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Introduction

The generation of gold and silver nanostructures by living cells
of bacteria,"” fungi,>* plants,
cussed and studied in various contexts, ranging from biodiag-
nostics® to materials chemistry.

Properties of in situ generated gold nanoparticles
in the cellular contexty

D. Drescher,®® H. Traub,® T. Buichner,? N. Jakubowski® and J. Kneipp ([ *2®

Gold nanostructures that serve as probes for nanospectroscopic analysis of eukaryotic cell cultures can
be obtained by the in situ reduction of tetrachloroauric acid (HAuCl,). To understand the formation
process of such intracellularly grown particles depending on the incubation medium, the reaction was
carried out with 3T3 fibroblast cells in three different incubation media, phosphate buffer, Dulbecco’s
Modified Eagle Medium (DMEM), and standard cell culture medium (DMEM with fetal calf serum). The
size, the optical properties, the biomolecular corona, and the localization of the gold nanoparticles
formed in situ vary for the different conditions. The combination of surface-enhanced Raman scattering
(SERS) and laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) microscopic
mapping and transmission electron microscopy (TEM) provides complementary perspectives on plasmo-
nic nanoparticles and non-plasmonic gold compounds inside the cells. While for the incubation with
HAuCl, in PBS, gold particles provide optical signals from the nucleus, the incubation in standard cell
culture medium leads to scavenging of the toxic molecules and the formation of spots of high gold con-
centration in the cytoplasm without formation of SERS-active particles inside the cells. The biomolecular
corona of nanoparticles formed in situ after incubation in buffer and DMEM differs, suggesting that
different intracellular molecular species serve for reduction and stabilization. Comparison with data
obtained from ready-made gold nanoparticles suggests complementary application of in situ and ex situ
generated nanostructures for optical probing.

Many different biomolecular species were shown to be
involved in gold nanoparticle formation and stabilization,"”
yielding nanoparticles as well as smaller nanoclusters. These
molecular species include amino acids, such as tyrosine,'®
different protein side chains,'®?° glutathione,** phospho-
lipids,* chitosan and chitin,*® bilirubin,** and many more.

>7 and animals has been dis-

910 In animal cells and tissues,

the interaction of cells with nanomaterials is important with
respect to possible diagnostic applications. Gold nanoparticles
are formed in cell cultures of animal cell lines and in their
supernatant after incubation with tetrachloroauric acid
(HAuCl,) in buffer."*™* Also hybrid structures with graphene
oxide could be obtained in this way."* Even inside epithelial
cells of the skin'® and in intact tumor tissues,'® formation of
nanoparticles and nanoclusters is observed.
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Upon the in situ reduction of gold and silver salts in or by
cells, several excellent plasmonic substrates were reported, and
the nanostructures obtained in such in situ syntheses were
exploited for optical nanospectroscopy, specifically in surface-
enhanced Raman scattering (SERS).»*"%13:2°

From the perspective of analytical and diagnostic appli-
cations, in situ synthesis of metal nanostructures that serve as
probes for optical detection enables us to obtain them in
direct proximity to their target."*®?°® In order to apply gold
nanoparticles that are generated in situ as optical probes
inside animal cells, it is crucial to know the biomolecular
species involved in their formation, as the biomolecular
corona will determine the processing of the nanostructures
inside the cells and their physical properties. This is expected
from the numerous studies in the area of nanotoxicology
carried out with gold nanoparticles synthesized in the
absence of biomaterials (ex situ) and added to cells or tissues
later.>**°
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In the work presented here, we characterize the bio-
molecular species involved in in situ nanoparticle formation in
fibroblast cell cultures, and we discuss the influence of the
biosynthesis conditions, as consequence of the composition of
the incubation medium, on the surface composition and the
subcellular localization of the in situ formed gold
nanostructures.

In our experiments, SERS provides detailed information
about the nano-bio interaction at the surface of the plasmonic
gold nanoparticles formed in live cells. We have demonstrated
the feasibility of such an approach in work with plasmonic
nanoparticles synthesized outside cells and taken up by
endocytosis.> > At the same time, SERS can only be used as a
probe of nanoparticle formation, as long as nanoparticles with
significant enhancement factors are produced. Therefore, we
observe the in situ formation of gold nanostructures in cul-
tured cells under varied incubation conditions also by spatially
resolved laser ablation inductively coupled plasma mass spectro-
metry (LA-ICP-MS) and by transmission electron microscopy
(TEM). LA-ICP-MS is widely used for elemental bioimaging in
tissue sections or cells, as it provides high spatial resolution
and multielemental detection with high sensitivity.>*?°
Capable of quantifying gold in individual eukaryotic cells,*®
LA-ICP-MS gives information about the distribution of gold,
independent of nanoparticle formation.

As we discuss here, our data indicate that gold nanoparticle
formation and the properties and localization of the nano-
structures strongly depend on the experimental conditions
chosen for the cell culture in the incubation experiment. This
is of importance for bioimaging and other diagnostic appli-
cations. We compare the in situ formation of the nano-
structures by reduction inside the cells with results obtained
after incubation of the same cell culture with ready-made
13 nm gold nanoparticles that were prepared by a standard
synthesis protocol. Both strategies prove feasible for probing
cellular systems and address different cellular substructures
for bioanalytical and nanobiophotonic investigations.
Furthermore, relevant to potential applications of gold nano-
particles generated in situ, we demonstrate different impact on
cell metabolism in the different incubation approaches, result-
ing in great differences with respect to cytotoxicity.

Experimental
Particle synthesis and characterization

For the synthesis of gold nanoparticles sized 13 nm according
to a protocol of Tkachenko et al., 250 mL of 1 mM gold(m)
chloride trihydrate solution (99.9%, Sigma-Aldrich, Germany)
were boiled for 10 min before 25 mL of 40 mM trisodium
citrate dehydrate solution (99%, Merck, Germany) were added.
After boiling of the reaction mixture for 10 min, the suspen-
sion was stirred for 15 min at room temperature. Extinction
spectra were recorded with a UV-vis/NIR double-beam spectro-
photometer (JASCO GmbH, Germany). Transmission electron
micrographs of gold particles and of HAuCl, after suspension

11648 | Nanoscale, 2017, 9, 11647-11656

View Article Online

Nanoscale

for 3 hours in PBS and culture medium were obtained with a
Tecnai G2 20 S-TWIN microscope (FEI, USA) using an accelera-
tion voltage of 200 kV. Ultrapure water (18 MQ) and phos-
phate-buffered saline (PBS; Biochrom AG, Germany) were
utilized for all experiments.

Cell experiments

Mouse fibroblast cells of cell line 3T3 (DSMZ, Germany) were
cultivated in Dulbecco’s modified eagle medium (DMEM) sup-
plemented with 10% fetal calf serum (FCS) and 1% ZellShield
(all from Biochrom AG, Germany) in a controlled environment
at 37 °C and 5% CO,. For the SERS, TEM and LA-ICP-MS
experiments, cells were harvested and grown on cover slips
(Thermo Fisher Scientific, USA) in sterile culture plates. Under
standard cell culture conditions, fibroblast cells were incu-
bated with 1 mM HAuCl, in PBS, DMEM and DMEM with 10%
FCS for 24 hours. For comparison, cells were exposed to 13 nm
gold nanoparticles suspended in DMEM with 10% FCS for 1, 3
and 24 hours under the same conditions. After incubation,
cells were washed thoroughly with PBS and immediately
analyzed (SERS) or fixed (LA-ICP-MS, TEM).

XTT cytotoxicity test

Cytotoxicity of tetrachloroauric acid was determined utilizing
XTT reagent (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide, Biozol Diagnostica, Germany) in a
procedure described recently.”” In this assay cell viability is
reflected as the total mitochondrial activity. After growing in a
96-well culture plate under controlled conditions at 37 °C and
5% CO,, cells were incubated with HAuCl, in PBS and in
DMEM with 10% FCS in a concentration range from 0.01 mM
to 1 mM for 24 hours. Fibroblasts not exposed to gold salt
served as reference in these experiments. Cell viability is
expressed as relation of the experiments with exposed cells to
untreated cells under the same conditions (arithmetic mean +
standard deviation of four replicates).

SERS experiments

Measurements were conducted with a LabRam HR Raman
spectrometer (HORIBA Jobin Yvon GmbH, Germany) equipped
with a 60x water immersion objective. An excitation wave-
length of 785 nm with an intensity at the sample in the range
between 1.9 x 10> W em™? and 2.9 x 10° W em ™ and an acqui-
sition time of 1 s were used. The spectral resolution was

~2 cm™

TEM preparation

Ultrathin sections of fixed fibroblast cells were examined with
a Zeiss EM 900 electron microscope at 80 kv (Carl Zeiss SMT
GmbH, Germany) using a 1 K slow-scan CCD camera
(Proscan). As described in the cell Experimental section, fibro-
blast cells were incubated with 1 mM HAuCl, in PBS and in
DMEM with 10% FCS as well as with 13 nm gold nanoparticles
suspended in DMEM with 10% FCS. After an incubation time
of 24 hours, the cells were washed twice with PBS and
fixed with 2.5% glutaraldehyde in PBS (pH 7.4) for 15 min. In

This journal is © The Royal Society of Chemistry 2017
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the next step, the cells were postfixed in 1% osmium tetroxide
in 0.1 M phosphate buffer (PB, pH 7.4) for 10 min, washed
repeatedly in PB and dehydrated in a graded series of ethanol
including a block staining with 2% uranyl acetate in 70%
ethanol. For embedding the sample in Epon 812 resin, hydro-
xypropyl methacrylate (HPMA, Fluka, Switzerland) was applied
as intermedium. For TEM analysis, ultramicrotome cuts
(70 nm) of the aldehyde-fixed and resin embedded cells were
prepared and stained with uranyl acetate and lead citrate.

Laser ablation ICP-MS

LA-ICP-MS experiments of fixed fibroblast cells were per-
formed with an NWR213 laser ablation system (ESI, USA)
equipped with a two-volume cell and coupled to an ICP sector
field mass spectrometer (Element XR, Thermo Fisher
Scientific, Germany). Details on operating parameters are
given in Tables S2 and S3 of the ESILj Prior to LA-ICP-MS
analysis, cells grown on sterile cover-slips (Thermo Fisher
Scientific, USA) and exposed to HAuCl, or nanoparticles were
fixed with 4% para-formaldehyde in PBS and dehydrated in a
graded series of ethanol/water mixtures. Representative areas
of the cell sample were continuously ablated by line scans.
High resolution images were obtained by optimizing the laser
ablation parameters for high sensitivity at high spatial resolu-
tion (see ESIf). To convert each raw data point of the '*’Au
intensity time profiles to a single pixel in a color-coded inten-
sity plot, Origin 8.5 (Originlab Corporations, USA) was applied.
Image] software (NIH, USA) was used for data analysis.

Results and discussion

Intracellular distribution of in situ biosynthesized
nanostructures

In the experiments, fibroblast cells from cell cultures were
exposed to tetrachloroauric acid in the presence of DMEM
culture medium with and without fetal calf serum (FCS), and
PBS buffer, respectively. In order to localize and to quantify
the gold, single 3T3 fibroblast cells were investigated by
LA-ICP-MS micro-mapping analysis, allowing sensitive high-
resolution imaging of the "’Au” distribution inside cells.*®*®
The variability in uptake between individual cells was
accounted for by choosing 10-15 cells for each experiment.
Fig. 1 shows LA-ICP-MS images of cells that were exposed to
1 mM HAuCl, for 24 hours in PBS (Fig. 1A) and in DMEM with
10% FCS (Fig. 1B). Both LA-ICP-MS maps show an evenly dis-
tributed gold signal in the cytoplasm. Independent of the incu-
bation medium, the *’Au” intensity indicates high gold con-
centrations over the whole cells, with the highest intensities
(up to 5 x 10° cps) in the regions of the nuclei (Fig. 1). This
gives evidence of an interaction of tetrachloroauric acid with
components of the cell nucleus. Apart from a possible prefer-
ential accumulation in the chemical environment of the
nucleus, the high amount of gold in the nucleus may be
related to the high number of oxidizable biomolecules per
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Fig. 1 Bright field images and the corresponding intensity distribution
of *¥7Au* in single fibroblast cells after 24 h-exposure to 1 mM tetra-
chloroauric acid (A) in PBS and (B) in DMEM with 10% FCS determined
by LA-ICP-MS. Enlarged figures of the LA-ICP-MS maps are shown in
the ESI (Fig. S1t). Parameters: Laser spot size 4 um, line distance 6 pm,
scan speed 5 um s7%, frequency 10 Hz, pixel size 6 x 1 pm, fluence
0.7Jcm™2

ablation spot due to the greater thickness of the cells in the
nucleus region.

The LA-ICP-MS images reveal differences in gold accumu-
lation with respect to the incubation medium. When DMEM
with 10% fetal calf serum (FCS) is used for the incubation of
HAuCl,, single pixels of high '*’Au* intensity are observed in
the cytoplasm of the fibroblast cells (Fig. 1B, for enlarged
maps see Fig. S17). The corresponding bright field image also
indicates small bright structures in the cytoplasm (Fig. 1B),
which do not occur upon incubation in PBS (Fig. 1A). Some of
the LA-ICP-MS signals co-localize with them. As will be dis-
cussed below, other evidence, such as the absence of larger
particles in TEM micrographs and lack of plasmonic enhance-
ment in SERS, suggests, that these structures must be small,
non-plasmonic gold clusters generated either in the exposure
medium during incubation or inside the cells. It is possible
that such small clusters are stabilized immediately after their
formation by biological molecules,”'*?° in this case com-
ponents of the cell culture medium, e.g., proteins or amino
acids. Such small gold clusters were shown to have very
beneficial properties for theranostic applications.*®*°

For comparison, we also conducted experiments with small
gold nanoparticles of a size of 13 nm generated by citrate
reduction. Fig. 2 shows the intensity distribution of **’Au”
3T3 fibroblast cells after incubation of these gold nano-
particles for one, three, and 24 hours, respectively. While upon
incubation with tetrachloroauric acid, either biosynthesized
particles, gold clusters, or excess gold salt could be present in
the cell, especially localized in the region of the cell nucleus
(Fig. 1), the gold nanoparticles accumulate in the cytoplasm
(Fig. 2). Comparison of the LA-ICP-MS maps in Fig. 2A-C
reveals differences in the amount and distribution of *’Au” in
the cellular compartments, that depend on the incubation
time (for details see enlarged maps in Fig. S2t): after an
exposure of one hour (Fig. 2A), the gold nanoparticles are
evenly distributed in the cytoplasm, while after three hours

Nanoscale, 2017, 9, 11647-11656 | 11649
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Fig. 2 Intensity distribution of *°’Au* in individual 3T3 fibroblast cells after incubation with gold nanoparticles for (A) 1 hour, (B) 3 hours and
(C) 24 hours measured by LA-ICP-MS and the corresponding bright field images. Parameters: Laser spot size 4 um, line distance 6 um, scan speed

5 um s7%, frequency 10 Hz, pixel size 6 x 1 um, fluence 0.7 J cm™2.

(Fig. 2B) aggregates of particles are already formed in the peri-
nuclear region in the course of endosomal maturation and
multivesicular fusion.*>*' With longer exposure time of
24 hours (Fig. 2C), the signal intensity of '°’Au” rises, indicat-
ing an increase in the number of particles per sampled spot
and particle aggregation. Importantly, for all incubation times,
only low '7Au’ signal intensities are determined in the
nucleus region, which originate from particles above and
below the cell nucleus and maybe a few particles that entered
the nucleus. The increase of the intracellular nanoparticle con-
centration observed in the LA-ICP-MS mapping of the single
cells was also confirmed by ICP-MS experiments after
digestion of the cells (see ESI Fig. S31). The number of gold
nanoparticles per cell is estimated to amount to 13 000 after
1 hour, and increasing to 227 000 nanoparticles after 24 hours.

For the cases of the incubation with HAuCl, under the
experimental conditions shown in Fig. 1, also the intensity

Intensity "®Au / cps

profiles of representative LA-ICP-MS line scans are very
different (Fig. 3). The region of the cell nucleus (marked by
bar symbols) can be clearly differentiated from the cytoplasm
and the background signal, and the "*’Au* signals differ in
absolute intensity (Fig. 3A). While only low signal intensities
are obtained in the cell nucleus after incubation with gold
nanoparticles (Fig. 3B, compare also Fig. 2), the highest inten-
sities are measured in this region after tetrachloroauric acid is
incubated with the cells (Fig. 3A, compare also Fig. 1). Under
all experimental conditions, separated, narrow signals occur
and indicate local accumulations of **’Au” in the form of gold
clusters and/or nanoparticles. Especially for the incubation of
tetrachloroauric acid in cell culture medium with 10% FCS
(blue and red trace in Fig. 3A), narrow signals with very high
intensities are observed in the cytoplasm, representing loca-
lized areas of very high gold concentrations. As a first con-
clusion, the LA-ICP-MS micro-mapping experiments of the

A HAuCl,in PBS —i cell nucleus B gold nanoparticles —i cell nucleus
in DMEM with 10% FCS
4 E+05 I
—_— — —
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Q
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Fig. 3 Representative line scans of the LA-ICP-MS images in Fig. 1 and 2 of the **’Au™ intensity distribution inside fibroblasts. Cells were incubated
with (A) gold nanoparticles sized 13 nm and (B) tetrachloroauric acid in PBS and in DMEM with 10% FCS for 24 hours. Parameters: Laser spot size

4 pm, line distance 6 um, scan speed 5 pm s, frequency 10 Hz, fluence 0.7 J cm
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cells after the incubation of tetrachloroauric acid confirm the
presence of '*7Au” especially in the cell nuclei. This is
different from incubation with gold nanoparticles and would
allow optical investigations of the nucleus.

Also the TEM micrographs obtained from the cells vary
greatly (Fig. 4). Owing to the high spatial resolution, TEM
allows the localization of nanoparticles in cellular substruc-
tures of ultramicrotome sections, so that the presence of
in situ biosynthesized nanoparticles or of gold nanoparticles
taken up by the cells can be proven. The TEM micrographs in
Fig. 4 show fibroblast cells after exposure to tetrachloroauric
acid (Fig. 4A and B) and the intracellular distribution of gold
nanoparticles with a diameter of 13 nm (Fig. 4C-F). TEM
images of fibroblast cells incubated with 1 mM tetrachloro-
auric acid in PBS for 24 hours (Fig. 4A and B) provide evidence
of gold nanoparticles inside the cellular ultrastructure. The
in situ biosynthesized nanoparticles are characterized by a

1_‘,.;
“nucleus

Fig. 4 Transmission electron micrographs of 3T3 fibroblast cells after
incubation with (A, B) tetrachloroauric acid and (C—F) gold nanoparticles
for 24 hours. Cells were exposed to 1 mM tetrachloroauric acid in PBS
buffer and 100 pM gold nanoparticles (13 nm) in cell culture medium,
respectively. Arrows in A point at intracellular particles. Abbreviations:
Cy cytoplasm, N nucleus, NM nuclear membrane, Nu nucleolus, M mito-
chondria, V vesicle, ER endoplasmic reticulum.

This journal is © The Royal Society of Chemistry 2017
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spherical shape and sizes ranging from a few nanometers to
30 nm. The particles are distributed over the whole cell. The
TEM images (Fig. 4A and B; for more details see enlarged
image in Fig. S41) demonstrate that also in the nucleus,
numerous particles are formed. This is in accord with the data
shown in Fig. 3, where high *’Au” intensities are found in the
nucleus region when PBS is used as incubation medium for
the tetrachloroauric acid (black and grey traces in Fig. 3A). The
formation of nanoparticles inside the cells can be explained by
the reduction of HAuCl, by naturally occurring bio-
molecules.'®'*?* As evidenced by the absence of a plasmon
band in the absorbance spectrum (Fig. S5A71), HAuCl, remains
unchanged during the incubation in PBS buffer. Therefore, we
exclude that a reduction of Au® can take place already in the
incubation medium PBS. Different particle sizes are observed
in the TEM micrographs of the cells (Fig. 4A and B). Apart
from very small nanostructures (<5 nm in diameter), only a few
larger particles are found. The variation in size could be
associated with the respective biomolecules that act as redu-
cing agent and naturally vary within the surrounding cellular
environment. Comparing the results with those of previous
experiments on the quantification of gold nanostructures
inside cells***® the number of nanoparticles that is visible in
the ultramicrotome sections used for TEM is not in agreement
with the high amount of **’Au” found in the LA-ICP-MS experi-
ments (compare Fig. 1A and 3A). Since the high '*’Au” content
cannot be explained by the presence of nanoparticles visible in
the TEM micrographs, it must be due to the presence of small
gold clusters or unreacted gold salt in the cell.

When standard cell culture medium (DMEM with 10% FCS)
is used for the incubation of HAuCl, instead of PBS, no par-
ticulate nanostructures can be identified in the TEM images of
fibroblast cells (data not shown). Also here, the absence of
visible nanoparticles suggests that very small gold clusters or
excess gold salt must be present in very confined spots that
lead to the high '7Au” intensities detected by mass spectro-
metry (compare Fig. 1B and 3A). Compared to the incubation
of HAuCl, in PBS (dotted spectrum in Fig. S5Af), in the
case of tetrachloroauric acid in DMEM (dashed spectrum in
Fig. S5AT) the absorbance is increased due to the reduction of
the gold by medium constituents, e.g., by amino acids and
glucose.”>** In the presence of serum proteins (DMEM with
1% FCS), a broad plasmon band with a maximum around
580 nm appears (solid line in Fig. S5A}), which can be
explained by the reduction of HAuCl, in particular by the
serum components. The broad absorbance indicates the pres-
ence of gold nanoparticles with a wide size distribution and
the formation of nanoaggregates in this incubation medium.
Several studies already describe the successful application of
amino acids and proteins for the reduction of metal
salts."®'®?* From the absorbance spectra and TEM micro-
graphs, we conclude the formation of very small gold nano-
structures already in the DMEM incubation medium and their
stabilization by serum proteins. Therefore, the uptake of gold
clusters by the cells, rather than of tetrachloroauric acid is very
likely, even though they cannot be resolved by TEM. As will be
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discussed below, to assess these effects further, Raman experi-
ments were conducted for all incubation conditions.

When cells were incubated with gold nanoparticles, a large
number of particles are localized in endosomal vesicles in the
vicinity of the nuclei (Fig. 4C and D). After an incubation time
of 24 hours, nanoparticle aggregates occur inside the vesicular
structures, differing in size by several hundred particles. Also,
individual particles are associated with membrane structures
of the endoplasmic reticulum (Fig. 4E) and have passed the
nuclear membrane (Fig. 4F) after they must have undergone
endo-lysosomal escape.’ Interestingly, several of these
particles are separated from each other, embedded in the
nucleoli.

Nano-bio interaction inside the fibroblast cells

An important step in delineating the processes associated with
in situ nanoparticle formation inside the cell is an assessment
of cell viability, and a characterization of the newly formed
metal nanoparticles’ interaction with the biomolecular sur-
roundings. Therefore, the influence of the HAuCl, incubation
medium on the viability of 3T3 fibroblast cells was studied,
and SERS spectra were obtained from the cells.

The toxic action of tetrachloroauric acid regarding the
metabolic activity of the cells was determined in an XTT assay.
Mouse fibroblast cells were incubated with varying concen-
trations of tetrachloroauric acid (0.01 mM to 1 mM) in PBS
and in standard cell culture medium (DMEM with 10% FCS),
respectively, for 24 hours. In Fig. 5A, the relative viability in
the presence of tetrachloroauric acid is shown as a function of
concentration and of the incubation medium. The data dis-
cussed in Fig. 1-4 were obtained upon incubation of 1 mM
HAuCl, in the respective medium, representing the highest
concentration applied in the experiments. In both PBS and
standard cell culture medium, for 1 mM tetrachloroauric acid,
the relative viability of fibroblast cells (Fig. 5A) is significantly
reduced. In PBS (light gray bars in Fig. 5A), it is approximately

-
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=

[=

o
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Fig. 5 (A) Relative viability of fibroblast cells after 24 h-exposure to
different concentrations of tetrachloroauric acid in PBS and in DMEM
with 10% FCS determined by XTT assay. Fibroblast cells incubated with
PBS and cell culture medium without tetrachloroauric acid, respectively,
were used as controls. (B, C) Fluorescence micrographs of fibroblast
cells after incubation with 1 mM tetrachloroauric acid in PBS for
24 hours. The cell nuclei are stained with 4',6-diamidine-2'-phenyl-
indole (DAPI, excitation at 351 nm; emission channel 400—-475 nm).
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40% in the whole concentration range of 0.01 to 1 mM
HAuCl,. The low stability of the nanoparticles formed in
DMEM without FCS does not allow incubation experiments
with cells for the cytotoxicity investigations.

Micrographs of the fibroblast cells (Fig. 5B and C) as well as
the TEM images (Fig. 4A and B) reveal changes of the cell mor-
phology compared to control cells. As observed from the lack
of further cell division, the cell cycle is impaired and the cell
structure is irreversibly damaged due to the oxidative action of
Au’", similar to observations reported for erythrocytes after
incubation of tetrachloroauric acid.”> When DMEM with 10%
FCS is used as incubation medium for tetrachloroauric acid
(dark gray bars in Fig. 5A), further decrease in the cell viability
is observed compared to the exposure in PBS, at the concen-
tration wused for the experiments discussed above.
Interestingly, different from PBS, the use of this standard cell
culture medium leads to a concentration-dependent toxicity of
the tetrachloroauric acid (dark gray bars in Fig. 5A). While
lower concentrations (<0.1 mM) have no impact on the viabi-
lity of the fibroblast cells, for concentrations >0.25 mM
HAuCl,, the metabolic activity of the cells is significantly
reduced (relative cell viability <15%, see Fig. 5A).

The SERS spectra discussed now (Fig. 6) are therefore
characteristic of the nano-bio interaction during toxic action of
the tetrachloroauric acid in the live fibroblast cells. At the
same time, as SERS relies on the plasmonic properties of the
nanostructures,’® the possibility to obtain SERS spectra from
the cells is a sensitive indicator that such plasmonic nano-
particles must have formed. Concentrations up to 0.01 mM
did not lead to the formation of plasmonic nanoparticles that
provided sufficient SERS enhancement. In the case of incu-
bation with HAuCl, in DMEM with FCS, SERS signals were
observed neither for non-toxic (up to 0.1 mM) nor for toxic
concentrations (from 0.25 mM). The samples for the SERS
experiments were prepared parallel to those for the LA-ICP-MS
(Fig. 1 and 3) and the TEM experiments (Fig. 4A and B). The
TEM images show in situ generated nanoparticles in the cell
nucleus, which in principle can serve as SERS substrates for
in vivo investigations of the nucleus and its components.

To follow the formation of SERS active nanoparticles inside
the cells, 3T3 fibroblast cells were incubated with HAuCl, in
PBS (Fig. 6A and B), in DMEM (Fig. 6C and D) and in DMEM
with 10% FCS (Fig. 6E), respectively, for 24 hours. In Fig. 6F
and G, representative spectra of fibroblast cells exposed to
gold nanoparticles that were synthesized ex situ prior to incu-
bation for 3 hours (Fig. 6F) and 24 hours (Fig. 6G) are dis-
played for comparison. In accord with previous work,*® they
give evidence that incubation time influences the SERS spec-
tral fingerprint. After 24 h-exposure to HAuCl, in the different
cell culture-relevant media, there are significant differences in
the spectral fingerprint but also in the number of bands and
their average signal intensity, depending on the incubation
medium (for examples refer to Fig. 6A-E). The assignments of
the Raman bands are summarized in Table S1.f When the
cells are incubated with 1 mM HAuCl, in PBS (Fig. 6A and B)
or in DMEM (Fig. 6C and D) many signals are identified in the

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Representative SERS spectra of individual fibroblast cells exposed to 1 mM tetrachloroauric acid for 24 hours in different incubation media:
(A, B) PBS, (C, D) DMEM and (E) DMEM with 10% FCS. For comparison, spectra of fibroblasts incubated with 0.1 nM gold nanoparticles in DMEM
with 10% FCS for (F) 3 hours and (G) 24 hours are shown (scale bar: 100 cps). Excitation wavelength: 785 nm, acquisition time: 1 s, intensity:

1.9 x10°W cm™

spectra that indicate the presence of amino acids and proteins:
as examples, we identify the symmetrical ring breathing
vibration of tryptophan at 760 cm™", the NH, rocking and the
C-N stretching vibrations at 1070 cm™, the C-C stretching
vibration of tyrosine, as well as the C-N stretching vibration of
proteins at 1145 cm™ " and the ring vibrations of phenylalanine
and tyrosine at 1590 cm™' (see also Table S1%).*%"
Furthermore, when PBS is used as incubation medium, the
bands around 540 cm™" and 980 cm™", which can be assigned
to the S-S stretching vibration, to skeletal modes and to the
C-C stretching vibration, characteristic of proteins*®*® are fre-
quent (Fig. 6A and B). These vibrational modes indicate the
presence of proteins in the immediate vicinity of the bio-
synthesized gold nanostructures. Most of these bands also
occur at lower concentrations of tetrachloroauric acid in PBS
buffer (Fig. S67).

After the incubation of HAuCl, in DMEM (Fig. 6C and D),
the signals at 680 cm™" (C-S stretching vibration of cysteine
and tyrosine side chain), 830 cm™" (tyrosine), 945 ecm™" (C-C
and C-COO~ stretching vibrations of amino acids),
~1000 cm™' (aromatic ring vibration of phenylalanine),
1170 em™" (CHj; rocking vibration of threonine) and 1215 cm™"
(ring breathing of tryptophan) are frequently found (see also
Table S17).*”*® All these bands can be assigned to the
vibrational modes of amino acids, suggesting their important

This journal is © The Royal Society of Chemistry 2017

role in the reduction of HAuCl, as components of the DMEM
medium. The importance of the amino acids in the formation
of the gold nanoparticles during incubation with DMEM is
supported by the corresponding absorbance spectrum (dashed
line in Fig. S5A%t), as well as by the TEM image of HAuCl, in
DMEM (Fig. S5Bft), both indicating the presence of nano-
particles already in the incubation medium alone, in the
absence of the cells. The signals around 730 cm™" and
1590 em™" (Fig. 6C and D) can also be assigned to adenine
and guanine (Table S17).*” In case of an incubation of HAuCl,
in DMEM, the signal intensities are higher than in PBS buffer
(compare scale bars in Fig. 6A-D). This indicates that a larger
number of SERS-active particles and/or nanoaggregates with a
higher enhancement factor are present.*’

In contrast, when tetrachloroauric acid is incubated in stan-
dard cell culture medium (DMEM with 10% FCS), no signals
occur in the spectra (Fig. 6E), which suggests that no SERS-
active nanostructures can have formed. This is in accord with
the lack of nanoparticles observed in the TEM of the cells
(data not shown) as discussed above.

The variation in the nano-bio interaction of the in situ
generated nanostructures in PBS and DMEM, and the gold
nanoparticles is summarized in Fig. 7. The relative number of
SERS spectra with a specific Raman signal can provide an idea
of the typical spectral fingerprint that is characteristic of each

Nanoscale, 2017, 9, 11647-11656 | 11653
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1 mM tetrachloroauric acid in PBS (black bars) and in DMEM (dark gray
bars) and with synthesized gold nanoparticles (light gray bars).

of the different gold nanostructures (Fig. 7). The SERS signals
at 545 cm™' (skeletal modes and S-S stretching vibration,
Table S1f) and 590 cm™" occur predominately for the incu-
bation of tetrachloroauric acid in PBS (Fig. 7, black bars).
While the first band is found in 80% of all spectra, the latter
only occurs with a frequency of ~45% (Fig. 7, black bars). The
S-S stretching vibration at 545 cm ™" is also present in ~20% of
the spectra of the HAuCl, incubation in DMEM, suggesting
the formation of disulfide bonds by oxidation of cysteine by
tetrachloroauric acid (Fig. 7, dark gray bars and black bars).
Since this band is only rarely detected in the case of gold nano-
particles synthesized before incubation (Fig. 7, light gray bars),
it seems likely that there, access to the disulfide bonds by the
nanoparticles is hindered, possibly by steric conflicts with
other stabilizing species on these nanoparticles.

In DMEM (Fig. 7, dark gray bars), in contrast to the HAuCl,
incubation in PBS, the bands at 680 cm™ (65%) and
1560 cm™" (35%) occur frequently (Fig. 7, dark gray bars). They
are attributed to the amino acid side chains of cysteine and
tyrosine, as well as to the amide II band of proteins.*” The par-
ticles interact with extracellular and intracellular proteins and
lipids in the course of their formation in the culture medium
and later, during endocytotic uptake. This is supported by the
fact that these bands are also found in every third and fifth
spectrum, respectively, of fibroblast cells incubated with gold
nanoparticles (Fig. 7, light gray bars). A band at 1145 cm™"
that is characteristic of the C-N stretching vibration of proteins
and lipids"’ is also observed for both in situ in DMEM formed
nanoparticles and typical gold nanoparticles synthesized
outside cells (Fig. 7, light gray and dark gray bars at
1145 cm™"). It occurs with a frequency of 65% in the case of
the gold nanoparticles and 35% for the incubation of HAuCl,
in DMEM, which further supports the above-mentioned con-
clusion of an endocytotic uptake of extracellularly formed
particles.

For the incubation of gold nanoparticles the bands at
830 cm ™" (tyrosine) and 895 cm™" (C-C stretching vibration of
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amino acids)*® can be found in every second spectrum,
suggesting the interaction of these amino acid side chains
with the particle surface (Fig. 7, light gray bars). The SERS
spectra of all gold nanoparticle types display the C-N stretch-
ing and NH, rocking vibrations around 1070 cm™,*” which
occur with a frequency of 12-20%.

Nanoparticle formation in situ

The qualitative differences in the spectral fingerprints during
incubation in PBS (Fig. 6A and B) and DMEM (Fig. 6C and D)
account for a different mechanism of particle formation and a
different composition of the molecular environment. While in
the presence of PBS, the nanostructures must form inside the
cells (see absorbance spectrum in Fig. S5Af and the TEM
micrographs Fig. 4A and B), the DMEM medium causes the
formation of particles already outside the cells, as evidenced
by both absorbance spectra (Fig. S5At) and TEM data
(Fig. S5Bf) taken in the absence of cells. Later on, the nano-
particles formed outside the cells can be taken up into endo-
lysosomes, or interact with other cell compartments such as
the cell nucleus.

In the course of nanoparticle formation by the reduction of
tetrachloroauric acid, the culture medium and/or molecules in
the cells will be oxidized depending on the incubation
medium. In addition to the oxidation of amino acid side
chains, e.g., of cysteine, methionine or threonine, also frag-
mentation of the polypeptide chain or cross-links between
proteins can occur.’®>" As an estimate, more than half of the
proteinogenic amino acids can be altered due to oxidative
stress and react intra- or intermolecularly via reactive intermedi-
ates.”® Defective proteins can accumulate in the cell and cause
severe cell damage. In particular, high molecular weight com-
pounds from cross-linking of cysteine to disulfide bridges or
of tyrosine to di-tyrosine, do partly not undergo proteolytic
degradation. The formation of reactive oxygen species as a
result of oxidative stress caused by the tetrachloroauric acid
can further lead to lipid peroxidation.”®*? In fact, several
signals in the SERS spectra can be assigned to vibrational
modes of lipids. They include e.g., the C-C and O-P-O stretch-
ing vibration at 1089 em™" and the C-C stretching vibration at
1120 cm™" (Fig. 6A and B).>**°

As can be concluded from the qualitative changes in the
SERS spectra after incubation of ex situ formed gold nano-
particles (examples shown in Fig. 6F and G) that were obtained
for comparison, the spectra differ from those measured after
incubation with tetrachloroauric acid. Assignments are also
provided in Table S1.7 The assignments of the bands to amino
acids suggest a stable interaction of the gold nanoparticles
with amino acid side chains of the protein corona over the
entire time course of endosomal maturation. In addition, we
observed Raman bands indicating the presence of nucleotides.
The signals around 1087 em ™" and 1300 em™" can be assigned
to the symmetric PO, stretching vibration and to the nucleo-
tides, adenine and cytosine.””*® This is in accord with the
presence of nanoparticles inside the cell nucleus, as revealed
by the TEM images above, showing particles associated with

This journal is © The Royal Society of Chemistry 2017
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structures of the nucleolus (Fig. 4E and F). In addition, the
high particle quantities in the endosomal vesicles (Fig. 4C and
D), where nucleotides also occur as degradation product, can
be the origin of most of these bands.

The analysis of the SERS spectral fingerprints (Fig. 7) shows
that the similarity of the biomolecular environment is greater
between ex situ synthesized gold nanoparticles and nano-
particles generated in situ with DMEM as incubation medium,
than for incubation of tetrachloroauric acid in PBS. SERS
spectra obtained by incubation with lower HAuCl, concen-
trations in PBS (Fig. S61) show a greater similarity with those
of nanoparticle-incubated cells (Fig. 6F and G).

Conclusions

In the work reported here, to study the in situ formation of
gold nanoparticles in cell cultures, 3T3 fibroblast cells were
incubated with tetrachloroauric acid in different media,
and spatially resolved LA-ICP-MS, Raman microscopy, cyto-
toxicity, and TEM data were obtained from parallel samples.
For comparison, the experiments were also performed with
gold nanoparticles synthesized before incubation ex situ
outside cells.

LA-ICP-MS microscopic mapping indicates different '*’Au
distribution and uptake pathways for in situ reduction of tetra-
chloroauric acid, compared to gold nanoparticles synthesized
before incubation with cells. In agreement with high gold con-
centrations found in the regions of the nuclei by LA-ICP-MS
mapping, the TEM micrographs confirm the presence of
in situ generated gold nanoparticles in the nuclei of the cells.
While for the incubation with HAuCl, in PBS, gold particles of
sizes up to 30 nm are found in the entire cellular area, includ-
ing the nucleus, the incubation of HAuCl, in DMEM with FCS
leads to the reduction and stabilization of the particles already
in the incubation medium. The latter prevents both the for-
mation of SERS-active particles inside the cells and the uptake
of plasmonic gold nanostructures.

As indicated by the results of an XTT assay, HAuCl, incu-
bated in PBS buffer is cytotoxic and impairs the metabolic
activity of the cells in the concentration ranges that have been
reported for incubation experiments with live cells so far,"*™*
and also at lower concentration. In contrast, if administered in
standard cell culture medium, HAuCl, does not influence
mitochondrial function in concentrations below 0.1 mM. This
stands in agreement with the lack of intracellular nano-
particles, implying that molecules in the culture medium must
scavenge HAuCl, before it enters the cells. Nevertheless, our
data from LA-ICP-MS indicate small spots of high local gold
concentration inside the cytoplasm, which suggests the for-
mation of non-plasmonic gold clusters.

The SERS spectra indicate a different way of how the nano-
structures are formed in the different incubation media. For
incubation with PBS and DMEM, SERS-active structures form
inside the cells. In addition to amino acids and proteins in the
surroundings of the in situ biosynthesized nanoparticles, the
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SERS spectra clearly reveal the presence of nucleotides in the
proximity of the nanostructures, in accordance with the obser-
vation of nanoparticles interacting with the nucleus by TEM
and LA-ICP-MS. The SERS fingerprints indicate similarity of
nanoparticles formed upon incubation in DMEM and of
standard gold nanoparticles delivered into the cells, and are
very different from in situ generated gold nanoparticles in PBS.
The possibility of different localization of gold nanostructures,
depending on the incubation medium during their in situ for-
mation, together with the application of gold nanoparticles
that are formed prior to incubation enables complementary
targeting of different cellular compartments for in situ nano-
analytics and for theranostic applications. The results of this
work provide a better understanding of the conditions needed
in order to optimize such applications.
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