs. Herein,
(A) is the cancer cell microenvironment factors
changing the color from yellow to reddish is the
indication of AuNPs biosynthesis after spiking
and their respective yield in mg/mL, (B) is the
cancer cell culture aged medium isolated proteins
at various concentrations. Similarly, (C) is the
biosynthesized AuNPs in the presence of trans-
ferrin, whereas (D) is total serum proteins iso-
lated from fetal bovine serum through
ultracentrifugation responsible for the AuNPs
biosynthesis. (For interpretation of the references
to color in this figure legend, the reader is
referred to the Web version of this article.)
AuNPs, Au nanoparticles.
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different from these studies, as we have employed the cell culture media
to biosynthesize the AuNPs, and during fabrication, the protein corona
was also established on the AuNPs surface. In contrast, they employed the
cell culture media for protein corona establishment on the presynthe-
sized AuNPs. Therefore, the protein corona stability may not be inferior
to already published data [43–46] that has been evidenced by higher BBB
traversing both in vitro and in vivo.

The cell culture media is comprised of amino acids and pep-
tides, glucose, inorganic salts, growth factors, and hormones rich
serum along with pH and osmolality stabilizers [47]. Besides, the
high pool of reduced and oxidized glutathione (GSH-GSSG),
NAD(P)H, ROS, etc. from cancer cells, and ingredients of culture
media also contribute to biomineralization. For instance, the
inorganic salts of cell culture media provide ions (e.g. Naþ, Kþ,
Zn2þ, Fe2þ), in addition to hydroxyl and carboxyl ions provided by
the cancer cells, assist in AuNPs initial seeding (Auo) that acts as
nucleation center catalyzing other ions to biomineralize [48].
Similarly, in analogy to gallic acid that was reported as reducing
Fig. 5. Cellular factors influencing the size of biosynthesized AuNPs. (A) is the h
(C) is the fresh cell culture medium (DMEM) spiked with glioblastoma cells culture d
various proteins concentrations in μg/mL, whereas the medium and HAuCl4 were m
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and stabilizing agent for AuNPs formation [49], in cancer cells, the
GSH-GSSG can be a contributing factor for Au biomineralization.

Earlier, protein source from fungi has been reported to form AuNPs
[28]. Our results suggest that total serum and cell protein have a direct
relationship with AuNPs size. In contrast, transferrin has an inverse
relationship with AuNPs size, i.e. higher the concentrations of transferrin
lower the particle size. As the transferrin has a crucial role in Fe2þ

transportation to the cells, therefore higher concentration of transferrin
will result in increased Fe2þ ions availability to reduce Au [3] to Au0. The
Fe2þ reducing role in AuNPs has already been reported [11]. We are of
the view that cell protein concentration has a pivotal role in AuNPs
formation. However, the additional factors from cancer cells culture
media also significantly contribute to the size lowering.

During the healthy and cancer cells aged media comparative effect
study on AuNPs, it was revealed that the various cell's microenvironment
was size influencing factor, whereby except the cell number and type, all
the other conditions were constant. The production of a relatively higher
number of GSH-GSSG (i.e. around 10 mM in cancer cells [9]), NAD(P)H,
ealthy cells (i.e. L02) discarded medium, (B) is the cancer cell line (i.e. U87), and
iscarded medium isolated proteins through ultracentrifugation. The 0 to 150 are
ixed at 1:1 under described conditions. AuNPs, Au nanoparticles.



Fig. 6. Biosynthesized AuNPs BBB transversion
ability. (A) is the in vitro trans-well BBB AuNPs
crossing data, showing confocal micrographs of
AuNPs after 24 h incubation and their transversion
through endothelial cells. The scale bar is 50 μm. (B)
is the percent fluorescence intensity of AuNPs crossing
BBB and uptaken by the U87 cells. Bio refers to bio-
synthesized and Chemo to chemosynthesized AuNPs.
** is representing p < 0.01. C) is the AuNPs TEM
micrograph showing protein corona on their surface,
i.e. presented with a double arrowhead, (D) is the in
vivo BBB crossing ability comparison at various time
intervals of chemo and biosynthesized AuNPs,
whereas (E) is the brain fluorescence micrographs
showing Au accumulation at multiple timepoints. (F)
is the fluorescence intensity data of the brain and vital
organs after treatment with biosynthesized AuNPs,
whereas inset is the brain and vital organs fluores-
cence micrograph after 24 h treatment. Likewise, (G)
is the ICP data of mice models treated with bio-
synthesized AuNPs, showing higher concertation of
AuNPs in the brain flowed by the liver and kidney.
The fluorescence of AuNPs was measured at excitation
488 nm and emission at 670 nm. AuNPs, Au nano-
particles; BBB, blood-brain barrier; ICP, inductively
coupled plasma.
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ROS, etc. in addition to membrane proteins and nucleic acids resulted
from rapidly proliferating cancer cells are responsible for size control of
the cells. The higher yield of AuNPs is obtained from the aged cancer cell
culture medium as compared with a healthy one. The acidic environment
favors nucleation and crystal growth, resulting in multifaceted AuNPs
formation. This can be attributed to the reduction in AuCl4� repulsion
force and carboxylic group in the medium at lower pH. Kumari et al. have
reported that during biosynthesis of AuNPs from fungi extract, the pH
could tune the shape of nanoparticles, and small nanoparticles (<10 nm)
with round shape can be obtained [28].

Meanwhile, during the UV–vis spectra analysis, it was observed
that biosynthesized AuNPs from various healthy cells had absor-
bance ranged from 534 to 537 nm. In contrast, different types of
cancer cells aged medium biosynthesized AuNPs absorbance had a
range from 542 to 547 nm. Meanwhile, no significant difference
was observed in the UV–vis spectra of U87 cells aged medium
biosynthesized AuNPs at various cell concentrations (Fig. SI5B),
8

which indicates that only cancer cells type, not their number is
effecting absorbance of AuNPs.

The earlier studies have demonstrated intracellular gold nano-
clusters formation in various types of neoplastic tissues and cultured
cancer cells [8,50,51]. The intracellular nanoclusters formation has
been observed near the nuclear membrane that is rich in mitochon-
dria and enzymatic pool, especially NO-synthases and NAD(P)
H-oxidases [52]. Because the neoplastic microenvironment is hyp-
oxic, this activates hypoxia-inducible factor within cancer cells that,
in turn, activates genes, growth-promoting factors, and glycolytic
enzymes (i.e. glyoxalase-1). The glyoxalase-1 upon exposure can
reduce the HAuCl4 to gold nanoparticles [53]. Indeed, these factors
are released into the cell culture media that may account for the
biomineralization of HAuCl4 to AuNPs.

The excellent biocompatibility and BBB crossing ability of AuNPs
can be attributed to their biogenic nature by utilizing mammalian
cells scaffold. The presence of transferrin protein corona on the
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AuNPs surface (Fig. 6C) facilitates the BBB traversing via transferrin
receptors present only on the brain capillary endothelium [54]. The
transferrin receptors allow iron transportation via endogenous
circulating transferrin protein to brain milieu. Several studies have
used these receptors to successfully deliver the nanoscale materials
to the brain milieu across BBB [55–57]. Our study is different from
the previous reports because they used cancer cells for biosynthesis,
and the biomineralization was driven by the parent cells. In contrast,
we have exploited the potential of aged cell culture media containing
no cells or tissue.

5. Conclusion

In conclusion, we report the most facile, green, and biocompat-
ible modality for AuNPs synthesis from the aged cell culture me-
dium proteins, especially the transferrin that can tune the AuNPs
size up to 2 nm. Furthermore, the biosynthesized AuNPs because of
the biological scaffold utilization for fabrication are more biocom-
patible than chemosynthesized AuNPs. Moreover, the bio-
synthesized AuNPs have excellent BBB crossing ability because of
protein corona on their surface driven by the transferrin receptors
on endothelial cells, showing their potential application in brain
theranostics. The reported technique is novel and first of its kind (to
the best of our knowledge).
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