
RESEARCH PAPER

Relating surface-enhanced Raman scattering signals of cells
to gold nanoparticle aggregation as determined
by LA-ICP-MS micromapping

Tina Büchner & Daniela Drescher & Heike Traub &

Petra Schrade & Sebastian Bachmann &

Norbert Jakubowski & Janina Kneipp

Received: 27 May 2014 /Revised: 14 July 2014 /Accepted: 25 July 2014 /Published online: 14 August 2014
# Springer-Verlag Berlin Heidelberg 2014

Abstract The cellular response to nanoparticle exposure is
essential in various contexts, especially in nanotoxicity and
nanomedicine. Here, 14-nm gold nanoparticles in 3T3 fibro-
blast cells are investigated in a series of pulse-chase experi-
ments with a 30-min incubation pulse and chase times ranging
from 15 min to 48 h. The gold nanoparticles and their aggre-
gates are quantified inside the cellular ultrastructure by laser
ablation inductively coupled plasma mass spectrometry
micromapping and evaluated regarding the surface-enhanced
Raman scattering (SERS) signals. In this way, both informa-
tion about their localization at the micrometre scale and their
molecular nanoenvironment, respectively, is obtained and can
be related. Thus, the nanoparticle pathway from endocytotic
uptake, intracellular processing, to cell division can be follow-
ed. It is shown that the ability of the intracellular nanoparticles
and their accumulations and aggregates to support high SERS
signals is neither directly related to nanoparticle amount nor to
high local nanoparticle densities. The SERS data indicate that

aggregate geometry and interparticle distances in the cell must
change in the course of endosomal maturation and play a
critical role for a specific gold nanoparticle type in order to
act as efficient SERS nanoprobe. This finding is supported by
TEM images, showing only a minor portion of aggregates that
present small interparticle spacing. The SERS spectra obtain-
ed after different chase times show a changing composition
and/or structure of the biomolecule corona of the gold nano-
particles as a consequence of endosomal processing.
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Introduction

Due to their unique physical and chemical properties, gold
nanoparticles are widely used for analytical approaches [1, 2],
in molecular plasmonics [3, 4], and nanomedicine [5–8]. In
order to evaluate nano-bio-interactions, which are, e.g., rele-
vant in elucidating nanoparticle toxicity, the interactions of the
nanoparticles with cellular molecules, their localization in the
cellular ultrastructure, and their quantity inside cells or living
organisms must be known. As we have shown previously, a
combination of different analytical and imaging approaches
giving qualitative, quantitative, and ultrastructural information
is necessary to understand the different aspects of nanoparti-
cle–cell interactions [9, 10]. Merging this information for a
biological interpretation clearly poses a current challenge, and
care has to be taken in evaluating the role of a particular
method in the elucidation of a certain aspect. For example,
as revealed by combining information from nanotomography
with vibrational spectroscopy, the intracellular localization
and nanoparticle aggregate morphology are strongly
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influenced by the molecules adsorbed to the nanoparticle
surface [9].

In the case of gold nanoparticles, the local fields generated
upon excitation of their localized surface plasmons enable
sensitive probing of the molecules interacting with the particle
surface on the nanometer scale within living cells by surface-
enhanced Raman scattering (SERS) [11–13]. SERS can also
be used for sensing of general chemical parameters in the
cellular nanoenvironment, such as progressing acidification
in endosomes [14, 15] using nanoprobes containing a pH-
sensitive reporter molecule [12, 16, 17].

The quantification of nanoaggregates in cells is of particu-
lar importance to obtain information on particle uptake and
distribution under different experimental conditions. Optical
methods, specifically SERS imaging [13, 18] or dark field
microscopy [19–21] rely on plasmonic properties, which alter
under the incubation conditions and during cellular uptake
with the formation of nanoparticle aggregates. Both the
amount of nanoparticles but also the processing inside the
cells may have an influence on aggregate formation. With
respect to SERS enhancement, which is strongest in hot spots
formed in nanoparticle aggregates, the geometry of the aggre-
gates, specifically the arrangement of individual nanoparticles
[22], and the gap size between them [23, 24] are a crucial
determinant. Inside the cell, nanoparticle aggregate morphol-
ogy is governed by the interaction with cellular molecules and
the behavior of vesicular substructures, which will depend on
the size and surface properties of the nanoparticles [9, 13].
Therefore, the suitability of one particular type of plasmonic
nanoparticle to act as intracellular nanoprobe can vary greatly
from that of another one.

The number of inorganic nanoparticles is often determined
by elemental analysis using atomic absorption spectrometry,
inductively coupled plasma (ICP) optical emission spectrom-
etry or inductively coupled plasma mass spectrometry (ICP-
MS) after acid digestion of a cell suspension or pellet [25, 26]
with the disadvantage that no spatial information on the par-
ticle distribution and potential formation of nanoparticle ac-
cumulations within an individual cell is available. For elemen-
tal mapping of biological samples such as tissues or cells
[27–30], laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) has proven to be a powerful analytical
tool, offering excellent sensitivity at high spatial resolution
and multielement capability. In previous studies, we have
shown that quantification of metal nanoparticles can be
achieved at the single-cell level by LA-ICP-MS and that the
capabilities of this approach can be extended to spatially
resolved LA-ICP-MS micromapping [31, 10].

Here, we apply the ability to quantify gold nanoparticles by
LA-ICP-MS micromapping to study smaller gold nanoparti-
cles of ~14 nm diameter and their accumulation and distribu-
tion in 3T3 fibroblast cells during cellular uptake, processing,
and mitosis. Pulse-chase experiments with different chase

times were conducted to follow the particle processing
in vivo. We obtain information on the local gold concentration
that comprises accumulation of gold nanoparticles in
endosomal structures and formation of aggregates at different
time points during endosomal maturation. The influence of
aggregate geometry and interparticle distance is very sensitive
to the cellular environment, where the inclusion of the nano-
structures in vesicles of partly complicated ultrastructure can
lead to drastic changes in the size of interparticle gaps. By
SERS, qualitative information is obtained on the molecules
and molecular groups that are in the immediate environment
of the nanostructures and at their surface. Moreover, as the
SERS enhancement factors obtained with individual nanopar-
ticles are relatively low, the influence of nanoaggregate for-
mation, and aggregate geometry, on the SERS enhancement is
reflected in both the overall intensities and in the number of
SERS spectra that can be obtained from a cell. By combining
the information about the number of spots in a cell containing
nanoaggregates (from LA-ICP-MS) with the number of
probed volumes yielding SERS signals, we obtain informa-
tion on the portion of nanoaggregates that provide suitable
plasmonic properties at a specific time point during
nanomaterial processing. This information is useful in order
to evaluate the intracellular applicability of specific nanopar-
ticles as SERS probes, e.g., in biotechnological applications.

Materials and methods

Nanoparticle synthesis and characterization

For the preparation of gold nanoparticles gold(III)chloride
trihydrate (99.9 %, Sigma-Aldrich, Taufkirchen, Germany)
and trisodium citrate dihydrate (99 %, Merck, Darmstadt,
Germany) were purchased. According to [32], 250 mL of
1 mM gold(III)chloride trihydrate solution was boiled for
10 min before 25 mL of 40 mM trisodium citrate dehydrate
solution was added and boiled for further 10 min. The heat
source was removed, and the solution was stirred for 15min at
room temperature before further cooling down without stir-
ring. For all experiments, ultrapure water (18 MΩ) and
phosphate-buffered saline (PBS; Biochrom AG, Berlin,
Germany) were used.

The SERS enhancement factor of the gold nanoparticles
was estimated by the use of 10-6 M crystal violet as described
in [33]. Extinction spectra of gold nanoparticles were recorded
with a V-670 double-beam ultraviolet–visible (UV–vis)/near-
infrared (NIR) spectrophotometer (JASCO, Gross-Umstadt,
Germany) showing a plasmon band with maximum at 518 nm
(Electronic Supplementary Material (ESM) Fig. S1/S2). UV–
vis experiments show that gold nanoparticles are stable in
presence of crystal violet in concentrations <10−5 M (see
ESM Fig. S3). The particle size was determined by
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transmission electron microscopy using a Tecnai G2 20S-
TWIN microscope (FEI, Hillsboro, USA) to be 14±3 nm
(determined as average of 284 nanoparticles).

Cell culture

Swiss albino mouse fibroblast cells (cell line 3T3; DSMZ,
Braunschweig, Germany) were maintained in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10 %
fetal calf serum (FCS) and 1 % ZellShield (Biochrom AG,
Berlin, Germany) and grown in a humidified environment at
37 °C and 5 % CO2. Fibroblast cells are characterized by a
branched, elongated cell morphology with an average size of
50 μm. For LA-ICP-MS and SERS experiments, 3T3 cells
were grown as monolayer on sterile cover-slips (Thermo
Fisher Scientific, Waltham, USA) in a six-well plate and
incubated with 1 mL of 1 nM gold nanoparticle suspension
in standard cell culture medium in a pulse-chase regime. First,
fibroblast cells were exposed to 1 nM gold nanoparticles in
standard cell culture medium for 30 min ('pulse'). Secondly,
the particle suspension was removed, and cell culture medium
without nanoparticles was added for varying chase times
ranging from 15 min to 48 h. For cell experiments utilizing
continuous nanoparticle incubation, fibroblasts were incubat-
ed gold nanoparticles for 3 and 24 h.

After nanoparticle exposure, 3T3 cells were washed thor-
oughly with PBS, immediately fixed with 4 % para-
formaldehyde in PBS, and dehydrated in a graded series of
ethanol for LA-ICP-MS analysis. For cell synchronization,
fibroblast cells were cooled at 4 °C for 1 h [34].

Laser ablation ICP-MS of cells

LA-ICP-MS measurements of fixed fibroblast cells were con-
ducted using an NWR213 laser ablation system (ESI,
Fremont, CA, USA) equipped with a two-volume cell was
coupled to an ICP sector field mass spectrometer (Element
XR, Thermo Fisher Scientific, Bremen, Germany). Details on
operating parameters are given in ESM Table S1 and Table S2
of the Supporting Information. The ICP-MS was synchro-
nized with the LA unit in external triggering mode. Helium
was used as carrier gas, and argon was added before reaching
the ICP torch using a Y-piece. The ICP-MS was tuned daily
for maximum ion intensity and good signal stability (relative
standard deviation<5 %), keeping the oxide ratio (ThO/Th)
below 1 % during ablation of a microscopic glass slide. An
average day-to-day coefficient of variation of 12 % for the
137Ba intensity was observed along the analyses.
Representative areas of the cell sample with groups of indi-
vidual fibroblast cells were ablated by continuous line scan-
ning. The laser ablation parameters were optimized for high
sensitivity at high spatial resolution and complete cell ablation
as described in detail by Drescher et al. [31]. The scan mode is

based on the overlap of single ablation points as illustrated in
ESM Fig. S4, which is achieved by a repetition rate high
enough relative to scan speed. The measured signal reflects
the difference in ablated area giving a spot size in scan
direction (1.5 μm) smaller than the laser focus point diameter
(8 μm). Since a line distance of 7 μm was applied in all LA-
ICP-MS experiments, the resulting pixel size is 1.5×7 μm
with an area of 10.5 μm2.

The time-dependent ICP-MS intensities were exported to
Origin 9.0 (Originlab Corporations, Northhampton, USA) to
convert each raw data point to a single pixel in a color-coded
surface plot. The time scale was transformed to a micrometer
scale using the selected scan rate of 8μm s−1. To determine the
integrated 197Au+ intensity per single fibroblast cell, the two-
dimensional LA-ICP-MS intensity maps were used. ImageJ
software was applied to integrate the 197Au+ intensity of each
single cell. The integrated intensity of 10-25 fibroblast cells is
averaged and given as mean value for each pulse-chase
experiment.

ICP-MS analysis of nanoparticle/cell digestion

Fibroblast cells were grown in 75-cm2 cell culture flasks under
standard cell culture conditions as described above. The cul-
ture medium was replaced by 10 mL of gold nanoparticle
suspension (1 nM) in DMEM with 10 % FCS and 1 %
ZellShield. After nanoparticle exposure for different time
periods (30 min, 3, and 24 h), cells were washed thoroughly
with phosphate-buffered saline (PBS), removed from the cell
culture flask by trypsination, washed with 5 mL culture me-
dium and counted. Cell pellets containing 1×106 fibroblasts
were obtained by centrifugation of the cell suspension and
dried at room temperature.

Dried pellets of nanoparticle-incubated fibroblast cells
were digested with aqua regia (450 μL hydrochloric acid
and 150 μL nitric acid, purified by sub-boiling) for 1 h and
sonicated at 80 °C for 2 h. The cell digests were prepared for
ICP-MS analysis by appropriate dilution with deionized water
(18 MΩ cm, Milli-Q system from Millipore, Eschborn,
Germany). For the determination of the Au concentration, an
iCAP Qc ICP-MS (Thermo Fisher Scientific, Bremen,
Germany) was used. Blanks without and with cells (without
gold nanoparticles) were prepared after the same procedure.
The operating parameters are given in ESM Table S3. The
iCAP Qc was tuned for maximum sensitivity, keeping the
oxide ratio (CeO/Ce) below 3 % during nebulization of a
multielement tune solution. For the calibration by standard
addition, the samples were spiked at different concentration
levels with a gold solution prepared by dilution of gold plasma
standard Specpure (Alfa Aesar, Karlsruhe, Germany). Lu (ICP
standard CertiPUR, Merck, Darmstadt, Germany) was used as
internal standard. The calculation of the number of gold
nanoparticles per cell was performed according to [25] using
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the average nanoparticle diameter of 14 nm determined by
TEM.

SERS experiments with fibroblast cells

SERS spectra of fibroblast cells exposed to gold nanoparticles
were obtained with a LabRam HR microspectroscopic setup
(Horiba Jobin-Yvon GmbH, Bensheim, Germany) equipped
with a liquid nitrogen-cooled charge-coupled device detector.
All measurements were conducted using a 60× water immer-
sion objective (laser spot size of 1.5 μm), an excitation wave-
length of 785 nm (2×105 W cm−2) and an acquisition time of
1 s. SERS spectra were recorded between 300 and 1,800 cm−1

at a resolution of ~2 cm-1.

Transmission electron microscopy

For transmission electron microscopy (TEM) fibroblast cells
were treated with 1 nM Au nanoparticles for 30 min (pulse)
and maintained in DMEM supplemented with 10 % FCS for
3 h (chase). The cells were washed thrice with PBS and fixed
with 2.5 % glutaraldehyde (SERVA, Heidelberg, Germany) in
0.1 M sodium cacodylate buffer (SERVA, Heidelberg,
Germany) for 1 h at room temperature and 20 h at 7 °C. The
cells were postfixed with a solution containing 1 % osmium
tetroxide and 0.8 % potassium ferrocyanide II in 0.1 M
cacodylate buffer for 1.5 h, dehydrated in a graded series of
ethanol and transferred to Epon resin (Roth, Karlsruhe,
Germany). Ultrathin sections of the cells (70 nm) were stained
with uranyl acetate, and lead citrate and were examined with a
Zeiss EM 906 electron microscope at 80 kV acceleration
voltage (Carl Zeiss SMT GmbH, Oberkochen, Germany).

The size distribution of nanoparticles inside the cells is 14±
4 nm (determined by TEM), which is in accord with the
particle size in aqueous suspension. We conclude that the
intracellular effects are indeed characteristic of an uptake of
nanoparticles of this size.

Results and discussion

Following gold nanoparticle aggregation in single cells using
LA-ICP-MS micromapping

To understand the uptake and processing of nanoparticles in
living cells, experiments with chase times ranging from
15 min to 48 h were conducted on synchronized 3T3 fibro-
blast cells after incubation with gold nanoparticles of 14 nm
(see ESM Fig. S1 for electron micrograph) in a 30-min pulse.
For the localization and quantification of gold nanoparticles
inside individual cells by elemental micromapping, we uti-
lized high spatial resolution laser ablation in combination with

ICP-MS. Here, the spatially confined laser ablation of the
formaldehyde-fixed cells allows to monitor the quantitative
distribution of the gold nanoparticles and can provide infor-
mation on their processing at different time points after the
incubation pulse (Fig. 1).

The 197Au+ intensity was determined by continuous abla-
tion line-by-line of an area comprising 10-25 cells for each
chase time and plotted as a function of ablation position (for
illustration of the laser ablation scan mode see ESM Fig. S4).
Figure 1 displays an overlay of the color-encoded 197Au+ local
intensity map with the corresponding bright field micrograph
of the fibroblast cells. The intensity of the 197Au+ signal scales
with the local number of gold nanoparticles [31] and thus
gives information about the particle intracellular distribution.
The signal obtained from each ablated spot is related to the
density and aggregation of the nanoparticles in the endo-
lysosomal vesicles and their accumulation in distinct areas
inside the cell. As the variations in the 2D intensity maps
indicate, the gold nanoparticles form aggregates of different
sizes and the distribution and intensity of 197Au can be com-
pared for the different chase times.

After chase times of 15 min to 1 h (Fig. 1a, b), the 197Au+

signal is homogeneously distributed inside the cells, suggesting
the uptake of nanoparticles building small aggregates of a few
particles inside the cell or direct uptake of very small aggregates,
in accord with previous observations[31] and supported by UV–
vis spectra of the gold nanoparticles under cell culture conditions
(ESM Fig. S1). Note that detection of a single 14-nm-sized gold
nanoparticle is not possible due to the low number of atoms
(~85,000) resulting in a low signal/noise ratio. In the next time
interval from 1 to 3 h (Fig. 1b–d), a significant increase in high-
intensity spots in the perinuclear regions of each cell can be
observed. At the same time, the distance between single spots of
high intensity is diminished, compared to short chase times. This
can be explained by particle accumulation in the proximity of
the cell nucleus for times starting from ~3 h, so that each ablated
spot in a perinuclear region yields a high 197Au+ signal. Since
the cells all contain the same amount of nanoparticles on average
(as evidenced from the integrated intensities per cell, gray bars in
Fig. 3) due to equal time available for their uptake (equal pulse
duration of 30 min for all chase times), the observed changes of
the signal intensity and spot density must be attributed to cellular
processes that lead to accumulation. The processing of the
nanoparticles over time by the cell includes e.g., multivesicular
fusion of particle-containing endosomes or particle aggregation
inside the vesicles due to changes of the microenvironment,
such as decrease in pH value [35, 36].

From 3 to 7 h, the LA-ICP-MS intensity maps in Fig. 1d–g
reveal a similar distribution of the 197Au+ signal within the
cells, showing many spots of high intensity near the cell
nucleus. This situation is also comparable to the distribution
of the 197Au+ signal generated by silica-covered gold nano-
particles reported recently [10]. From these observations, we
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infer that, using LA-ICP-MS micromapping, the cellular pro-
cesses leading to nanoparticle aggregation can be followed
and proceed in the time period of 15 min to 3 h. This is also in
accord with the time frames envisioned for entry into the late
endosomal maturation stage already after relatively short
chase times [37, 38]. Similar results regarding intracellular
particle accumulation with increasing chase time are obtained
in experiments utilizing a different particle concentration for
incubation (0.1 nM instead of 1 nM) and for nonsynchronized
cells (data are not shown). These experiments illustrate that
our LA-ICP-MS results show a high reproducibility also for
different exposure parameters.

When chase times are further increased to 24 and 48 h
(Fig. 1h, i), the number of high-intensity spots decreases
because of particle loss in the course of exocytosis [39, 40]
and cell division [41, 42, 18, 43]. The particle aggregates close
to the cell nucleus discussed above (see Fig. 1d–g) are still
present after 24 and 48 h (Fig. 1h, i). In ESM Fig. S5A, line
scans from maps shown in Fig. 1 are displayed; they also
illustrate the evolution of signal distribution over time. In
conclusion, LA-ICP-MS micromapping indicates proceeding
aggregation of nanoparticles with increasing chase time,
which is in accordwith our previous investigations by electron

microscopy using 30 nm gold nanoparticles in cells at differ-
ent time points [13]. From the LA-ICP-MS data, it is possible
to draw conclusions on the accumulation of nanoaggregates in
distinct cellular regions, but not on the number of gold nano-
particles per vesicle and the aggregate geometry and interpar-
ticle spacing, the latter having implications for SERS enhance-
ment. Figure 2 displays TEM micrographs of the fixed fibro-
blast cells after a chase time of 3 h. As expected, gold nano-
particles were found in endosomal vesicles, neither free in the
cytoplasm (Fig. 2a) nor in the nucleus (Fig. 2b). Apart from
small aggregates, many isolated particles were observed
(Fig. 2b, c) in multivesicular structures that are formed during
endosomal maturation. The size distribution of gold nanopar-
ticles inside the cells (14±4 nm) is equal to that in suspension
(14±3 nm), suggesting that the intracellular processing is
characteristic of gold nanoparticles of this size. The localiza-
tion to intravesicular accumulations is in agreement with the
LA-ICP-MS data, where increase in the local 197Au+ signal
intensity is observed after a chase time of 3 h (compare
Fig. 1d).

Based on the 2D LA-ICP-MS maps of Fig. 1, the relative
integrated 197Au+ intensity per single fibroblast cell was de-
termined as mean value of 10-25 cells (Fig. 3, gray bars). The

Fig. 1 Bright-field micrographs of fixed 3T3 fibroblast cells
superimposed with the corresponding laser ablation ICP-MS images of
197Au+ intensity distribution. Synchronized cells were exposed to 1 nM
gold nanoparticles in a pulse-chase regime: an incubation pulse of 30 min
and chase times ranging from 15 min to 48 h were applied. For each

experiment, 10–25 individual fibroblasts, comprising 150–300 ablation
spots per cell, were measured. Scale bars represent 25 μm. Parameters:
laser spot size, 8 μm; scan speed, 8 μm/s; repetition rate, 5 Hz; pixel size,
1.5×7 μm; fluence, 0.4 J cm-2
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standard deviations are indicative of a relatively high cell-to-
cell variability regarding the number of internalized particles,
taking also into account differences in cell size and morphol-
ogy. We also determined the number of spots per cell with
197Au+ intensity>50,000 cps as an indicator for the aggrega-
tion of nanoparticles inside the fibroblast cells over time
(Fig. 3, black bars; see also ESM Fig. S6 for other threshold
values). From the relative integrated intensities, we can infer
that the number of nanoparticles per single cell is similar
within the first 7 h (Fig. 3, gray bars). As expected, the
integrated intensities for these chase times (15 min to 7 h)
are constant with values >90 % of the highest value in this
series (Fig. 3). This is in accord with the fact that each cell has
taken up a similar amount of nanoparticles during the 30-min
gold nanoparticle pulse (see gray bars in Fig. 3) and that
sensitivity of detection is largely independent of aggregation
for the nanoparticle/nanoaggregate size range and spot size
used in our experiment. The significant decrease in the relative
integrated intensity after 24 and 48 h of cultivation in absence

of nanoparticles (Fig. 3) can be attributed to the partitioning of
nanoparticles to daughter cells during mitosis[42].

In comparison to the relative integrated intensity, the num-
ber of spots with 197Au+ intensity>50,000 cps (Fig. 3, black
bars) shows a different trend that is attributed to a change in
the intracellular particle distribution over time. The lowest
values are obtained at the beginning of the chase time period,
when only separated nanoparticles and very small aggregates
are present. From 15min to 3 h, an increasing number of high-
intensity values per single fibroblast cell are found. This
indicates clearly that particle aggregates and likely also accu-
mulations of many aggregate containing endosomes per sam-
pled spot are formed, while the absolute number of nanopar-
ticles per cell stays constant. Thenceforward, the number of
high-intensity spots decreases again, with redistribution of the
aggregate containing endosomes, yielding fewer aggregates
per ablated spot, and subsequent partitioning upon cell divi-
sion for the very long chase times (black bars in Fig. 3). A
similar trend can also be observed for the lower threshold

Fig. 2 Transmission electronmicrographs of ultrathin sections of 3T3 fibroblast cells incubated with gold nanoparticles (1 nM) inDMEM supplemented
with 10 % FCS for 30 min (pulse) and 3 h without gold nanoparticles (chase)

Fig. 3 Relative integrated 197Au+ intensity (gray bars) and the relative
number of spots with an intensity>50,000 cps (black bars) of single 3T3
fibroblast cells based on LA-ICP-MS data (see data sets in Fig. 1). The
relative integrated intensity is given as mean value of 10-25 fibroblast

cells for each chase time. The values are normalized to themaximum. The
standard deviation reflects the cell-to-cell variability. The 197Au+ intensity
of 50,000 cps approximates 1,500 gold nanoparticles of 14 nm in size (see
also Figure S6 for the analysis using other threshold values)
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value of 197Au+ intensities>25,000 cps (see ESM Fig. S6),
reflecting different degrees of particle aggregation within the
cells. These data confirm the conclusion drawn from the
intensity mapping that essential processes of particle process-
ing inside the cell, e.g., cellular uptake, aggregation inside the
endosomes, and vesicular transport to the immediate vicinity
of the cell nucleus, occur within the first 3 h after uptake.

In order to verify that the 197Au+ signal can be used for
quantification independent of nanoparticle processing, we
also performed LA-ICP-MS micromapping and line scans
(ESM Fig. S5B) with cells containing gold nanoparticles in
different concentration. To achieve this, fibroblast cells after
continuous incubation with 0.1 nMAu nanoparticles for 3 and
24 h were studied. Figure S5B in the ESM shows an increase
in the 197Au+ signal intensity, indicating a higher gold nano-
particle concentration in the cells due to the longer exposure
time.

Furthermore, we determined the average gold nanoparticle
amount by lysis of 106 fibroblast cells and measurement of
their liquid extract by ICP-MS. For the synchronized cells in
our 30-min pulse-chase experiments, the number of nanopar-
ticles was determined to 22,000 per cell. It is in good agree-
ment with our previous studies using 30-nm-sized gold nano-
particles [31].

Intracellular particle processing as evidenced by SERS data

In parallel to the LA-ICP-MS experiments, samples of the
synchronized fibroblast cells were investigated in Raman
mapping experiments as live cells in buffer solution with the
same pulse-chase regime. The SERS spectra of living cells are
expected to yield qualitative information concerning the com-
position of the immediate nanoparticle environment, that is,
the components from the cell culture medium and the intra-
cellular components adsorbed to the nanoparticle surface,
forming a corona [9, 13]. As observed previously for other
gold nanoparticles in an epithelial cell line, the SERS

enhancement required for the detection of low concentration
biomolecular compounds is related to the formation of nano-
particle aggregates inside the cell, and the spectral fingerprint,
as well as the number of bands and the average intensities at
signal maxima, can vary greatly with chase time [13]. From
the fact that already one nanoparticle aggregate in one probed
volume of a spot in a cell (~50 fL) would be sufficient to
generate a high SERS signal [44] and assuming that at least
one such nanoaggregate must be present in case a SERS
spectrum is observed for a sampled spot, the number of
SERS spectra per cell can serve as an indicator of the amount
of those nanoaggregates that act as SERS substrates. Figure 4
displays the relative number of SERS spectra (normalized to
the maximum) obtained per cell after different chase times.
Per chase time, >1,000 spectra were screened for SERS sig-
nals. The small percentage of SERS spectra in a mapping data
set from a cell (4 % at best) is much lower than for other gold
nanoparticles administered at similar nanoparticle concentra-
tion [9]. This suggests that the amount of nanoparticle aggre-
gates providing sufficient enhancement must be small.

In order to find out whether the amount of SERS-active
aggregates may be determined by the number of nanoparti-
cles, and assuming a higher nanoparticle concentration in the
cells with longer exposure time (ESM Fig. S5B), we also
conducted experiments with the cells exposing them to the
nanoparticles for longer times continuously. Interestingly, the
number of SERS spectra obtained after 3 and 24 h of such
continuous incubation is very similar (see asterisk labels in
Fig. 4 for comparison). This indicates that the SERS enhance-
ment is not only related to the amount of nanoparticles (with a
higher amount probably resulting in more nanoaggregates),
but mainly to aggregate geometry, e.g., interparticle spacing.
The SERS enhancement by the nanoaggregates must be de-
termined mainly by the processing of the endocytosed nano-
particles with respect to the cellular ultrastructure.

Furthermore, experiments with the nanoparticles in the
absence of cells yielded an enhancement on the order of

Fig. 4 Number of SERS spectra
(black bars) and number of
spectra containing at least six
bands (gray bars). The values are
normalized to the maximum
number of spectra with a SERS
signal (of all experiments). The
light gray bars labeled with an
asterisk represent the numbers
obtained in experiments with
continuous nanoparticle exposure
(3 and 24 h) for comparison
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~103, in agreement with former studies of nonaggregated 15-
nm-sized, citrate-stabilized gold nanoparticles [33]. The addi-
tion of sodium chloride, phosphate buffer (ESM Fig. S1) or
non-biological analyte molecules such as crystal violet dye
(ESM Fig. S3) led to an agglomeration of the nanoparticles as
indicated by the absorbance spectra (ESM Fig. S1 and
Fig. S3), and to an increase in the enhancement factor to about
105, several orders of magnitude smaller than found for other
gold nanoaggregates [45].

The number of spectra per cell increases steadily with
increasing chase time up to 24 h after the 30-min gold pulse
(Fig. 4, black bars). This is in accord with the formation of
SERS active aggregates during endosomal maturation,
multivesicular fusion, and effects on nanoparticle stability
due to the harsh environment in the late endosome/lysosome
[14, 15, 46, 47]. After 48 h, the decrease in the number of
SERS spectra, similar to the observations made in the case of
the samples studied by LA-ICP-MS (Fig, 3), can be explained
by a further redistribution of nanoparticles due to cell division
and by exocytosis of nanoparticles [18, 40, 43]. Interestingly,
after a chase time of 15 min, the number of spectra with SERS
signals is slightly higher than at the subsequent two time
points (Fig. 4). This signal is likely to be generated due to
nanoparticles interacting with the cell membrane without tak-
ing part in endocytosis. They take longer than 15 min to
detach from the cell membrane and diffuse into the cell culture
medium with increasing chase time. A similar observation is
made with LA-ICP-MS in the case of the 197Au+ high-
intensity spots (Fig. 3). These findings are also supported by
TEM imaging, suggesting that indeed nanoparticles are in
contact with the cell membrane without actually being taken
up [13].

The SERS spectra provide information about the molecular
composition of the immediate proximity of the gold
nanoaggregates at different chase times. As can be deduced
from the qualitative changes in the spectral fingerprints, the
composition of the endosomal surroundings and the interac-
tion of the nanoaggregates with the biomolecules vary with
chase time. Moreover, the SERS enhancement of the
nanoaggregates changes. Due to the strong localization of
the field and the high field gradients, often only a few bands
from a biomolecule are visible in the spectrum. Therefore, the
number of bands in a SERS spectrum from a femtoliter-sized
volume that is probed in the cell is expected to increase when
there are more nanoaggregates with more regions of high local
fields present. This observation was made in a SERS study
with other nanoparticles and a correlation with nanoaggregate
morphologies in a different cell line [13]. As an example, the
amount of SERS spectra that contain at least six signals
increases with chase time, following the increase in the num-
ber of spectra as such (Fig. 4, gray bars), but equaling more
than half of the total number of SERS spectra only after ~7 h.
At earlier times, the SERS signatures contain fewer bands.

In general, the composition of the biomolecular corona of
gold nanoparticles has been found previously to undergo
several changes [9, 13, 48]. Figure 5, displaying representative
spectra for each time point for the nanoparticles used here,
illustrates the influences of the chase time on the SERS
spectral fingerprints. With increasing chase time, SERS spec-
tral fingerprints become more homogeneous, repeatedly
showing similar signals. Details about the type and frequency
of the occurrence of these bands are provided in ESM
Table S4.

The spectra at all time points are dominated by bands that
can be assigned to vibrational modes of protein side chains.
The variation of their frequency of occurrence (details also in
ESM Table S4) can be explained by the varying protein–gold
nanoaggregates interaction due to the endosomal maturation
process, e.g., the decreasing pH inducing structural changes
and modification by enzymes [49]. For example, the signals
around 500 and 654 cm-1, which can be assigned to the
disulfide bond vibration and a C–S vibration of cysteine [50,
51], respectively, are found very frequently after 3 h chase
time, while signals around 770 cm-1 assigned to the indol
breathing vibration of tryptophan side chains [52, 53],
COOH deformation in cysteine, leucine or phenylalanine
[54], and tyrosine vibrations at 1,138 cm−1 and or at
855 cm−1 [55], respectively, can be observed more frequently
after 5 h chase time (Fig. 5). A further example for structural
changes of the interacting proteins due to changes in the
endosomal microenvironment is the occurrence of other pro-
tein signals at later chase times. Some vibrations assigned to
rocking vibration of NH2 groups or C–N stretching vibrations
~1,070 cm-1 and NH3

+ deformation vibrations at 1,580 cm-1

can only be observed at chase times longer than 4 and 2 h,
respectively (ESM Table S4). The omnipresence of some
spectral patterns, e.g., a band of an S–S stretching vibration
around 460 cm-1 [50, 54] indicates that some components of
the protein corona are adsorbed strongly to the gold nanopar-
ticles throughout the time course of endosomal maturation. So
far, most SERS studies on the biomolecule corona of gold
nanoparticles that have been conducted with larger nanopar-
ticles have indicated signals from nucleotides, proteins, and
lipids [13, 17, 56, 57]. As the spectra obtained with the smaller
nanoparticles here reveal, the nano-bio interaction in the case
of 14-nm-sized gold nanoparticles is dominated by the contact
of the proteins with the gold surface through their side chains.
The processing of nanoparticles in a cell is not random, but
determined by the physicochemical properties, which differ
for different types of nanomaterials, e.g., for nanoparticles of
different size [39, 58, 59]. The pulse-chase experiments con-
ducted here will also help to understand the many different
signals appearing in experiments reported upon continuous
nanoparticle incubation, which usually yield endosomal ves-
icles from many different maturation stages at the same time
[12].
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Relating SERS data to nanoparticle/nanoaggregate
quantification

The combination of the LA-ICP-MS results and the
SERS spectra recorded at the same experimental condi-
tions provides a consolidated view on the nanoparticle
localization, distribution, and nanoaggregate accumula-
tion over time, as well as on molecular changes caused
by endosomal maturation. The central aim of this work is
to find out whether the SERS spectra can be related to
the processing of the nanoparticles by the cell using LA-
ICP-MS micromapping as indicator of the gold nanopar-
ticle amount and aggregation. From experiments outside
cells and theoretical considerations, it is well-known that
the geometry of the nanoparticle aggregates that are
formed is a crucial determinant of the SERS enhance-
ment factors [60, 61]. Significantly increased fields in
nanoparticle dimers and multimers rather than individual
nanoparticles give rise to the SERS spectra obtained
in vivo [13]. From the great difference in the enhance-
ment factors of nanoaggregates and those of individual
gold nanoparticles of the same size range [33] and our
knowledge from ultrastructure investigations [9, 13], we
conclude that those sampling volumes yielding high

intensity SERS spectra (Fig. 5) must contain one or more
nanopar t ic le aggregates ra ther than individual
nanoparticles.

Even though the integrated intensity of the 197Au+ signal in
the LA-ICP-MS experiment is independent of the chase time
due to identical length of the gold incubation pulse in all
samples (Fig. 3), the presence of nanoaggregates in the cell
leads locally to high intensities in 197Au+ detection, as evi-
denced by the distribution (Fig. 1) and number (Fig. 3) of
spots with a threshold signal of >50,000 cps. The 2D LA-ICP-
MS maps (Fig. 1) reveal the accumulation of the gold
nanoaggregates (Fig. 3) in the proximity to the cell nucleus
with increasing chase times. Molecular information from the-
se regions can be obtained by SERS (Fig. 5) with an increase
in the number of spectra per cell (Fig. 4).

Assuming aggregation of the nanoparticles and accumula-
tion of nanoaggregate containing endosomes to exert an in-
fluence on both the SERS and the LA-ICP-MS data, we
compare the number of spots per cell yielding a SERS signal
with those that display an intensity >50,000 cps in the LA-
ICP-MS mapping in Fig. 6 for the different chase times. It
should be noted that the LA-ICP-MS data provide information
about the amount of gold, independently of the number of
individual nanoaggregates, and the amount of SERS spectra is

Fig. 5 SERS spectra (representative examples extracted from mapping
data sets) obtained from synchronized 3T3 fibroblast cells after 30 min
exposure to gold nanoparticles followed by different chase times (15 min

to 48 h) in cell culture medium in absence of nanoparticles. Excitation
wavelength, 785 nm; excitation intensity, 1.9°105 W/cm2; acquisition
time, 1 s
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also independent of the number of “quant ized”
nanoaggregates in a focal volume. Even though the lateral
resolution in both experiments differs only slightly, we refrain
from normalization to probed area due to completely different
sampling mechanisms. However, compared to the size of
nanoparticles, nanoaggregates, and even relatively large
endosomal structures, both spot sizes (1.8 μm2 for SERS
and 10.5 μm2 for LA-ICP-MS) are on the same order of
magnitude. In the following, we mainly discuss the develop-
ment of the spectra/high-intensity spot numbers in the course
of the chase time, and the absolute numbers provided in Fig. 6
for both methods are not to scale.

The evolution of the total numbers of spectra and high-
intensity 197Au+ spots per single fibroblast cell (Fig. 6) display
different trends, with the number of SERS spectra lagging
behind the increase in high-intensity 197Au+ spots. While the
local gold concentration apparently increases with longer
chase times, as indicated by the number of intense spots in
the LA-ICP-MS maps, reaching a maximum after 3 h, the
number of SERS spectra obtained under the same incubation
conditions rises more slowly. It increases gradually and has a
maximum after 24 h, at a time when all gold nanoparticles
must be contained in late endosomes and lysosomes [42, 62].
This behavior can be interpreted by different SERS enhance-
ment factors, which strongly depend on aggregate morpholo-
gy and the interparticle distance. The observation that the local
gold concentration rises faster than the SERS signals suggests
that the many gold nanoparticles in an ablated spot are not
necessarily contained in an aggregate with properties that
enable high SERS enhancement. Provided that a
nanoaggregate possesses a geometry and interparticle spacing
that supports SERS enhancement, typically very few “hot
spots” in such an aggregate can be responsible for the signal
[63, 64]. Specifically at earlier time points, it is possible that
LA-ICP-MS probes multiple vesicles with individual

nanoparticles or multivesicular inclusions, which may not
provide suitable interparticle spacing for SERS. In good
agreement with this conclusion, such structures have been
observed in the TEM data for the 3 h chase time (Fig. 2), also
in accord with observations of gold nanoparticles of slightly
greater size in cells by combined SERS and TEM [13].

From 3 h onward, the number of LA-ICP-MS high-
intensity spots decreases again (Fig. 6, blue bars). This de-
crease reflects a concentration of the gold nanoparticles in
fewer and fewer spots, each of which displays even higher
197Au+ intensity, so that a constant integrated intensity is
maintained (Fig. 3, gray bars). This is also supported by the
data displayed in the maps of Fig. 1e–g. In agreement with the
localized perinuclear accumulation of the gold nanoparticles,
in late endosomes and lysosomes, more aggregates are formed
that provide high SERS enhancement, as is reflected by the
rising number of SERS spectra. After mitosis (Fig. 6, 48 h
chase time), the nanoparticle containing vesicles are divided
up between the daughter cells, and the physiological situation
may lead to reorganization of the endosomal system, e.g.,
when the daughter cell starts to reuse lysosomes [41, 42].

Conclusions

We have discussed here the combination of SERS spectra with
information on gold nanoparticle and nanoaggregate amount
obtained by LA-ICP-MS micromapping during the
endosomal maturation process following a 30-min nanoparti-
cle incubation pulse. The results have relevance regarding two
aspects: (i) the possibility to relate nanomaterial uptake, local-
ization, and processing information to molecular composition
of the nanoparticle corona and (ii) the ability of assessing the
efficiency of gold nanoaggregates as SERS nanoprobes by

Fig. 6 Comparison of the
number of SERS spectra and the
number of high-intensity spots
(>50,000 cps) determined by LA-
ICP-MS per single fibroblast cell.
The number of SERS spectra and
high LA-ICP-MS intensity spots
are given as mean values of 5 and
10-25 fibroblast cells, respective-
ly. The absolute numbers for both
methods are not to scale
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combining information about the SERS characteristics with
spatially resolved nanoaggregate quantification. The SERS
spectra indicate that mainly proteins interact with the gold
nanoparticle surface and that interaction with some functional
groups persists throughout the endosomal maturation process.
As evidenced by the analysis of LA-ICP-MS data, during
processing, the nanoaggregates accumulate in localized,
perinuclear regions of the cells, and reorganization occurs
during mitosis.

As indicated by relatively small numbers of SERS spectra
in spite of many positions with high local gold nanoparticle
concentration for earlier endosomal maturation stage, and
more SERS spectra per cell in the later stage, the cellular
processing must determine nanoaggregate geometry. Data
from TEM provide evidence that, at times when nanoparticle
accumulation is evident from the LA-ICP-MS micro-maps,
large interparticle distances and multivesicular inclusions can
occur and prevent sufficient SERS enhancement from taking
place. The results obtained here will help to evaluate different
types of plasmonic nanostructures regarding their use as
SERS nanoprobes for intracellular applications and
nanotoxicity studies.
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