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Introduction

Intracellular optical probing with gold nanostars¥

Cecilia Spedalieri,? Gergo Peter Szekeres, {2 $*® Stephan Werner,®
Peter Guttmann @ € and Janina Kneipp & *>©

Gold nanostars are important nanoscopic tools in biophotonics and theranostics. To understand the fate
of such nanostructures in the endolysosomal system of living cells as an important processing route in
biotechnological approaches, un-labelled, non-targeted gold nanostars synthesized using HEPES buffer
were studied in two cell lines. The uptake of the gold nanostructures leads to cell line-dependent intra-
endolysosomal agglomeration, which results in a greater enhancement of the local optical fields than
those around individual nanostars and near aggregates of spherical gold nanoparticles of the same size.
As demonstrated by non-resonant surface-enhanced Raman scattering (SERS) spectra in the presence
and absence of aggregation, the spectroscopic signals of molecules are of very similar strength over a
wide range of concentrations, which is ideal for label-free vibrational characterization of cells and other
complex environments. In 3T3 and HCT-116 cells, SERS data were analyzed together with the properties
of the intracellular nanostar agglomerates. Vibrational spectra indicate that the processing of nanostars by
cells and their interaction with the surrounding endolysosomal compartment is connected to their mor-
phological properties through differences in the structure and interactions in their intracellular protein
corona. Specifically, different intracellular processing was found to result from a different extent of hydro-
phobic interactions at the pristine gold surface, which varies for nanostars of different spike lengths. The
sensitive optical monitoring of surroundings of nanostars and their intracellular processing makes them a
very useful tool for optical bionanosensing and therapy.

from the metal-enhanced fluorescence,'® as well as their two-
photon luminescence®'® makes them the basis of efficient

Gold nanostars, which are anisotropic nanostructures with
sharp tips, are promising candidates for a wide range of bio-
technological and theranostic applications. Important
examples of their utilization are photothermal applications," ™
sensing,”” and imaging.®® Their localized surface plasmon
resonances can be tuned in the visible and near-infrared
wavelength range by modifying their size and spike
morphology.’”"" The dependence of optical properties of gold
nanostars on their geometry is getting better understood.'*
The high enhancement in optical signatures, not only particu-
larly visible by the strong enhancement of Raman scattering
and surface-enhanced Raman scattering (SERS)'®'” but also
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optical labels for imaging and multifunctional theranostic
tools.>* > The high SERS enhancement factors of gold nano-
stars allow their use in SERS tags with different label mole-
cules in animal cells, e.g., for the tracing of cells in co-cul-
tures® and targeting of antigens on cancer cells,**>® or of
nucleic acid sequences.”” Conjugated with molecules that
serve as reporter species, SERS from immobilized gold nano-
stars was used to retrieve information on the pH>® or the
oxygen level* from the region of the cell membrane and
inside the cells. Signals of molecules in the cell membrane
were reported from nanostars that are brought into the proxi-
mity of the membrane.***! Recently, SERS imaging data also
indicated the internalization of receptor-bound gold nanostars
by the cells.’ As with other nanoparticles, their surface compo-
sition and size change the uptake, processing, and toxicity of
nanostars as well.>*>*® Detailed knowledge on their surface
properties when inside different types of cells, e.g., on proces-
sing in a harsh endolysosomal environment or regarding inte-
gration into membranous structures, is needed to develop and
optimize theranostic and biotech applications.***> Since the
processing of nanomaterials in cells is determined by the bio-
molecular interactions at their surface, the molecular infor-
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mation must be combined with the ultramicroscopic infor-
mation from cells.

Here, we report the data on the distribution of gold nano-
stars in the cellular ultrastructure using 3D nanotomography
together with detailed information from SERS on the struc-
ture and composition of the surface of nanostars residing in
the cells of two cell lines. Both cell lines, 3T3 and HCT-116,
have been used in the past to study the uptake and proces-
sing of gold***® or gold-composite®>*° nanostructures. SERS
can give information on the interaction of the molecules at
the immediate surface of the gold nanostructures and has
been recently shown to indicate details about the structure
and interactions of and within the hard corona of plasmonic
nanoparticles in living cells.*®*" Adding the localization in
the cellular ultrastructure by cryo soft X-ray nanotomography
(cryo-SXT) of the vitrified cell samples, which is a powerful
tool to study the interaction of gold nanoparticles with the
cell and with each other,>”*®*> we link the interactions at
the gold nanostar surface to their fate inside the cells. Of the
known surfactant-free synthetic routes,""***> the generation
of the nanostars in 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES) buffer for reduction, as a capping agent
and a growth director, is used herein to ensure compatibility
with the cell culture conditions.***® Unlike the previous
work that aimed to circumvent the formation of a corona
determined by the biological environment due to its poten-
tial interference with other targeting tasks,”! here, we study
the molecular structure and interactions of such a bio-
molecular corona of different nanostars in the cell culture
and when they are contained in the endolysosomal system of
the cells.

As will be shown, direct interaction of the biomolecules
with the gold surface occurs when the nanostars reside in
endolysosomal structures in cells and their interactions are
driven by hydrophobic interactions of proteins and lipids.
Based on nanotomography imaging together with simulations
of the electromagnetic enhancement of SERS and its compari-
son with the spectral data, the characterization of intra-endoly-
sosomal aggregates was undertaken. Data obtained for the two
different cell lines will be discussed in order to delineate the
extent up to which the details of the surface interactions of the
gold nanostars are determined by the cell culture, the intra-
cellular environment, and by the nanostar morphology. The
results underpin the potential role of label-free gold nanostars
as probes of cellular biochemistry for a wide range of theranos-
tic applications.

Experimental section

Gold(m) chloride trihydrate, 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid (HEPES), adenine, and 4-mercaptoben-
zoic acid (pMBA) were purchased from Sigma-Aldrich
(Steinheim, Germany). Dulbecco’s Modified Eagle Medium
(DMEM), fetal calf serum (FCS), and phosphate buffered saline
(PBS) were purchased from Biochrom (Berlin, Germany).

This journal is © The Royal Society of Chemistry 2021

View Article Online

Paper

Gold nanostar synthesis and characterization

Gold nanostars were synthesized using a published protocol
with slight modifications.”” Initially, a solution of 0.375 M
HEPES at pH 7.4 was prepared with MilliQ water and filtered
through a 0.22 pm-pore filter. According to three different
final concentrations of HEPES of 25 mM, 50 mM, and 75 mM,
the HEPES solution was diluted with MilliQ water up to 12 mL
final volume. Vials containing the diluted solutions were
placed in a thermostatic bath at 22-24 °C. Then, an aliquot of
336 pL 2 mM HAuCl, was added to each vial, the solution was
quickly mixed and left undisturbed for 80 min. After that time,
864 pL of the same gold solution was added, the solution was
quickly mixed and left undisturbed in the thermostatic bath
overnight. The nanostars were stored as prepared at 4 °C until
further use. Before each experiment, if any precipitate was
observed, the suspension was briefly sonicated (~1 min) in an
ultrasound bath at room temperature.

For experiments with SERS probe molecules, aqueous solu-
tions of pMBA and adenine of different concentrations were
added to 100 pL of the nanostar suspension. The probe mole-
cule solution volume was added sequentially to the same
nanostar suspension from 1 to 10 pL to avoid excessive
dilution. Before the experiments with pMBA, the nanostars
were centrifuged and resuspended in water before the addition
of the probe molecule. The pH in these samples was modified
by adding different amounts of 1 M HCI or 1 M NaOH. For
aggregation experiments, 5 pL 1 M NaCl were added to the
adenine-nanostar suspension.

The absorbance spectra of all the samples were measured
with a UV-vis-NIR double-beam spectrophotometer (Jasco
V-670, Germany) in the wavelength range of 250-1200 nm
using quartz cuvettes of 10 mm path length. Transmission
electron micrographs were taken using a Tecnai G2 20 TWIN
instrument operating at 200 kV acceleration voltage. Particle
dimensions were measured in the TEM micrographs using the
Image] software.’® The concentration of the nanostars (~5 x
10" M) was estimated using the average size (Fig. S1) and
the gold concentration of the nanostar preparation.

Cell cultures and nanostar incubation

Swiss albino mouse fibroblast cell line 3T3 (DSMZ,
Braunschweig, Germany) and human colorectal carcinoma cell
line HCT-116 (LGC Standards, Wesel, Germany) were grown in
DMEM supplemented with 10% FCS and maintained in a
humidified environment at 37 °C with 5% CO,. Cells were
incubated for 24 hours with the dilution of gold nanostars in
DMEM-FCS of 1:10 (estimated nanostar concentration 5 x
107"* M). For SERS, cells were grown on glass cover slips,
washed two times with phosphate buffer before measurements
to eliminate the remaining culture medium and nanostars,
and kept in PBS. For 3T3 cells incubated with 25 mM HEPES
nanostars, 602 spectra displaying SERS signal from 8 cells
were obtained; for 50 mM HEPES nanostars, 120 spectra were
obtained from 4 cells; for 75 mM HEPES nanostars, 68 spectra
were obtained from 3 cells. For HCT-116 cells incubated with
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25 mM HEPES gold nanostars, 245 spectra from 17 cells were
collected. The SERS spectra were also measured from the cell
culture medium using the nanostars at a ratio of 1:10 in
DMEM-FCS and incubated for 24 h at 4 °C. For cryo soft X-ray
nanotomography, cells grown on Formvar-coated tomography
gold grids and incubated with the nanostars for 24 h were
washed three times with PBS, excess of the buffer was removed
with a filter paper, and the grid with the cells was plunge-
frozen using liquid ethane.

SERS experiments

The SERS spectra were obtained using a single-stage spectro-
graph equipped with a CCD detector (Horiba, Munich,
Germany) and a diode laser operated at 785 nm (Toptica,
Graefelfing, Germany). To focus the excitation light and collect
the Raman scattered light in 180 degree backscattering geome-
try, a 10x objective was used for the nanostar suspension
samples and a 60x water immersion objective (N.A. 1.2) was
used for the experiments with the culture media and the cells.
The excitation intensity was 3 x 10° W cm > and 8 x 10° W
em™? in these two experiments, respectively. All the spectra
were obtained with an acquisition time of 1 s. Considering the
whole recorded spectral range from 400 to 1800 cm™', the
spectral resolution was 4-7 cm™". All spectrum pre-processing
and band occurrence calculations were done using Matlab
R2018a (The MathWorks, Inc.) and Wolfram Mathematica 12
software, respectively.

Cryo soft X-ray nanotomography

Vitrified cell monolayers with a thickness of approximately
10 pm were examined using a transmission X-ray microscope
equipped with a cryostage.*® X-ray microscopy was performed at
beamline U41-PGM1-XM™° at the electron storage ring BESSY II
(Helmholtz-Zentrum Berlin fiir Materialien und Energie, Berlin,
Germany). The tilt series of the individual cells were acquired at
different angle ranges in increments of 1° at a pixel size of
9.8 nm (25 nm zone plate objective) and a photon energy of 510
eV. Depending on the sample thickness, the exposure time was
adjusted for each tilt angle series between 1 and 15 s. The tilt
series consists of up to 130 images. Tomograms were obtained
by alignment of the corrected tilt series and tomographic recon-
struction using the Etomo software (IMOD®© 4.9.0, Colorado,
USA). The reconstruction of the sample volume was carried out
by back-projection or simultaneous iterative reconstruction
technique (SIRT). The images of the tilt series were aligned
using the intracellular gold nanostars as fiducial markers.

Finite difference time domain (FDTD) simulations

Simulations were carried out with Lumerical FDTD Solutions
8.6.3 software using a mesh of 0.2 nm for all nanostructures.
For excitation, a plane wave was used with a wavelength of
785 nm, propagating along the negative z-axis direction. The
frequency-dependent dielectric function of gold was taken
from Johnson and Christy’' and the refractive index of the sur-
rounding medium was set to 1.33. All the output images are
normalized to the intensity of the excitation source.
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Results and discussion
Plasmonic properties and SERS enhancement

The gold nanostars for intracellular application were syn-
thesized via a two-step process using the HEPES buffer, which
is commonly used in biochemistry. The synthesis consisted of
a first step where mainly the seeds are formed, followed by the
addition of gold ions in the second step, thus allowing further
growth of the anisotropic structures.”’ In the reaction, the
piperazine ring generates nitrogen-centered free radicals that
reduce the gold ions®® and has a weaker adsorption on the
(111) planes of the gold nanocrystals, thereby allowing prefer-
ential growth in this direction."”*> The nanostar suspensions
presented blue or green color depending on the HEPES con-
centration used for their synthesis. Fig. 1A shows the absor-
bance spectra of the gold nanostars synthesized with HEPES at
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Fig.1 (A) UV-vis-NIR spectra of gold nanostars synthesized with
different HEPES concentrations. Maxima assigned to plasmon reso-
nances are labeled for each nanostar condition. The maximum at
533 nm is common to all the spectra. (B) TEM micrographs of the nano-
stars. Color code is maintained. Scale bars: upper row 200 nm, lower
row 20 nm.
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three concentrations. Two plasmon bands can be observed
(Fig. 1A), which are in agreement with the previous reports,
corresponding to a high-frequency plasmon mode associated
with the inner core, here at 533 nm, and to a low-frequency
mode with the individual tips of the nanostars,
respectively,'®® the latter showing a variation in the nanostars
obtained at different HEPES conditions here (Fig. 1A). The red
shift in the lower-energy plasmon band can be interpreted as
an increase in the tip length**** with increasing HEPES con-
centration. The TEM micrographs (Fig. 1B) confirm this. With
an increase in the HEPES concentration, the length and distri-
bution of the tips change considerably (Fig. 1B, left to right),
while the overall size of the nanostars is similar on average
(Fig. S17). For the lowest HEPES concentration, the tips are
short and evenly distributed. When doubling the HEPES con-
centration to 50 mM, the nanostars show longer tips but an
overall similar size (Fig. 1B, compare leftmost and middle
column and Fig. S1B and S1C¥). For 75 mM of the reducing
agent, the tips become slightly longer and some nano-
structures show ramifications on the tips (Fig. 1B, rightmost
column). In agreement with this, comparing the absorbance
spectra of the nanostars at 50 mM and 75 mM HEPES concen-
trations, the shift to longer wavelengths is small (Fig. 1A, blue
and black spectrum). In addition, the broadening of the lower-
energy plasmon band is observed with increasing HEPES con-
centration, which is accentuated between the bands of nano-
stars prepared with 50 mM and 75 mM HEPES (Fig. 1A, blue
and black spectrum). As previously discussed,'>'®>* this was
associated with the heterogeneity in the shape of the nano-
stars, while the overall size is similar for all the conditions
(Fig. S17). The washing of the nanostars by centrifugation and
re-suspension in water does not change the plasmonic pro-
perties (compare Fig. 1A with Fig. S47).

The molecular composition at the surface of the nanostars
is indicated by their SERS spectra (Fig. S2AT). The spectra have
bands at 1142 cm™', 1268 cm™, 1348 cm™', 1376 cm™',
1445 cm™ ', and 1504 cm ™', where the C-N stretching vibration
around 1270 ecm ™" and the asymmetric stretching mode of the
sulfonate at 1348 cm™' indicate the presence of unmodified
HEPES molecules in the surroundings of the nanostars.>® The
bands at 1142 cm™, 1445 em ™, and 1504 cm™" suggest that
an undetermined product of HEPES oxidation is also present
in the solution, also supported by the presence of a band at
about 340 nm in the UV-vis spectra of the nanostars (Fig. 1A),
which can be assigned to a nitro-compound,® and which dis-
appears when the HEPES is removed by centrifugation and
resuspension in water (Fig. S47).

The SERS enhancement of the gold nanostars was assessed
using 4-mercaptobenzoic acid (pMBA) and adenine as the
probe molecules under non-resonant excitation using a 785 nm
laser. The spectra of pMBA (Fig. S3Af) are in good agreement
with the spectra of this molecule obtained with other nanostar
structures.'”**>® The spectra obtained at different concen-
trations (Fig. S3At) indicate that the orientation of pMBA on the
metal surface does not change with altered concentration.”” The
intensity of the pMBA ring breathing SERS signal at 1078 ecm™*
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as a function of pMBA total concentration was determined for
all the nanostar samples (Fig. 2). It increases with pMBA con-
centration (Fig. S3A¥) until saturation for concentrations higher
than ~5 x 10”7 M. This is similar regardless of the HEPES con-
centration used in the synthesis and, therefore, of the tip length
and the overall structure. Such small differences are in good
agreement with a small variation in the enhancement factors
achieved for pMBA with individual nanostars of different
sizes.”®> The amount of gold seeds can be different for each
respective synthetic condition and due to the anisotropy of the
structures, a straightforward estimation of the amount of pMBA
on the surface is challenging. However, all samples were pre-
pared with the same gold ion concentration and their overall
size does not show significant differences (¢f Fig. 1B and
Fig. S17). As a consequence of both, a very similar nanostar con-
centration of ~5 x 10™'" M is estimated. Assuming the direct
chemisorption on the gold surface,”” the similarity of the pMBA
concentration at which no further increase in the signal is
found (Fig. 2) and hence the one at which all the gold surface is
completely covered indicates that the surface that is available is
similar in all the preparations. The nanostars show no sign of
agglomeration for all the synthetic conditions, resulting in an
un-altered electromagnetic contribution to the enhancement
with pMBA present in this concentration range (Fig. S4t). The
characteristic distinction of SERS signals of the protonated or
deprotonated carboxylate group of pMBA>® ™% were not observed
in the experiment here when the pMBA concentration was
altered at a constant pH of 7 (Fig. S3At). When adding acid or
base to the pMBA-nanostar suspension, there is a shift in the
frequency of the ring stretching vibration,>® indicating that pH-
sensitive groups may be exposed (Fig. S3Bt), and the band at
1422 cm™" assigned to the COO~ stretching and the band at
1702 cm™' attributed to the COOH stretching do appear
(Fig. S3C+).°**”
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Fig. 2 SERS signal of the 1078 cm™ band in the spectrum of pMBA as a
function of pMBA concentration for nanostars synthesized with different
HEPES concentration. Each signal value was obtained by averaging 30
spectra and the error bars represent the standard deviation.
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The SERS spectra of adenine obtained with the nanostars
(Fig. S5t) show typical bands for vibrations of the adenine
molecule (see Table S1f for all the assignments)’>®® with
slightly varying relative intensities for different HEPES concen-
trations and in the presence and absence of sodium chloride
as the aggregating agent (compare scales in Fig. S5A and
S5B7). The signal strength of the pronounced 738 em™" band
assigned to the ring breathing mode changes for different con-
centrations of adenine with nanostars synthesized with 25 mM
and 50 mM HEPES (Fig. 3). When no sodium chloride was
added, the nanostars synthesized at higher HEPES concen-
tration result in larger signals for a wide range of adenine con-
centrations (Fig. 3, compare solid blue and red markings).
Here, both the different nanoparticle morphology, e.g., the
longer tips (Fig. 1B)'° and also the changed interaction of the
probe molecule with the surface that is known to depend on
charge and local pH,**®" can play a role. The different signals,
especially at higher probe molecule concentration, can be the
result of the different extent of aggregate formation induced by
the analyte and/or of different maximum concentration of
molecules that can participate in SERS, e.g., by full occupation
of the available hot spots or full coverage of the surface.’>®
Also, in agreement with the latter, the signals are on the same
order of magnitude over a wide concentration range of the
analyte molecule, indicating that the number of molecules par-
ticipating in the SERS process must be similar for different
nanostar preparations and analyte concentrations. When
sodium chloride is added, a signal increase is observed for
both nanostar samples (Fig. 3, compare the filled and open
markings within each color). For the nanostars synthesized
with 25 mM HEPES (Fig. 3, red markings), which were
observed to have shorter tips (¢f Fig. 1B), the signals are the
highest, suggesting that the addition of sodium chloride
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Fig. 3 SERS signal of the 738 cm™" band in the spectrum of adenine as
a function of adenine concentration for nanostars synthesized with
different HEPES concentration in the presence and absence of NaCl.
Each signal value was obtained by averaging 30 spectra; the error bars
represent the standard deviation.
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induces the formation of nanostar aggregates very efficiently
and the major role of the electromagnetic enhancement as the
contributor to SERS in these samples. The different signals
must be a consequence of different properties of the aggre-
gates, e.g., due to a different spatial arrangement of the nano-
stars in the aggregates. They could be related to the slightly
different morphologies of the individual nanostars in the
different preparations as well as the HEPES concentration in
the solution.

The formation of aggregates of the nanostars in cells is a
very important aspect in their application, since processing
and endolysosomal fusion and maturation take place.’” To
obtain an idea on the impact of aggregate formation of the
nanostars on the distribution of the local optical fields that are
responsible for the electromagnetic enhancement in SERS, we
performed 3D-FDTD calculations on simplified geometrical
models of the nanostars. In Fig. 4, the distribution of the
intensity enhancement of the excitation field with respect to
that of the incoming field at a wavelength of 785 nm, as used
in the experiments here, is shown for nanostars with slightly
different morphology. Similar to the samples in the experi-
ment (c¢f. Fig. 1B and Fig. S17), the model considers structures
of a similar outer diameter but the spikes and the core have
different sizes. Comparing the two geometries (Fig. 4A and B),
the longer spikes give rise to high field intensity at their tips
that will lead to a higher SERS intensity. With shorter spikes,
the field intensity at the tips of the spikes is smaller in com-
parison, which is in full agreement with previous
reports.'®'>'? There is also higher enhancement at the base
between the longer spikes, close to the core (Fig. 4B). This sup-
ports the experimental data shown in Fig. 3, where a higher
signal is observed for nanostars with longer tips. When consid-
ering two nanostars separated by a small gap (Fig. 4C and D)
as a simple model for agglomeration, e.g., in the cellular
context, the localization of a high field intensity in the gap
between the nanostars with shorter spikes is found (Fig. 4C)
for the polarization of incident light along the long axis of the
nanostar dimer, exceeding the intensity around the individual
nanostar by ~3 orders of magnitude (compare Fig. 4A with
Fig. 4C). This is similar to the distribution of the field around
the dimers of spherical particles of the same size, showing the
formation of a hot spot between the particles,*** as also con-
firmed in Fig. S67 for spherical nanoparticles of the same
outer diameter. The field enhancement has a lower value and
remains evenly distributed around the tips of the nanostars
when the spikes are longer, with only a slightly higher field in
the gap between those spikes that are aligned in the propa-
gation direction of the excitation wave (Fig. 4D). The intensity
values for the electric field in the gap between the particles
with the longer spikes (Fig. 4D) show similar values to the
values in the gap between the smooth gold spheres (Fig. S67).
The different possibilities of the tip-to-tip and tip-to-core plas-
monic coupling of the nanostars in close proximity and the
extent to which modes other than localized surface plasmon
modes influence the spectrum when small changes occur in
nanostar geometry™ can lead to a strong variation in the field

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Electric field intensity distribution (normalized to the intensity of the incident field) at 785 nm in the xy plane as obtained by FDTD simulation
for (A) a single nanostar with 15 nm radius of the core and 7.5 nm long spikes, (B) a single nanostar with 10 nm radius of the core and 11.5 nm long
spikes, (C) two nanostars with 15 nm radius of the core and 7.5 nm long spikes separated by a 2 nm gap, and (D) two nanostars with 10 nm radius of
the core and 11.5 nm long spikes separated by a 2 nm gap. The excitation wavelength was set to 785 nm. The polarization of the incident plane wave
was in the x direction. The monitor was placed in the equatorial plane. Common scale bar for (A) and (B) (middle), and common scale bar for (C) and

(D) (rightmost).

distribution and the performance of the nanostars in an actual
SERS experiment that uses more heterogeneous structures.
Here, the small differences in the signal that occur when par-
ticles with longer spikes are aggregated by an external agent
(Fig. 3, filled and open blue markings) are in good agreement
with the smaller increase in the field intensity found for
dimers of such structures compared to single particles
(compare Fig. 4B and Fig. D). In contrast, the signal observed
for the short-spike nanostars increases considerably not only
compared to single particles (Fig. 3, open and filled red mark-
ings) but also to aggregated stars with longer spikes (Fig. 3,
open red and blue markings), which is explained by the hot
spots that are obtained in the gaps between the nanostars that
have shorter spikes (Fig. 4C).

Biomolecular interactions at the nanostar surface in living cells

Three different nanostar samples were incubated with cells of
the fibroblast cell line 3T3 by adding them to the cell cultures.
When immersing them in the typical cell culture medium,
here DMEM-FCS, the intensity of the signals ascribed to the
HEPES at the surface diminishes, band ratios observed in the
pristine nanostars spectra change, and bands that can be
assigned to protein components in the culture medium
become visible (compare Fig. S2A and S2Bf). This indicates
that the capping groups of the nanostars are easily inter-
changeable with the biomolecular content of the cell culture
medium or other environments, such as their immediate cellu-

This journal is © The Royal Society of Chemistry 2021

lar surroundings. Rather than being determined by the orig-
inal capping agent, the uptake of the nanostars by the cells is
therefore dictated by the acquired biomolecular corona, whose
structure and modifications inside the cells can be character-
ized by SERS.*®**

To study the nanostar-biomolecule interactions in the
living cells, the SERS spectra were obtained after incubation of
the cell cultures with gold nanostars for 24 h. After this incu-
bation time, endolysosomes of many different maturation
stages are known to form, which are distributed across the
cytoplasm.’” The average spectra with the nanostars syn-
thesized at different HEPES concentration differ (Fig. 5A-C).
To account for the known variability between the individual
spectra from the same cell culture batch that is expected due
to (i) the biological variation, (ii) the particular local compo-
sition in the environment of many different nanostars within
each probed cell, and (iii) the variation that is inherent to each
SERS experiment,*>°® the occurrence of bands in each individ-
ual spectrum was analyzed regardless of their absolute or rela-
tive intensities (Fig. 5D-F). The simultaneous analysis of the
average spectra and the band occurrences is helpful to draw
conclusions on the interactions between the biomolecules and
particular types of nanoparticles, here, the nanostars of
different preparations and their effect on cellular processing.*®
Many similarities are found that are indicative of a direct inter-
action of the proteins at the hard corona-gold interface of the
nanostars with the occurrence of bands in the SERS spectra

Nanoscale, 2021,13, 968-979 | 973
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Fig. 5 SERS average spectra (left column) and relative band occurrence (right column) for 3T3 cells incubated for 24 h with gold nanostars syn-
thesized with 25 mM HEPES (A and D), 50 mM HEPES (B and E) and 75 mM HEPES (C and F). Tentative band assignments are provided in Table S2.}

Scale bars (A—C): 10 cps.

measured in cells incubated with spherical, citrate-stabilized
gold nanoparticles.’® The signals mainly attributed to proteins
observed in all the cases are expected because of the known
formation of a protein corona in the culture medium and its
processing in the cells."’ The tentative assignments of the
bands are given in Table S2.7

The intensity ratios for some bands change in the average
spectra (Fig. 5A-C), which is in agreement with the frequency
of finding the bands in the individual spectra (Fig. 5D-F). The
results suggest that the biomolecules or functional groups in
the surroundings of the nanostars inside the cells are similar
but interact differently with the nanostars of each of the
samples. As a first very obvious difference, the interaction of
proteins with gold nanostars by their aromatic side chains
must be named. Typical bands assigned to tryptophan at
1353 cm™" and 424 cm™" occur only in the spectra of the nano-
stars made at the lowest HEPES concentration of 25 mM

974 | Nanoscale, 2021,13, 968-979

(Fig. 5D). Those of tyrosine, e.g., represented by a characteristic
signal at about 840 cm™" in the data sets as well as the pro-
nounced ring breathing vibration of phenylalanine at
1003 cm™ are also obtained with the nanostars prepared at
50 mM HEPES concentration (Fig. 5D and E). However, no
signals assigned to these amino acids appear in the spectra of
the cells incubated with nanostars synthesized at 75 mM
HEPES concentration (compare Fig. 5F with Fig. 5D and E),
indicating that they are not located in the proximity of the gold
surface due to different protein structure or interaction.
Secondly, bands that are assigned to S-S stretching
(~503 em™") and C-S stretching modes (~650 cm™") that could
be associated both with an intact secondary structure of the
adsorbed proteins®® as well as to the fragmentation of proteins
in the corona of gold nanoparticles,*' depending on particular
features, are found much more rarely in these samples as well
(compare Fig. 5F with Fig. 5D and E). As a third element,

1

This journal is © The Royal Society of Chemistry 2021
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signals from the protein backbone, represented by the
vibrations in the amide II (1480-1580 cm™") and amide III
(1220-1320 cm ™) regions are very different, e.g., including a
lack of bands assigned to the NH;" vibration at 1489 cm™" in
all but the cells incubated with nanostars synthesized at the
lowest HEPES concentration (Fig. 5D). The interaction with the
protein backbone is also indicated by the strong representation
of bands associated with C-C and C-N stretching vibrations,
e.g., the band at ~1130 em™', which is observed more fre-
quently in the cells with nanostars synthesized at lower HEPES
concentration (Fig. 5A and D). The concerted interactions of
proteins through aromatic side chains, sulfur containing
groups, and backbone bonds on the surface of the nanostars
are also observed, concluding the observation that some of the
above-mentioned bands occur together in many single spectra
(data not shown).

The high abundance of a signal at 1123 cm™" indicates the
presence of lipids in the local environment of the nanostars
obtained at an HEPES concentration of 50 mM (Fig. 5E), in
accordance with the expected uptake of the nanoparticles into
endolysosomal structures where they can interact with the
endolysosomal membrane.*” In these cells, a few spectra also
show signals at the typical frequencies of the lipid ester C=0
stretching vibration at about 1740 cm™', and most bands
associated with C-H deformation vibrations have a Raman
shift of 1432 cm™ or of 1440 cm™, which is characteristic of
CH, groups that could be a part of long lipid chains
(Fig. 5E).*” The interaction of the nanostars with a lipid-rich
environment is also visible in the characteristic Raman shift
for the CH, deformation of lipids that occurs at about
1365 cm™' (Fig. 5F) or the =C-H deformation at about
1273 em™.%7

Such interfacial interactions can be related to the proces-
sing of gold nanoparticles by the cells*® since the protein
corona plays an important role as mediator between the pris-
tine nanostructure and the cellular environment. The SERS
data obtained with the nanostars here also support this. Since
the nanostars carry the same molecular species at their surface
when they are immersed in the cell culture medium regardless
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Fig. 6
HEPES. Scale bar in (A): 10 cps.
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of the HEPES concentration used in their synthesis (Fig. S2B¥),
the different functional groups interacting at the surface
observed after their incubation in the cells result from their
different processing, which must be the consequence of
different physicochemical properties, e.g., surface properties
and geometry of the pristine gold nanostructures. Rather than
a straightforward conclusion on one specific type of protein-
nanostar interaction, the spectra indicate that depending on
the morphological properties (spike length, branched tips),
proteins and lipids interact differently, either in their native
state or denatured and exposing hydrophobic groups. The
latter can be connected to the fragmentation of the hard
corona proteins of the gold nanostructures that was shown to
occur in the endolysosomal system®' and to a localization of
the nanostars in hydrophobic, membrane-rich environments
in the endolysosomal vesicles. Studies on nanostars with suit-
able molecular models, such as liposomes and protein models
that explain the biomolecular interactions on other gold
nanoparticles*"*”°® and suitable modelling approaches® will
be needed to find out about the influence of nanostar geome-
try on particular biomolecular surface interactions.

Interaction with the intracellular environment in different cell
lines

The cells of the HCT-116 cell line in the same culture medium
were also incubated with the nanostars obtained with the
reduction of 25 mM HEPES, and both the average spectra
(Fig. 6A) and the band occurrences were analyzed in all the
individual spectra (Fig. 6B). In comparison to the spectra
obtained with 3T3 cells with these nanostars (Fig. 5A and D),
the bands assigned to aromatic rings from hydrophobic amino
acid side chains at 1357 em™, 424 ecm™', 1003 cm™', and
840 cm™" are much less abundant or are not shown at all
(Fig. 6). A smaller frequency of occurrence is also observed for
bands associated with C-S and S-S stretching modes of
~650 cm™ " and ~503 cm ™, respectively, which are found less
often (compare Fig. 5D and 6B). This indicates that these func-
tional groups interact less frequently with the nanostar surface
in the HCT-116 cells than in the 3T3 fibroblasts, probably as a
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(A) SERS average spectra and (B) relative band occurrence for HCT-116 cells incubated for 24 h with gold nanostars synthesized with 25 mM
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consequence of less fragmentation or denaturation occurring
and/or a smaller fraction of proteins with disulfide bonds
present at the nanostar surface when in these cells. In con-
trast, the band that can be assigned to the amide III com-
ponent at 1315 cm™" is found more frequently in the spectra
from the HCT-116 cells than in the fibroblast cells, indicating
a close interaction of the backbone of proteins with the nano-
star surface. This band is also very pronounced in the spectra
of the corona of spherical, citrate-stabilized gold nanoparticles
in HCT-116 cells®® and its observation here indicates that the
specific structure and interaction of the protein corona is
related to the processing by the HCT-116 cells. Interestingly, in
the spectra obtained from spherical gold nanoparticles in the
HCT-116 cells, the interaction of disulfide groups from their
protein corona at about ~500 cm™" is found much more fre-
quently®® than here in the spectra obtained after incubation
with the gold nanostars. This supports a previous discussion
of the link of the physicochemical properties of the gold nano-
structures, determining the composition and interaction in
the protein corona, with the processing of the nanostructures
by the cells.® In addition, the close interaction with C-C
bonds of lipids and with methyl groups is evidenced by the co-
occurrence of the bands at 1120 cm™" with 1440 cm™" in the
HCT-116 cells (data not shown). These differences show that
the interaction of the biomolecules in the cellular environment
are different in the two cell lines and point towards an
increased interaction with lipid components, for instance, of
vesicle membranes, in these cells compared to the interactions
observed for the short spiked nanostars in the fibroblast cells.
Since the incubation conditions are the same for both the cell
lines, this is the result of distinct processing mechanisms of
the nanostars.

To obtain an insight into the processing of the nanostars by
the cells of both cell lines and to observe their interactions at
the ultrastructural level, 3T3 fibroblast and HCT-116 cells were

View Article Online
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incubated with the nanostars and plunge-frozen for analysis
by soft X-ray nanotomography. In the samples of the 3T3 cells
(Fig. 7A and S7AfY), the nanostars are contained inside well-
defined vesicular structures that are both single and multi-
lamellar, indicating typical endolysosomal processing, and in
many cases, are in close contact with the vesicles’ membranes.
The localization within and close to the membranous struc-
tures supports the observation of hydrophobic interactions of
the proteins at the nanostar surface and of SERS signals that
point directly towards the interaction of lipids with the gold in
the 3T3 cells (Fig. 5). Since the uptake of nanostars is continu-
ous throughout the 24 h incubation period, both individual
nanostars and agglomerates are expected to be found inside
the cells. Even though some single particles can be observed
(Fig. 7A), a majority of the nanostars are a part of agglomerates
of sizes between 100 and 450 nm (corresponding to ~10-1000
individual nanostars) without a particular spatial arrange-
ment, which is in agreement with the strong SERS signals that
were obtained for all the cells. These arrangements are similar
to those found for spherical gold nanoparticles®’® that,
unlike the linear arrangements of silver nanostructures,”’
form agglomerates with their biomolecular environment.
Interparticle gaps are visible, which indicate a loose configur-
ation of the individual stars in the agglomerates in both the
cell lines (Fig. 7A and B). No nanostars were found inside the
nucleus or free in the cytosol, which indicates that during the
incubation period, the nuclear membrane is not crossed by
the particles and that the particles have not escaped the endo-
lysosomal vesicles. In HCT-116 cells (Fig. 7B and S7BY), the
distribution of particle accumulations is clearly different,
with agglomerates larger in size (between 200 nm and
800 nm, corresponding to ~90-5700 individual nanostars)
than those observed for the 3T3 cells (Fig. 7A and S7At). In the
HCT-116 cells, there are also single particles distributed in
the cytoplasm, indicating that the nanostructures are endo-

Fig. 7 Slices of X-ray tomographic reconstruction of (A) 3T3 and (B) HCT-116 cells incubated for 24 h with gold nanostars synthesized with 25 mM
HEPES (cf. Fig. 1B). The red arrows indicate single particles or aggregates of nanostars. More examples are provided in Fig. S7.1 Abbreviations: Nu,
nucleus; NM, nuclear membrane; V, vesicles; M, mitochondria; L, lipid droplets. Scale bars: 2 ym.
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cytosed as individual nanoparticles, similar to other gold
nanostructures.>”"” 7>

The cellular compartments can be clearly visualized in the
tomographic reconstructions, such as vesicular bodies, mito-
chondria, and lipid droplets. For both cell lines used, neither of
the sampled cells show an obvious indication of cell death,
such as dilated perinuclear cisternae,”® suggesting that the
uptake of nanostars does not induce adverse cellular responses.
This is interesting, as the sensitivity of the HCT-116 cells
towards incubation with citrate-stabilized gold nanoparticles in
the same culture medium was recently demonstrated.>® The
absence of indicators of cell death here may be due to the
different shape and specific structure and interactions of the
corona of the nanostars, as revealed by the SERS spectra.

Conclusions

The cellular processing of un-labelled, non-functionalized gold
nanostars synthesized by a mild, biocompatible method was
studied, and their optical properties were assessed via experi-
ments and by theory under conditions that resemble the situ-
ation in living cells. As evidenced by X-ray nanotomography,
the uptake of single nanostars results in their processing
through the endolysosomal pathway, where they are prone to
aggregation, without the evidence of endosomal escape. The
number and length of spikes were found to vary slightly for
nanostars prepared at different concentrations of HEPES, at a
very similar outer diameter of the nanostructures. While the
enhancement of Raman scattering in non-resonant SERS
experiments was very similar in the absence of aggregation of
the nanostars, the optical properties of aggregates formed by
the nanostars yielded very different effects, with higher
enhancements found for nanostars of shorter spike length.
The experimental data obtained with probe molecules outside
the cells are in good agreement with the results of FDTD simu-
lations under excitation conditions that are similar to those in
the SERS experiments conducted in live cells. Non-resonant
SERS spectra were obtained both in the presence and absence
of aggregation, and under both conditions, the spectroscopic
signals of the molecules are of similar magnitude over a wide
range of concentrations, which is ideal for label-free SERS in
cells and other complex environments. As indicated by the for-
mation of nanostar aggregates in the endolysosomal system of
3T3 and HCT-116 cells, the high local fields in the aggregates
of nanostars with shorter spikes found in the experimental
and theoretical model must contribute significantly to the
high SERS signals that were obtained from the endolysosomal
system in the live cells. Understanding the endolysosomal pro-
cessing and intra-endolysosomal aggregate formation has
implications for the application of the nanostars in photother-
mal therapy and drug delivery.

The processing of nanoparticles and their surface species
was studied by the qualitative analysis of SERS spectra incu-
bated with the cells, independent of the (quantitative)
enhancement of the Raman signals. A comparison of the bio-

This journal is © The Royal Society of Chemistry 2021
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molecular environment of the nanostars of slightly different
geometry in the same cell line (3T3) indicated differences in
the structure and interaction of the proteins in the hard
corona of the nanoparticles, and also a different interaction
with the membranous structures in the endolysosomal com-
partment. The very similar SERS data obtained in the cell
culture medium with three different nanostar preparations, yet
the very different spectral patterns in the endolysosomal
system leads us to conclude that the specific molecular
environment observed inside the cells is a consequence of
post-endocytotic processing. In agreement with the important
function of the protein corona to mediate between the physical
properties of the pristine gold surface and the processing in
the cellular ultrastructure,®® the characteristic structure and
interaction at the nanoparticle surface, which is evident from
the spectra, are likely the result of small differences in the
nanostar shape and geometry.

A comparison of the surface molecular structure and nano-
particle processing in the 3T3 and HCT-116 cell lines indicated
differences in the size and density of the intra-endolysosomal
nanostar agglomerates, connected to a different extent of
hydrophobic interactions at the nanostar surface, which must
be further elucidated with suitable lipid model systems as they
will be important for the development of theranostic appli-
cations using gold nanostars. The similarities observed in the
interacting functional groups and the structure of the protein
corona of gold nanostars with that of the spherical gold nano-
particles in a previous study in the HCT-116 cell line*® indi-
cates the importance of similar, cell line-specific processing
pathways that could also be related to the initial structure and
processing of their protein corona.
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