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Understanding uptake of nanomaterials by cells and their use for intracellular sensing is important for
studying their interaction and toxicology as well as for obtaining new biological insight. Here, we inves-
tigate cellular uptake and intracellular dynamics of gold nanoparticles and demonstrate their use in
reporting chemical information from the endocytotic pathway and cytoplasm. The intracellular gold
nanoparticles serve as probes for surface-enhanced Raman spectroscopy (SERS) allowing for biochemical
characterisation of their local environment. In particular, in this work we compare intracellular SERS
using non-functionalised and functionalised nanoparticles in their ability to segregate different but clo-
sely related cell phenotypes. The results indicate that functionalised gold nanoparticles are more efficient
in distinguishing between different types of cells. Our studies pave the way for understanding the uptake
of gold nanoparticles and their utilisation for SERS to give rise to a greater biochemical understanding in
cell-based therapies.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Stem cells, understanding molecular mechanisms underlying
the development of cancer and neurodegenerative diseases as well
as studying the interactions of pathogens such as viruses and
bacteria with cells are topical areas in molecular biomedical
research. Though fluorescence microscopy is a major tool for cellu-
lar imaging, it has known limitations such as the invasiveness of
the labelling (or staining) process, inability to monitor multiple
molecular targets interactions as well as it suffers from photoble-
aching. Therefore, new imaging techniques and approaches that
can identify molecules and interactions at sub-cellular resolution
are very much required. One of the ways to achieve these objec-
tives is to combine the use of nanoparticle-probes with intracellu-
lar molecular spectroscopy. Gold nanoparticles (AuNPs) can be
used as probes and they have recently attracted a lot of attention
in biomedical research due to their chemically inert nature and
remarkable optical properties. AuNPs have been utilised in many
applications such as biochemical sensing [1], drug and gene deliv-
ery [2,3]. The rich optical properties of AuNPs arise from their abil-
ity to localise surface plasmons. This also enables their use as
transducers for surface-enhanced Raman spectroscopy (SERS).

SERS is a highly sensitive, label-free and non-destructive meth-
od which allows for molecular identification giving it several
advantages over other imaging techniques such as fluorescence,
infrared, UV–visible or NMR [4–7]. In SERS, the otherwise extre-
mely weak Raman scattering signal [8] is enhanced by several or-
ders of magnitude by ensuring that the molecule is in very close
vicinity of nanoparticles or of a nanostructured gold or silver sur-
face [7,9,10]. The SERS spectrum is a vibrational ‘fingerprint’ which
characterises the chemical bonds and symmetry of the molecule.
[4] Recently, nanoparticle-based SERS has been employed in many
biomedical applications from chemical sensing [11–13] to cancer
detection in body fluids and tissues [14–17].

In contrast to conventional methods stated earlier, higher
detection limits in addition to a complete structural characterisa-
tion of the target molecule can be achieved with SERS [18] without
the need for staining or expressing fluorogenic proteins. It has also
been demonstrated that SERS can be applied to living cells in order
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to monitor cellular functions [19], cell response to stress [20] and
apoptosis [21]. SERS has been extensively applied in biomedical
applications often for label-free detection of biomolecules in cells
and tissues [4,22]. AuNPs have been used as intracellular probes
for SERS [23] to monitor release of drugs inside cells [24] as well
as to probe molecules by targeting them to cellular compartments
such as mitochondria, endosomes and the cell nucleus
[11,22,25,26]. The key for utilisation of nanoparticles inside cells
for SERS and other measurements is their mechanism of uptake.
Particle uptake has been achieved using physical methods such
as microinjection [27,28], electroporation [29], sonoporation
[23,30] and gene gun [31]. Further options for involuntary uptake
are the translocation of particles through the plasma membrane
facilitated by cell penetrating peptides (CPPs) [32,33] such as the
trans-activating transcriptional protein derived from viruses [34].

Moreover, AuNPs are known to be taken up by cells voluntarily
whereby their intracellular uptake and distribution depends on
many factors such as particle characteristics, e.g. charge, surface
modification, particle size and shape [35–39] as well as experimen-
tal procedures involving concentration and exposure time [40].
Different cellular mechanisms are involved in particle uptake such
as phagocytosis and pinocytosis. The latter facilitates the uptake
process through small membrane-bound vesicles, called endo-
somes.[41,42] Pinocytosis can involve energy-dependent and
receptor mediated endocytosis which has been shown to be the
dominant internalisation pathway for several cell lines
[36,40,43]. Following internalisation, membrane-bound vesicles
encapsulating the particles mature and eventually fuse with lyso-
somes [41].

Hence, intracellular AuNPs are trapped inside membrane-bound
vesicles of the endocytotic pathway [37]. Escape from these vesicles
can only be achieved by functionalisation of the particle surface
with peptides such as CPP [33,34] and adenoviral receptor-medi-
ated endocytosis peptides [44]. Trapped in endocytotic vesicles,
particles get transported through cells via the common cellular
transport mechanisms: by molecular motors such as myosin,
kinesin and dynein along the intracellular filament network [45].
Studies have revealed various characteristics of these motor pro-
teins in vitro and in vivo with reference to endocytotic organelles
being transported. Friedman and Vale measured the in vivo mobility
of kinesin unattached to a surface using single molecule assays to
be 600–800 nm/s [46–48]. Further studies revealed that average
velocities strongly depend on the size of the attached cargo that
is transported by these motors: a larger size appears to correlate
with slower motions [49]. For example, 30 nm quantum-dots
tagged to kinesin showed an average velocity of 600 nm/s in HeLa
cells [49], whereas 1 lm collagen-coated beads in murine embry-
onic fibroblasts displayed a velocity of �10 nm/s [50] and 3 lm
polystyrene beads in SV80 human fibroblasts showed similar veloc-
ities of 8–30 nm/s [51] suggesting that many factors influence the
transport speed in cells. These factors include variations within
the cell line, the bead size and its surface properties and material
composition, which change the stall force of the motors and steric
hindrance within the cell [50]. Moreover, the velocity of endocy-
totic vesicles such as endosomes in budding yeast and lysosomes
in African green monkey kidney cells was tracked and gave values
of (213 ± 139) nm/s [52] and �410–450 nm/s [53], respectively.

In this work, we probe cellular uptake and dynamics of AuNPs
optically. The particle uptake is studied with non-functionalised
(citrate-capped) AuNPs revealing different trajectories and speeds
which correlate with different transport and diffusion mechanisms
inside cells. Such internalised AuNPs serve as intracellular SERS
probes. We use these nanoparticle-probes taken up through the
endocytotic uptake pathway to report SERS and utilise this
information to evaluate their ability to segregate different cell
phenotypes. Further we also employed AuNPs functionalised with
nuclear localisation signal peptide (NLS) as SERS probes. The
functionalised nanoparticle-probes give much better cellular
phenotype distinction compared to non-functionalised AuNPs. This
work reaffirms the nanoparticle-probe based SERS methodology
for intracellular investigations and for achieving cellular
distinction.

2. Methodology

2.1. Cellular uptake and dynamics of AuNPs inside cells

All experiments were carried out on undifferentiated (UDC) and
differentiated (DC) SH-SY5Y cells, a human neuroblastoma cell
line, cultured and maintained as described elsewhere [26]. Both
cell phenotypes are adherent and display a flat and neuronal mor-
phology. Fluorescence staining with Hoechst 33343 (Invitrogen,
UK) and anti-dopamine antibody (Anti-DA) (mouse, 1/1000, Milli-
pore, UK) were carried out according to staining procedures de-
scribed elsewhere [26,54]. Cells were grown in collagen-coated
glass bottom dishes (MatTek, US) and incubated with citrate-
capped spherical AuNPs (BBinternational, UK) of different diame-
ters (40, 60 and 100 nm) at a concentration of 200,000 particles
per cell independent of particle size illustrated in Fig. 1A. The up-
take of particles is shown for an incubation time of 24 and 48 h
in Fig. 1B–D for 40, 60 and 100 nm particles. Based on these
images, internalisation of particles is visible. We could observe
aggregates of nanoparticles inside cells, which appear as dark
spots. No aggregation of AuNPs is observed in the cell culture med-
ium (see Supporting Information) and therefore we believe that
aggregation is induced inside the endocytotic compartments.
There is no indication that non-functionalised, intracellular AuNPs
are localised outside the endocytotic pathway as also observed
using transmission electron microscopy by Tkachenko et al. [37].
In the images shown in Fig. 1B–D, some nanoparticles can be seen
outside cells. These are immobile aggregates which stick to the
coating of the cell culture dishes.

In order to track and characterise the motion of particles or
intracellular vesicles, they have to be imaged in a time-dependent
way that allows extraction of important biophysical parameters
like speed of the particle and the diffusion constant. This is com-
monly performed by measuring the mean-square displacement
(MSD) of a particle within a given lag time Dt. It is calculated in
two dimensions as follows:

MSDðDtÞ ¼< ðDrðDtÞÞ2 >
¼< ðxðtÞ � xðt þ DtÞÞ2 þ ðyðtÞ � yðt þ DtÞÞ2 > : ð1Þ

The resulting trajectories can be classified into models describ-
ing different types of motions such as anomalous subdiffusion or
confined random walk

MSDðDtÞ ¼ 4DDta ð2Þ

and directed motion as superposition of diffusion and transport

MSDðDtÞ ¼ 4DDt þ ðvDtÞ2: ð3Þ

While based on the Einstein-Stokes relation, the diffusion constant
D for spherical particles subject to Brownian motion in two dimen-
sions can be described as

D ¼ kBT=ð4pgrÞ ð4Þ

where kB is the Boltzmann’s constant, T is the absolute temperature,
r is the particle radius and g is the fluid shear viscosity.

For tracking nanoparticles, bright field images of live cells were
obtained in trans-illumination using a 40� condenser (NA = 0.6)
and a 100� oil immersion (NA = 1.4) objective with a white light
source on a confocal microscope system (Leica, Germany). Images



Fig. 1. Schematic of methodology (A) and images showing cellular uptake of 40 nm (B), 60 nm (C) and 100 nm (D) AuNPs after 48 h of incubation in differentiated SH-SY5Y
cells. (E) The uptake of 40 nm (blue bars) and 60 nm (red bars) AuNPs into differentiated SH-SY5Y cells (n = 20 for each group) was determined by processing optical images.
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were captured using the Leica microscope software, Leica LAS AF
Lite. We recorded time lapse videos of DCs incubated with
100 nm AuNPs for 72 h with 120–180 frames and frame rate of
1 frame/s.

Image analysis was performed using ImageJ software (Rasband,
W.S., ImageJ, US National Institutes of Health, Bethesda, Maryland,
USA, http://imagej.nih.gov/ij/, 1997–2012) [55]. The colour thresh-
old of single images was modified manually to allow accurate rec-
ognition of particles inside cells for later analysis. In order to
estimate cellular particle uptake with relevance to later SERS mea-
surements, the number of nanoparticles was determined by calcu-
lating the surface area of cells occupied by nanoparticles divided
by the surface area A of a single nanoparticle (A = pr2). 20 cells
per sample group were analysed.

In order to characterise the motility of intracellular AuNPs,
nanoparticle tracking was performed by using speckletrackerj, an
additional plugin for ImageJ software (developed by Athena’s
group, Lehigh University, US) [56]. AuNPs were tracked for parti-
cles which appeared as diffraction limited spots or larger.

2.2. SERS studies with intracellular AuNPs

2.2.1. Sample preparation
For AuNP-based SERS on UDCs and DCs, cells were grown on

13 mm, poly-L-lysine (Sigma–Aldrich, UK) coated glass cover slips
(Agar Scientific, UK). As indicated in Fig. 1E, cellular particle uptake
varies with particle size. In order to make the two different particle
sizes comparable, volume equivalence for the particles was chosen.
Hence, 40 nm AuNPs were incubated at 675,000 particles per cell
while 60 nm AuNPs were incubated at a concentration of 200,000
particles per cell in a multi-well plate (see Fig. 1A). Each well
was seeded with approximately 50,000 cells. Previously, we have
shown using UV–visible spectra (also see Supporting Information)
that under these experimental conditions, AuNPs remain dispersed
as a colloid in solution [26] which might be due to the formation of
a protein corona around the NPs in cell culture medium [57]. A
small fraction of AuNPs adhere to the poly-L-lysine coating of the
cell culture dish forming small, immobile aggregates. In order to
increase the cellular nanoparticle uptake, an incubation time of
up to 72 h was used. The cellular uptake efficiency did not pose a
limiting factor for SERS measurements in our experiments. We
have also shown earlier that the cells remain viable under these
incubation conditions and the methodology in this paper is primar-
ily based on our earlier paper [26]. Thereafter, cells were washed
twice in cell culture medium in order to remove particles not taken
up. After washing twice with phosphate buffered saline, cells were
incubated in 4% formaldehyde for 10 min for fixation and after-
wards kept in phosphate buffered saline for SERS measurements.

AuNPs functionalised with the nuclear localisation signal pep-
tide (CGTG-PKKKRKV-GGK-(Flu)peptide sequence, PeptideSynthet-
ics, Fareham, UK) were incubated with UDCs as well as DCs. 375 ll
of 40 nm AuNPs reagent (9 � 1010 particles/ml) or 385 ll of 60 nm
AuNPs reagent (2.6 � 1010 particles/ml, both BBinternational, UK)
were conjugated with NLS in a concentration NLS:AuNP of 100:1
as described earlier [26].

2.2.2. Acquisition, processing and analysis of SERS data
A Renishaw� inVia Raman microscope with a 633 nm laser in

streamline mode and a Leica 100� (NA = 0.85) objective in combi-
nation with Wire3.3 software was used to acquire spectral SERS
data sets of whole cells (one cell per data set). Generated maps
have a pixel size of 600 � 600 nm. The collection time per line of
spectra was 20 s over a spectral range from 400 to 2200 cm�1.
The excitation intensity was approximately 2 � 104 W/cm2.

Spectral data was pre-processed using MATLAB R2010b
employing custom-made procedures for removal of the SERS back-
ground and data set reduction as described earlier [26]. Following
data pre-processing, data analysis was carried out as a combination
of principal component analysis (PCA) and linear discriminant
analysis (LDA) using MATLAB R2010b with IRootLab (https://code.-
google.com/p/irootlab/), a graphical user interface toolbox for
vibrational biospectroscopy data analysis [58,59]. As Martin et al.
have described, PCA is a common technique to classify biological
sample groups [59]. PCA, an unsupervised, multivariate data reduc-
tion technique, has previously been used in context with SERS
imaging [20], e.g. to achieve high diagnostic sensitivity in cancer
detection [16]. Generated SERS spectral maps require a powerful
analysis method to reduce its dimensionality and recognise a
common pattern such as by using PCA. It generates principle com-
ponent (PC) loadings and PC scores from the initial or pre-
processed data. The original data and PC scores are correlated by
the PC loading, which is similar to a correlation coefficient. PC load-
ings identify features (i.e. peak in a SERS spectrum) with highest
importance within the data. Therefore, PC1 loadings plots allow
for characterisation of the spectral variation within the data set.
As PCA describes similar patterns which correlate to the data, these
are not necessarily those which allow for ultimate data set distinc-
tion. Therefore, a method is required which finds differences with-
in data sets. LDA is a supervised method for group classification. It
seeks for n-1 projections of n data sets that allow for complete
separation of those groups. LDA by itself does not facilitate data
reduction. [60] Therefore, a two-stage feature extraction method
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(i.e. PCA-LDA) is required to allow for data reduction and
classification.

In our study, individual, pre-processed data sets (150 single
spectra per data set) were mean-centred and PCA was applied.
Spectral, normalised PC1 loadings plots were used to characterise
and compare sample groups. In order to allow for group classifica-
tion, PCA–LDA was applied on mean-centred, vector-normalised
individual data sets and LD1 scores vs. LD2 scores were plotted
with data point colouration according to cell groups. Further char-
acterisation of LD scores distributions was done using 1D intensity
curves. They were generated employing Kernel density estimation
(bandwidth = 1000) to smooth LD scores histograms (with bin
size = 50) and normalised.
3. Results and discussion

3.1. Size-dependent cellular uptake

Results from cellular uptake of nanoparticles of different sizes
are shown in Fig. 1E for differentiated cells (DCs). We observed
an increment in the number of AuNPs taken up with increased
incubation time from 24 to 48 h independent of particle size.
Fig. 1E indicates an increase of 90% in cellular uptake of 40 nm
and 51% increase for 60 nm AuNPs, during the subsequent 24 h
of incubation. An increase in size of the nanoparticles leads to an
increment in the number of AuNPs taken up which is in accordance
with other studies [30,61–63]. These results reveal that cellular up-
take is dependent on size and incubation time.
3.2. Motility of intracellular AuNPs

Following intracellular uptake through endocytosis, all intracel-
lular nanoparticles are localised in endocytotic vesicles such as
endosomes and lysosomes. These vesicles are known to be trans-
ported through the cell via molecular motors [64]. Usually, bright
field images do not reveal the localisation and motility of endocy-
totic vesicles within a cell due to almost negligible optical contrast
compared to the surrounding cellular structures. As AuNPs used for
our studies are taken up through the endocytotic pathway, they
serve as a ‘stain’ for visualising endocytotic vesicles. Particulates
and aggregates of different sizes are seen inside cells as shown in
Fig. 2A. Tracking their movement (as described in Section 2.1) re-
veals different types of motions which give information about cel-
lular characteristics such as the viscosity/diffusion constant inside
endocytotic vesicles and transport velocity. For understanding this
we employed particle tracking analysis to see the movement of
AuNPs aggregates inside and outside SH-SY5Y cells. Using particle
tracking software as described in Section 2.1, 150 particle aggre-
gates were randomly selected from time-lapse videos of DCs. As
cells were incubated with 100 nm AuNPs for 72 h, endocytotic
vesicles appear to have a round shape and are packed with AuNPs
(Fig. 2A). Particle aggregates used for tracking followed a size
distribution as shown in Fig. 2B with an average radius of
(464 ± 64) nm. The rather larger size of vesicles is advantageous
for tracking its motion as vesicles that were slightly out of focus
were still detectable. Detected tracks refer to the centre point of
the particle aggregates.

The MSD was calculated according to Eq. (1)using MATLAB
R2010b. Fig. 2 shows typical traces and MSD for the four different
motions that were observed. Fig. 2C–F show the displacements in
two dimensions (also see Supporting Information for results plot-
ted with the same x and y-axis scale) and Fig. 2G–J show the appro-
priate MSD vs. Dt plots. It is pointed out that our 2-D analysis
would underestimate the velocities compared to a full (3D) vecto-
rial analysis. However, due to the relatively flat cells (neuronal
cells) used in the study; the z-movement is likely to be minimal.
In any case the general description and analytical principles would
still be valid with our 2-D analysis. The MSD vs. Dt plots allow for
easy categorisation of different motions. Fig. 2C and G show an
example for an isotropic random walk. Fitting Eq. (2)to the MSD
vs. Dt plot in Fig. 2G reveals a diffusion constant, Ddiffusion =
(0.70 ± 0.15) lm2/s of the particle aggregate inside an endocytotic
vesicle within the cytoplasm as well as the time exponent,
a = 1.03 ± 0.06. a = 1 in Eq. (2)implies that this motion corresponds
to Brownian motion of particulates inside cells. An example of a
partially confined random walk is shown in Fig. 2D and H. This mo-
tion is characterised by alternating regions of almost linearly
increasing MSD and plateaus indicating that the movement
changes from random walk to confined motion. An oscillating
MSD over Dt as visible in Fig. 2I is characteristic for an oscillating
motion as confirmed by the track in Fig. 2E. This motion suggests
the adsorption of particles to the membrane inside vesicles as also
described by Jin et al. [65]. Fig. 2F represents a confined motion/
transport of a vesicle within the cell superposing the diffusion of
the vesicle within the cytoplasm. Typical trajectories follow non-
uniform linear motions; their MSD over Dt (Fig. 2J) increases qua-
dratically as described by Eq. (3). Fitting Eq. (3)(red line in Fig. 2H)
reveals an exemplary transport velocity of vtransport = (39 ± 4) nm
and a cytoplasmic diffusion constant during active transport of
Dtransport = (6.6 ± 0.6) � 10�3 lm2/s. The contribution of active
transport is much higher than that of free diffusion which suggests
a binding of the vesicle to the cytoskeletal filament network via
molecular motors. Values for the diffusion constant and the vesicle
velocity are in agreement with results from Levi et al. [50] and Cas-
pi et al. [51].

Generally, the track of one particle shows intervals of different
types of motions impeding a clear distinction between them. Just a
few tracks exclusively show only linear motion or active transport.
To translate findings from Fig. 2J to an average transport velocity,
motion tracks (n = 23) showing active transport have been chosen
as summarised in the MSD-Dt log–log plot in Fig. 3A. The running
average of MSD was calculated according to Eq. (1), followed by
calculating the diffusion constant D = MSD/(4Dt), where Dt was
chosen to be smaller than a quarter of the total number of data
points [50]. This common methodology is based on the unbiased
assumption that the dominant motion (active transport over diffu-
sion) contributes the most to the overall motion of the particle. The
histogram of –logD is presented in Fig. 3B showing a double peak
Gaussian distribution. A multi peak fit (red line) reveals the peak
positions as 0.20 ± 0.03 and 1.92 ± 0.05 equivalent to diffusion con-
stants of D1 = 0.6 � 10�1 lm2/s and D2 = 10�2 lm2/s, respectively.
The smaller distribution around D1 corresponds to the diffusion
constant of AuNP aggregates themselves inside endocytotic vesi-
cles in the cytoplasm. The second, much higher distribution around
D2 corresponds to the diffusion constant of AuNP aggregates inside
endocytotic vesicles while actively transported by molecular
motors attached to the filament network of the cytoskeleton. This
explains why D1 is larger than D2. This double distribution is indic-
ative of the diffusion constant for active transport as well as for dif-
fusion inside the intracellular environment and has been described
before in particle tracking experiments with quantum dot-conju-
gated prion proteins inside yeast cells by Tsuji et al. [66]. Further-
more, Fig. 3C summarises the velocity distribution of active
transport, showing a dominant peak at (36 ± 2) nm/s followed by
two minor peaks at (182 ± 24) nm/s and at (251 ± 39) nm/s deter-
mined by local Gaussian fits (data not shown). This indicates that
active transport with a velocity of �30–40 nm/s is the dominant
process, but faster motions could also be observed with values
comparable to velocities of endocytic traffic observed by Toshima
et al. [52]. Aggregates of AuNPs as tracked in our study show a
higher density and average sizes that are in excess compared to
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Fig. 2. (A) The bright field image shows intracellular nanoparticle aggregates after 72 h of incubation. Those aggregates used for motility tracking showed an average radius of
(464 ± 64) nm (B). Tracking analysis revealed different types of motions, where (C–F) show the trajectories and (G–J) the corresponding MSD vs. Dt plots. The following
motions are examples of motions commonly observed: random walk of particle aggregate inside vesicle (C, G), partially confined random walk (D, H), oscillation of particles
due to confinement to membranes (E, I), transport process/confined motion (F, J). Red lines (G, J) are fittings to the MSD plots revealing the diffusion constant inside vesicles to
be Ddiffusion = (0.70 ± 0.15) lm2/s (G) and the typical transport velocity vtransport = (39 ± 4) nm/s (J). Plots in C–F have different scales to highlight the particle trajectories. For
plots with a uniform x-scale see Fig. S2 in the supporting information.
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those used in other studies [46–49]. This can result in increased
steric hindrance during active transport in addition to an increased
load ratio on the molecular motors that ultimately causes their
motion to be slowed down as been shown by Coppin et al. [67].
They observed the slow-down and final stall of kinesin motors un-
der opposing loads of 5 pN together with dissociating of kinesin
motors from microtubules.

In order to actively move aggregates of AuNPs through a med-
ium/cell, the pulling force has to exceed the drag force F = 6pgrv
(r is the radius of the spherical particle and v its velocity, g is the
dynamic viscosity) under the idealised assumption of hydrody-
namic regime for the friction and under idealised geometries. Eq.
(4)connects the diffusion D with the viscosity g resulting in the re-
quired drag force F = vkBT/D with kB is the Boltzmann’s constant
and T the temperature. Using our experimental results vtransport

and Dtransport of active transport as calculated in Fig. 2J reveals a re-
quired drag force of 0.1 pN. As estimated under idealised condi-
tions, the required drag force for actively transported AuNP
aggregates with a size of �1 lm might under real conditions even-
tually reach the range of described stall forces connected with a
slow-down of transport motions as observed by Coppin et al. [67].

Following the tracking of AuNPs inside and outside cells, the
motility of actively transported particles was characterised further
(Fig. 3A–C). Trajectories of all 150 tracked AuNP aggregates are
summarised in a –logD plot in Fig. 3D. Multiple Gaussian peaks
were fitted to the distribution which reveal a shoulder at
�0.46 ± 0.10 as well as peaks at 0.48 ± 0.03 and 1.70 ± 0.07 corre-
sponding to D values of �10�1, �10�1 and �10�2 lm2/s, respec-
tively. These diffusion constants represent different conditions.
The first D value represents AuNP aggregates diffusing outside
the cell indicated by the high diffusion constant. This has been de-
scribed in particle tracking experiments in biological buffers in
other studies before [66]. The latter values are related to active
transport corresponding to diffusion inside endocytotic vesicles
and active transport whilst being attached to molecular motors.
Furthermore, we observed outliers for 3 < �logD < 4 corresponding
to D = 10�4–10�3 lm2/s. Such a low diffusion constants are charac-
teristic to oscillating motions (Fig. 2E and I) corresponding to par-
ticles being confined to membranes.

In summary, particle tracking used for studying the motility of
particle aggregates helped in understanding the location (inside or
outside cell using diffusion coefficient) and behaviour (e.g. aggre-
gation inside intracellular, endocytotic vesicles) of intracellular
AuNPs. Knowing these characteristics in combination with quanti-
tative estimations of particle uptake (as investigated in Section 3.1)
demonstrate that AuNPs are suitable intracellular probes for



0 20 40

10
-2

10
0

10
2

Δt (s)

<(
Δr

( Δ
t))

2 > 
( μ

m
2 )

0 500
0

100

200

300

400

Velocity (nm/s)

C
ou

nt
s

0 2 4
0

100

200

300

-log(D)

C
ou

nt
s

0 2 4
0

500

1000

1500

-log(D)

C
ou

nt
s

C

A B

D

Fig. 3. Particle aggregates following linear tracks (n = 23) were chosen and MSD vs.
Dt (A), �logD histogram (B) as well as the velocity distribution (C) are plotted. 150
vesicles were tracked over time intervals between 40 and 180 s. MSD was
calculated for Dt = 10 s for each track shown in a �logD histogram (C) with
multiple Gaussian peaks (red line) fitted to the distribution with a shoulder at
(�0.46 ± 0.10), peaking at (0.48 ± 0.03) and (1.70 ± 0.07) as well as outlier for
3 < �logD < 4. They represent the diffusivity of particles free in the cell culture
medium (D = 100–10�1 lm2/s), diffusivity inside cellular organelles of the endocy-
totic pathway (D = 10�1 lm2/s), diffusivity during active transport (D = 10�2 lm2/s),
as well as oscillating motion (D = 10�4–10�3 lm2/s).

A. Huefner et al. / Methods 68 (2014) 354–363 359
techniques taking advantage of particle uptake. SERS exploits these
properties ideally as it uses intracellular aggregates of AuNPs as
nanoantennas to report their local chemical environment. Our re-
sults exploiting the natural uptake of AuNPs to act as intracellular
SERS probes are detailed below.
3.3. Cellular imaging using SERS

While incubation of cells with AuNPs, particles are gradually ta-
ken up through the endocytotic pathway inside the cell. Intracellu-
lar AuNPs are likely to form aggregates inside of endosomes/
lysosomes. Exemplarily this is shown for an undifferentiated cell
(UDC) incubated with 40 nm AuNPs for 72 h in Fig. 4A. While AuNP
aggregates of different sizes are distributed all over the cell the
nuclear region, highlighted by a white ellipse, is clearly omitted.
Intense SERS signals could only be achieved from those areas
showing aggregates.

Raman scanning measurements gave a spectrum for every pixel
interrogated within the field of interest, usually, in our case, a sin-
gle cell. The intensity of single peaks or peak regions, assigned to a
particular molecular vibration(s), within the field of interest can be
used to generate pseudo-colour maps representing their distribu-
tion within the sample. This allows for tracking several different
molecules, i.e. proteins or lipids, located in the close vicinity of
our ‘nanoparticle-probes’ after a single scan of the sample without
the need for molecule-specific stains and/or markers. This makes
SERS hugely advantageous over other molecular imaging tech-
niques. Fig. 4B–C shows the molecular distribution of proteins
(Fig. 4B) and lipids (Fig. 4C) of the sample cell shown in Fig. 4A.
Characteristic peptide and protein bands in SERS are amide I
(1600–1700 cm�1) and amide III (1200–1400 cm�1) bands. Fur-
thermore, lipids show characteristic SERS peaks at 1116 (C–C
stretch), 1260 (C–H stretch), 1300 (C–H2 twist) and 1440 cm�1

(C–H2 bend). [68] Exemplary SERS spectra from the maps gener-
ated in Fig. 4B–C are presented in Fig. 4D showing some of the
mentioned protein and lipid peaks. Its high molecular resolution
makes SERS a suitable method for sensing biomolecular changes.
In this context, we demonstrate that intracellular nanoparticles-
based SERS allows the distinction of closely related cell (pheno)-
types which differ in their biochemical makeup.

3.4. Intracellular SERS imaging with non-functionalised AuNPs

The use of optical and fluorescence microscopy has led to many
developments in identification of cellular structures. However, due
to the lack of chemical distinction ability, non-invasive and label-
free classification of closely related cell phenotypes remains one
of the big challenges. We first employed bare 40 nm AuNPs volun-
tarily internalised by cells through the endocytotic pathway as
intracellular SERS nanosensors in UDCs (n = 12) and DCs (n = 26);
closely related neuronal cells showing similar morphologies [69].
These citrate capped (non-functionalised) nanoparticle-probes
(also see Sections 3.1 and 3.2) are taken up entirely through the
endocytotic pathway. Hence, these SERS nanoparticle-probes
should sense the ingredients of this cellular ‘digestive system’ of
the cell.

Single cell SERS maps were acquired from cells of each cell
group (UDCs and DCs), data sets pre-processed (see Section 2.2.2)
and PCA was performed. In Fig. 4E resulting PC1 loadings for all
UDCs (red lines, middle) and DCs (blue lines, top) as well as their
average loadings (bottom) are shown. Comparing PC1 loadings of
both cell groups, small differences between the cell group average
loadings can be seen in the range of 1100–1750 cm�1. In order to
evaluate if these differences between the average loadings are
caused by general divergence within samples of the same group
or between the cell groups, corresponding standard deviations
(STD) within all PC1 loadings of each cell group (top spectrum in
Fig. 4F) as well as the difference spectrum of the average PC1 load-
ings of UDCs and DCs (bottom) are given in Fig. 4F. The STD of sin-
gle PC1 loadings between 1100 and 1750 cm�1 partly show values
above 5%. In particular, between 1100–1200 cm�1 (STD of 8%) and
within the amide I band (i.e. 1300–1380 cm�1, 1470–1510 cm�1

and 1675–1710 cm�1) the STD increases up to 12%. Therefore,
the difference spectrum in Fig. 4F (bottom) rather appears to be
subject to the variance of data sets within one cell group than
the variance within the both cell groups. In this case PCA by itself
did not allow for cell group segregation, hence, PCA–LDA was ap-
plied and the resulting LD1 vs. LD2 scores 2D scatter plot is shown
in Fig. 4G. Corresponding 1D intensity plots (see Section 2.2.2) of
the LD1 and LD2 score distributions are shown alongside for UDCs
(red) and DCs (blue). As expected from PCA results, the scatter plot
shows a significant overlap between both cell groups. Only the 1D
intensity curves reveal more detailed characteristics of the data
point distribution. For UDCs, the LD1 scores intensity distribution
is Gaussian and peaks at �0.12. The LD1 scores distribution of
DCs peaks at 0.09 and has a shoulder at around �0.04. LD2 scores
distributions are Gaussian peaking at 0.22 and �0.4 for UDCs and
DCs, respectively. These results in combination with the PC1 load-
ings confirm great similarities between the cell groups. In particu-
lar, the distribution of LD2 scores of both cell groups are very close
together. Also, LD1 scores of UDCs overlap broadly with those of
DCs for values <0. Nevertheless, PCA–LDA revealed that slight dif-
ferences are also present. The LD1 scores double-peak distribution
of DCs has one peak/shoulder completely overlapping with UDCs,
but also shows a peak separated from the other cell group, indicat-
ing that some molecular features are only present in DCs. Cellular
differentiation in SH-SY5Y cells was induced using staurosporine,
an inhibitor of various protein kineases [70,71]. Staurosporine ini-
tially causes a change of the cellular metabolism as observed by
Deshmukh and Johnson [72] even though exact mechanisms in-
volved are not known yet [70,71]. These metabolic changes on
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Fig. 4. (A) Bright field image of a UDC after 72 h of incubation with 40 nm AuNPs showing many intracellular particle aggregates outside the cell nucleus as highlighted with a
white ellipse (scale bar: 10 lm). Corresponding SERS maps (B–C) revealing the intracellular distribution of proteins ((B) green: C–C/C–N stretch, yellow: C–H deformation,
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background subtracted spectra (D) from different intracellular positions exemplary illustrate the molecular variance recorded by our ‘nanoantennas’ inside cells. (E–F)
Principal component loadings of single cell SERS data sets from UDCs (red) and DCs (blue) incubated with non-functionalised 40 nm AuNPs for up to 72 h. Single cell PC1
loadings (E) as well as cell group average (bottom, (E)), standard deviation (top, (F)) and the difference spectrum of the cell group averages of UDCs and DCs (bottom, (F)) show
that differences in the average PC1 loadings of cell groups are rather caused by divergences within the cell group. (G) PCA–LDA revealing LD1 vs. LD2 scatter plot with
corresponding 1D intensity plots alongside. Even though LD scores show overlap between the cell groups, the LD1 scores intensity curve of UDCs (red) and DCs (blue) shows
clear distinction due to its shape.
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the one hand drive the differentiation process [73,74] and on the
other hand cause shifts between cellular glycolysis and oxidative
phosphorylation due to modified cellular metabolite level and re-
dox state [75]. These intracellular developments might cause the
cellular uptake needs of the cell to change slightly which we were
able to detect using AuNP-based SERS of endocytotic vesicles.
However, the induced metabolic changes are subtle. Thus although
with the non-functionalised probes SERS active AuNPs inside the
‘digestive’ endocytotic pathway some differences are identified
corresponding to metabolic changes induced by differentiation
but distinction of the two cell types was only achieved using the
powerful, two-step analysis method of PCA–LDA. PCA alone did
not allow for cell group distinction.

3.5. Functionalised SERS nanoparticle-probes

Functionalised nanoparticle-probes have been used to target
intracellular molecules [76], structures [77] and organelles such
as the mitochondria [78], cytoplasm [34] and the cell nucleus
[34,44,79]. One of the challenges with this approach is to enable
the escape of nanoparticles from endocytotic vesicles [30,77].
Studies have shown that nanoparticle functionalisation achieves
cytoplasmic localisation of the cargo using target proteins and pep-
tides such as the cell penetrating peptides (CPPs) [80], SV40 large T
antigen [81], HIV-1 Tat peptide [34] as well as adenoviral NLS [44].
Some of these proteins also show nuclear localisation although the
majority of internalised particles are still found in endosomes and
the cytoplasm [44]. We have used the SV-40 large T nuclear local-
isation signal bound to 40 nm AuNPs for their successful transloca-
tion into the cell nucleus although most of them localise into the
cytoplasm as well as endosomes/lysosomes [26]. NLS functional-
ised AuNPs (NLS-AuNPs) localise into the cytoplasm by escaping
the endocytotic pathway and can also translocate into the nucleus
as shown in our previous work [26]. Exemplar images of an
undifferentiated cell incubated with NLS-AuNPs for 72 h are shown
in Fig. 5A–C.

In the current work we mainly focussed on AuNPs outside the
nucleus. The SERS spectra of UDCs (n = 16) and DCs (n = 11) incu-
bated with NLS-AuNPs for 72 h were characterised using PCA as
well as PCA–LDA with regards to their cellular segregation ability
as shown in Fig. 5. Single cell PC1 loadings of UDCs (red, top) and
DCs (blue, middle) as well as cell group averages (bold blue and
red line, bottom) are presented in the top plot in Fig. 5D. PC1 load-
ings of DCs show a very small divergence. UDCs show a greater
divergence, in particular between 1200 and 1600 cm�1 indicating
a variation in the amide III band (1200–1400 cm�1) assigned to
proteins. Nevertheless, average PC1 loadings show very distinct
shapes allowing for clear cell group segregation. The difference
spectrum (black line) in the bottom plot of Fig. 5D reveals shifts
in the protein rich regions around 1100–1200 cm�1 (peaks at
1160 cm�1 and 1178 cm�1 for DCs and UDCs, respectively) and
1500–1700 cm�1 (peaks at 1575 cm�1 and 1585/1605 cm�1 for
DCs and UDCs, respectively). Also, there is a change in intensity ra-
tios between various peaks in the PC1 average loadings. Mentioned
peaks are assigned to the C–N stretching and the C–H bending in
the amino acids tyrosine and phenylalanine [11,82]. DCs are com-
monly used as a model of dopaminergic neurons for Parkinson’s
Disease research [69]. Dopamine beta hydroxylase, an enzyme in-
volved into the synthesis of the neurotransmitters dopamine and
norepinephrine, has been shown to be present in DCs [83]. Amino
acid peaks found in DCs are also present in spectra of dopamine
and norepinephrine [84] suggesting the presence of these neuro-
transmitters in DCs and their contribution to SERS spectra. To con-
firm the validity of this hypothesis, UDCs and DCs were
fluorescently immuno-stained for dopamine and the results are
shown in Fig. 6. Besides nuclear staining (Fig. 6A and D), fluores-
cence images for dopamine (Fig. 6B and E) and merged images
(Fig. 6C and D) show the presence of dopamine in some DCs
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(Fig. 6D–F) in contrast to UDCs (Fig. 6A–C). Overall these differ-
ences reflect in the PC1 loadings (Fig. 5D) and allow for distinct cell
group segregation.

Further, however, we performed LDA on the PCA results. These
are shown in the LD1 vs. LD2 scatter plot and corresponding
average 1D intensity curves in Fig. 5E (see Supporting Information
for single cell 1D intensity curves of UDCs and DCs). DCs show a
double peak distribution for LD1 and LD2 scores peaking at
�0.26/0.44 and �0.09/0.09, respectively. For UDCs, LD1 and LD2
scores show an almost Gaussian-shaped curve with slight negative
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skew for LD1 and slight positive skew for LD2. They peak at �0.40
and 0.05 for LD1 and LD2 scores, respectively. Functionalisation of
AuNPs results in a smaller overlap of LD1/LD2 scores of both cell
groups. Negative LD1 scores of DCs overlap with UDCs suggesting
the common molecular features of these cell groups. However,
the majority of the data points of the LD1 scores of DCs reveal po-
sitive values and are free of overlap with UDCs demonstrating the
presence of significant, molecular dissimilarities. Therefore, LD1
scores allow for complete cell group classification.

Comparing these results to intracellular SERS of non-functional-
ised AuNPs, an enormous improvement in group classification was
achieved by considering spectra from the cytoplasm in addition to
those from endosomes/lysosomes. Not only a very clear segrega-
tion could be accomplished using PCA–LDA but also potential
intracellular changes induced by cell differentiation were visual-
ised using PC1 loadings with functionalised AuNPs.

4. Conclusion

In this study, we have investigated the uptake of AuNPs and
their use as suitable nanoparticle-sensors for intracellular SERS
imaging. Taken up and after being processed through the endocy-
totic pathways (endosomes/lysosomes), their motility within this
pathway was investigated using particle tracking and revealed
the intracellular diffusion coefficients as well as characteristic
transport velocities of endocytotic vesicles. Understanding NP up-
take is of great relevance to intracellular SERS and allows probing
the ‘digestive’ system of the cell. Insight into metabolic and intra-
cellular dissimilarities of different cell (pheno)types was gained by
studying SERS signals from the cytoplasm and the endocytotic ves-
icles. Intracellular SERS allowed for segregation of closely related
cell phenotypes using a combination of principle component and
linear discriminant analysis although functionalised AuNPs were
found to be better than non-functionalised AuNPs. In comparison
to UDCs, DCs showed a significant presence of specific amino acids
involved in the synthesis of neurotransmitters such as dopamine
and norepheneprine suggesting dopamine beta hydroxylase activ-
ity. Furthermore, PC loadings as well as PCA–LDA allowed for clear
phenotype distinction. This work therefore highlights that AuNPs
based SERS imaging could be of great importance for biomedical
research involving molecular characterisation and intracellular
imaging of different cell types.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ymeth.2014.02.
006.
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