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5 Uptake of gold
nanoparticles in living
cells

Understanding the mechanism underlying the interactions between
inorganic nanostructures and biological systems is crucial for sev-
eral rapidly growing fields that rely on nano-bio interactions. In
particular, the further development of cell-targeted drug delivery us-
ing metallic nanoparticles (NP) requires new tools for understanding
the mechanisms triggered by the contact of NPs with membranes in
different cells at the sub-cellular level. Here we present a novel con-
cept of multi-modal microscopy, enabling three-dimensional imaging
of the distribution of gold NPs in living, unlabeled cells. Our ap-
proach combines Multi-photon Induced Luminescence (MIL) with
Coherent Anti-Stokes Raman Scattering (CARS) microscopy. Com-
parison with transmission electron microscopy (TEM) reveals in vivo
sensitivity down to the single nanostructure. By monitoring the in-
corporation of NPs in healthy human epidermal keratinocytes and
Squamous Carcinoma Cells (SCC), we address the feasibility of non-
invasive delivery of NPs for therapeutic purposes. While neutralizing
PEG-coating was confirmed to prevent NP integration in SCCs, an
unexpectedly efficient integration of NPs into keratinocytes was ob-
served. These results, independently validated using TEM, demon-
strate the need for advanced surface modification protocols to obtain
tumor selectivity for NP delivery. The CARS/MIL microscopy plat-
form presented here is thus a promising tool for non-invasive study
of the interaction between NPs and cells.

5.1 Introduction

Gold nanoparticles (AuNPs) have recently emerged as a compelling alternative
for cell-targeted therapeutic delivery [81] and diagnosis [104]. In contrast to
polymer and liposome-based vehicles, AuNPs can inherently be tracked using
microscopy techniques without the involvement of bulky reporter molecules.
Contrary to fluorophores, they emit a stable and intense optical photolumi-
nescence signal without photo-bleaching or blinking effects. Moreover, the
photoluminescence can be significantly enhanced through the coupling to lo-
calized surface plasmon modes of the AuNPs [65]. In addition, AuNPs are
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58 Uptake of gold nanoparticles in living cells 5.1

biologically non-toxic [38], as opposed to e.g. carbon nanotubes [42] and quan-
tum dots [94], which generally contain heavy metals. The near atomic-scale
specificity with which AuNPs can be manufactured enables fine-tuning of their
size and shape [32] for efficient integration into cells, further supported by
tailored surface properties by attaching antibodies, peptides, oligonucleotides,
oligosaccharides, and lipids [33, 85, 116, 122, 133, 157, 167, 183, 203]. By further
functionalizing these constructs with enzymes [82], drugs, and transcription-
regulating biomolecules (for recent reviews, see [81, 86]), AuNPs can serve as
vehicles for cell-specific therapeutics, with the advantages of highly localized
and controlled release of the active component along with reduced systemic
dosing. Within this context, special attention has been given to selective tar-
geting of tumor cells [55,61,63] and functionalization of AuNPs with anti-cancer
drugs [2, 6, 22,27,84,154,158] for cancer treatment.

These application-oriented studies imply that functionalized AuNPs will en-
able important contributions to modern health care. In order to exploit the
full potential of AuNPs, extensive efforts are now being invested to establish a
fundamental understanding of the general mechanisms behind their transmem-
brane transport, cytoplasmic trafficking and intracellular processing. Present
knowledge relies primarily on observations made by Transmission Electron Mi-
croscopy (TEM), frequently supported by Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) [32]. While the latter technique provides the
average AuNP population uptake at a given time without information on the
intracellular localization, TEM has the ability to resolve both AuNPs and cellu-
lar features in the nanometer range. Although TEM therefore has contributed
significantly to our understanding of AuNP-cell interaction, some significant
limitations may be noted: the sample preparation procedure involving cell fixa-
tion, metal deposition, resin embedding and slicing of the cell is time-consuming
and highly invasive, and has been previously associated with potential arte-
facts [180]. In addition, TEM measurements are performed on thin subsections
of the cell (typically 80 nm in thickness), granting the technique high axial
resolution with the downside that a study of the entire volume of a single cell
requires the measurement of a large number of subsections.

An alternative strategy is to use optical microscopy. By coupling a fluores-
cent reporter molecule to the NPs, their uptake in living cells has been followed
by fluorescence [189] and Raman [171] microscopy. However, some drawbacks
of this approach may be noted: firstly, considering the decisive role of NP sur-
face chemistry for the interaction process, it is not completely evident that the
marker is not affecting the uptake process. Secondly, the risk exists that the
reporter molecules decouple from the NPs throughout the integration process,
and that an erroneous picture of the incorporation is obtained. In addition,
long-term studies are not possible since fluorophores bleach, get quenched and
induce phototoxic reactions.

In the light of these considerations, label-free imaging utilizing the intrin-
sic optical properties of AuNPs appears as an attractive alternative. For in-
stance, their strong light diffraction renders AuNPs visible in dark-field mi-
croscopy [44,208], though merely as a two-dimensional projection and unrelated
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5.2 Uptake of gold nanoparticles in living cells 59

to the cell morphology since no contrast is given by the low-diffractive cellular
features. Thus, no true nanobio correlation can here be achieved. AuNPs are
also intrinsically photoluminescent upon laser irradiation [209], though in gen-
eral too weak for live cell imaging. By instead exciting the AuNPs through a
multiphoton process using NIR light, the photoluminescence efficiency is signif-
icantly enhanced for particles in a broad dimensional range due to the coupling
to the localized surface plasmon modes [8, 69]. Multi-photon Induced Lumi-
nescence (MIL) has indeed successfully been exploited for the visualization of
gold nanorods in A431 skin cancer cells [60], generating a signal more than 4000
times brighter than that from intrinsic fluorophores, and of gold nanoparticles in
endothelial cells [58]. However, again only the AuNPs were visualized, without
being related to the biological context and limited to subsections of the cells.
Incidentally, the laser sources required for exciting MIL are similar to the ones
used in CARS, whose capabilities for the label-free visualization of live cells [76]
have been previously discussed in this thesis.

By combining MIL and CARS, we are able to visualize the full three-
dimensional distribution of AuNPs simultaneously within their cellular environ-
ment without any labelling. With the use of the NIR laser light used to generate
CARS, the multi-photon luminescence process is simultaneously induced in the
AuNPs, forming corresponding three-dimensional images of their distribution
which can be colocalized with the lipid-rich cell membranes and organelles vi-
sualized in the CARS volume images. The combination of MIL and CARS is in
principle a suitable mean for the visualization in cells of other plasmonic parti-
cles that exhibit large luminescence response, e.g. silver nanoparticles [111].

As a first important application, we study the integration and distribution
of polyethylene glycol (PEG)-coated AuNPs in human Squamous Carcinoma
Cells (SCC) (A431 skin cancer cell line) and healthy keratinocytes in order to
address the feasibility of transdermal delivery of AuNP therapeutic and diag-
nostic agents in particular for cancer treatment, as only limited studies entail
a comparison between tumor cells and normal cells. The observations reported
here were confirmed with high-resolution TEM.

5.2 Materials and methods

5.2.1 Preparation of AuNPs

60-nm colloidal gold particles (BB International, Cardiff, UK) were coated with
a monolayer of thiol-conjugated PEG, SH-PEG (MW 5000 g mol−1, Sigma, St.
Louis, MO), known to reduce nonspecific cell integration and to prevent AuNP
aggregation. The commercial colloidal solution of AuNPs was centrifuged and
the supernatant was removed. An aliquot of 1 ml of 0.15 µg/mL SH-PEG
dissolved in Milli-Q water was added to the particle pellet and left to incubate
over night for monolayer formation. After incubation, the colloidal solution
was centrifuged and the supernatant was removed and replaced with ∼ 1 ml
fresh Milli-Q water. The extinction coefficient of the PEG-coated AuNPs was
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Figure 5.1. Absorption (filled line) and emission (dashed) spectra of a water solu-
tion of PEG-coated, 60 nm-sized AuNPs. While the maximum can be found at 560
nm, the light absorption is still significant in the multiphoton excitation region. The
multiphoton induced photoluminescence emitted following excitation at 817 nm (grey
arrow) shows a broad spectral character. The grey areas indicate the spectral regions
used for MIL detection.

measured in a Cary 5000 UV-VIS spectrophotometer. The absorption maximum
was centered at approximately 555 nm, with a full width at half maximum
(FWHM) of ∼ 100 nm (Fig. 5.1). The corresponding emission spectrum, excited
by the OPO output at 817 nm, was measured by a fiber-based spectrometer
(AvaSpec 2048, Avantes, Eerbeek, The Netherlands) coupled to the microscope,
resulting in a broad photoluminescence continuum ranging between 500 and 760
nm (Fig. 5.1), spectrally limited by collection optics and filters.

5.2.2 Cells preparation

Normal human epidermal keratinocytes (HEKs, Cascade Biologics, Portland,
OR) were maintained in phenol red-free EpiLife keratinocyte medium (Cas-
cade Biologics, Portland, OR) supplemented with 60 /muM CaCl2, gen-
tamicin/amphotericin and 1% (v/v) human keratinocyte growth supplement
(HKGS; Cascade Biologics) at 37oC and in a 5% CO2 incubator. Final con-
centrations of the components in the supplemented medium were: bovine pitu-
itary extract, 0.2% v/v; bovine insulin, 5 mg/mL; hydrocortisone, 0.18 mg/mL;
bovine transferrin, 5 mg/mL; human epidermal growth factor, 0.2 ng/mL; gen-
tamicin, 10 µg/mL and amphotericin B, 0.25 µg/mL. The keratinocytes were
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used for experiments in the fifth or sixth passage. Human squamous carcinoma
cells (A431, HPA cultures, Salisbury, UK) were maintained in phenol red-free
Eagless Minimum Essential Medium (EMEM, Invitrogen, Pailsey, UK), sup-
plemented with 10% fetal bovine serum, 2 mM glutamine EMEM, 1% Non-
Essential Amino Acids (NEAA) at 37oC and in a 5% CO2 incubator. Both
cell lines were seeded on 35 mm diameter glass bottom dishes (P35G-1.5-14-
C; MatTek, Ashland, MA, USA) at a density of 1 x 103 cells/cm2. After three
days, cells were incubated in growth medium with 10% (v/v) solution containing
PEG-coated 60 nm gold nanoparticles (2.6×1010 particles/ml, corresponding to
43.1 pM) for 2, 6, and 10 hours, respectively. For the CARS/MIL microscopy,
the incubation medium was removed, after which the cell layer was washed two
times with 1 mL HEPES imaging buffer (140 mM NaCl, 20 mM HEPES, 5 mM
KCl, 1mM MgCl2, 0.06 mM CaCl2, 10 mM D-Glucose) and then immersed in
2 mL imaging buffer. For TEM, the incubation medium was instead replaced
overnight with a mixture of 2% paraformaldehyde, 2.5% glutaraldehyde, and
0.02% sodium azide in 0.05 M sodium cacodylate buffer, pH 7.2. Postfixation
was performed for 2 h at 4oC with 1% osmium tetroxide and 1% potassium
ferrocyanate in 0.1 M cacodylate. After rinsing, the specimens were treated for
1 h with 0.5% uranyl acetate in water. Dehydration was performed in a graded
series of ethanol followed by acetone and epoxy resin (Agar 100; Agar Scientific,
Stansted, UK) infiltration. The plastic was cured by heat. After removal of the
embedded cultures from the culture dishes, ultrathin sectioning was performed
with a Leica EM UC7 ultramicrotome (Leica Microsystems, Vienna, Austria),
parallel with and perpendicular to the culture surface. Diamond knives were
used at a section thickness setting of 60 nm.

5.2.3 MIL microscopy

MIL microscopy is implemented on the setup used for CARS experiments de-
scribed in part 3.1 of this thesis. In the same experimental configuration, i.e.
on the same sample, in the same region within the sample, the MIL signal from
the AuNPs was obtained by single-beam excitation using the OPO output (817
nm). In these experiments, the 1064 nm beam was blocked in order to exclude
any contributions from CARS-generating objects. Following multi-photon ab-
sorption, the AuNPs emitted a photoluminescence detected in epi geometry (see
Fig. 3.1 (B) ). Its broadband character in the wavelength region characteristic
for 60 nm sized AuNPs was ascertained by a dual-channel detection arrange-
ment, consisting of two sets of bandpass filters (535/25 nm and 650/50 nm,
Chroma Technologies, USA), each in front of a single-photon counting PMT
connected to the SPCM-unit. By time-gating, the impact of autofluorescence
from the biological environment on the instantaneous photoluminescence could
be minimized. Three-dimensional imaging was achieved by scanning a sequence
of horizontal planes at different vertical positions by translating the objective
with a motorized stage. Rapidly switching between CARS and MIL microscopy
mode was achieved by simply selecting appropriate combinations of excitation
beams as illustrated in Fig. 3.1 (B), assuring that the CARS and MIL im-



i
i

“thesis” — 2012/8/27 — 22:01 — page 62 — #62 i
i

i
i

i
i
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ages were collected from the same region. In a future development, this can be
achieved at single-pulse level by an acousto-optical pulse-selection unit, enabling
simultaneously recorded CARS and MIL images. Samples were first imaged in
brightfield white-light microscopy, and the areas of interest, typically covering
60× 60 µm2 (256× 256 pixels), were then imaged at different vertical positions
with 1 micron spacing by CARS and MIL microscopy. The total acquisition
time for each layer was 20 s for each of the techniques.

5.3 Results

5.3.1 CARS/MIL imaging of AuNPs in cells

To first establish the capability of combining CARS and MIL, a series of images
of A431 squamous carcinoma cells (SCCs) incubated with AuNPs for six hours
was collected. Fig. 5.2 (A) shows the forward-emitted CARS signal collected
at the CH-stretch vibration at 2845 cm−1 obtained from a cluster of SCCs. As
shown by the figure, CARS microscopy visualizes lipid-rich biological structures
such as cell membranes and lipid-rich intracellular components, which here ap-
pear as high intensity regions in the cell cluster. The CARS images thereby
provide the biological frame of reference for the nanobio interaction, so that
the relative location of NPs within cells can be determined with the use of
MIL. The corresponding photoluminescence images, shown in Fig. 5.2 (B) and
(C), were recorded from the same sample by the dual-detector arrangement at
535/25 nm and 650/50 nm. Two features with lateral dimensions smaller than
1 µm located at the same positions in the sample can be observed in both the
535 nm and 650 nm images. This confirms that the emission from the features
are of broad spectral character in a wavelength region typical for the photo-
luminescence of 60 nm sized AuNPs supported by the spectrum in Fig. 5.1.
Time-resolved measurements further confirmed the photoluminescent origin of
the emission from the two features in the MIL images. Fitting the time decay
shown in Fig. 5.2 (D) with a single exponential function results in an ultra-
short decay time shorter than 200 ps, characteristic for photoluminescence of
gold nanostructures [199, 213]. The location of the AuNPs within the cells
could be determined with high accuracy by overlaying the two images. Isolated
AuNPs were represented as spots of average size of ∼ 300 nm in the x-y plane
and ∼ 1 µm in depth, which represents the point spread function of MIL. The
resolution of CARS microscopy is reported to be comparable by others [28].

In order to investigate the sensitivity with which AuNPs can be visualized,
a comparison was made with TEM images of the corresponding cellular system;
SCCs incubated for six hours. A 60-nm thick vertical cut of the SCCs revealed
individual AuNPs embedded in multivesicular compartments of the average size
∼ 300 nm, located in the vicinity of the nucleus, as exemplified in Fig. 5.3 (A).
A high-resolution TEM image, as exemplified in Fig. 5.3 (B), further reveals
the multivesicular nature of the compartment, suggesting that the AuNPs are
mainly in the later stage of the endosomal degradation pathway [4] after six
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Figure 5.2. A set of CARS and MIL microscopy images of squamous carcinoma cells
incubated with PEG-coated AuNPs for six hours. Images are a subset of three stacks,
each covering a total volume of 60 × 60 × 30 µm3 (256 × 256 × 30 pixels) forming
tomographic images of the cells and the distribution of the AuNPs. (A) The forward-
emitted CARS signal collected at the CH-vibration 2845 cm−1, visualizing organelles
with high lipid content. (B-C) The epi-detected MIL signals collected in spectral
regions around (B) 535 nm and (C) 650 nm at corresponding vertical position. (D)
The time decay of the MIL signal collected at the location of one of the bright spots in
the 535 nm MIL image, proving the short life time characteristic of photoluminescence
and the limited contribution from fluorescence.
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(A) (B)

Figure 5.3. (a) TEM image of a vertical cut of a squamous carcinoma cell incubated
with PEG-coated AuNPs for six hours. Scale bar 5 microns. (b) Enlargement of a
perinucleic area containing a single AuNP in a multivesicular endosome. Scale bar 1
micron.

hours of incubation. No formation of AuNP clusters was observed in SCC
slices, confirming that the features visualized in the MIL images indeed represent
individual AuNPs.

5.3.2 Uptake in squamous carcinoma cells

The kinetics of the AuNP integration process were investigated by collecting
CARS/MIL and TEM images after the incubation at two, six and ten hours,
respectively. The full series of events for the SCCs is depicted in the overlay
CARS/MIL images in Fig. 5.4, including corresponding orthogonal side views
reconstructed from the stacks (60 × 60 × 20 µm3 for Fig. 5.4 (A) and (B),
60 × 60 × 30 µm3 for Fig. 5.4 (C)). The images confirm the low uptake of
AuNPs indicated in Fig. 5.3, both at shorter (two hours) and longer (ten hours)
incubation times. Independent of the incubation time, two populations can be
identified; the AuNPs are either localized at the cell membrane or in endosomes
in the perinucleic region of the cell. In Fig. 5.4 (A) (two hours) a single AuNP
can be observed in the horizontal plane (x-y projection) at the top of the image
as well as in the side y-z projection localized in the vicinity of the outer cellular
membrane, whereas the side x-z projection also show a AuNP in the perinucleic
region. After two hours of incubation, three out of six of the SCCs that were
investigated contained no AuNPs, and the other three contained either one or
two AuNPs. Two to three AuNPs are visible in each of the projections in Fig. 5.4
(B) (six hours), again localized either at the cell membrane or in the cytoplasm,
preferentially close to the nucleus. After six hours of incubation, two or three
NP signatures were observed in four out of six cells. Finally, in Fig. 5.4 (C) (ten
hours) one AuNP is visible in each of the projections, localized in the proximity
to the nucleus. Here, between three and seven intracellular AuNPs could be
observed in the SCCs investigated, From the entire set of CARS/MIL images
of SCCs, it is evident that the number of isolated MIL emitters representing
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(A)

(B)

(C)

Figure 5.4. Overlay CARS (red) and MIL (green) images of SCCs with correspond-
ing orthogonal side views collected after (A) 2 hours (B) 6 hours and (C) 10 hours
incubation with PEG-coated AuNPs, respectively. The lines in the front views indi-
cate the position of the orthogonal projections. Two isolated MIL signals attributed
to luminescence from AuNPs can be distinguished in the cells in (A) after 2 hours of
incubation, four in the cells in (B) and one intracellular spot in (C) after 10 hours of
incubation, indicated by arrows.
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AuNPs increases slightly with the incubation time, but remains in a range
between one and seven. This figure includes the particles that were visible
close to the outer cell membrane, thus, probably still membrane bound rather
than internalized. The limited, and unspecific uptake of PEG-coated AuNPs
was confirmed by TEM for all incubation times; careful inspection of all 60 nm
thin slices (72 slices in total) revealed NPs in a single cell, here enclosed in
multivesicular perinucleic 300 nm-sized endosomes. No particles were observed
in the nucleus, irrespective of microscopy technique used.

5.3.3 Uptake in healthy epidermal keratinocytes

The interaction of the PEG-coated AuNPs with the human epidermal ker-
atinocytes was found to be of a significantly different character, as illustrated
by the CARS/MIL projections (horizontal planes and corresponding orthogonal
side views) in Fig. 5.5. The corresponding TEM images confirm this scenario.
As opposed to SCCs, NPs were readily located in the keratinocytes and ob-
served in a majority of the 72 slices. Given the generally low probability to find
NPs in such thin slices (60 nm), this observation indicates a significant uptake
capability of the keratinocytes. In order to ascertain that the difference is not
due to differences in PEG-coating, experiments were performed in duplicates.
Already following 2 hours incubation, a few AuNPs (maximum six features per
cell in a total of five cells) were observed in the CARS/MIL images of the ker-
atinocytes (Fig. 5.5 (A)), primarily located in the vicinity of the cell membrane.
The corresponding TEM images confirm this as exemplified in Fig. 5.5 (D); a
single AuNP (see arrow) can be observed close to the cellular membrane. After
an incubation time of 6h (Fig. 5.5 (B)), several tens of luminescent features
with sub-micron lateral dimensions were found to be present inside the cell for
all six cells investigated. The AuNPs were evenly distributed throughout the
cytoplasmatic area, though without entering the nucleus. TEM images of cor-
responding cells (Fig. 5.5 (E)) confirm the presence of multiple isolated AuNPs
internalized in endosomes of sizes varying between 300-800 nm distributed in
the cytoplasm. CARS/MIL images of the keratinocytes incubated for 10 hours
(Fig. 5.5 (C)) show a high density of AuNPs, especially in the perinucleic region.
Even micrometer-sized clusters can be observed in the cytoplasm, characterized
by an average count per pixel of approximately three times that recorded from
the spots identified as single AuNPs. In this case MIL features have dimensions
much larger than the diffraction limit, preventing an average quantification.
The same behavior was found in all three cells investigated. The corresponding
TEM images partly confirm this picture (Fig. 5.5 (F)): a large number of isolated
AuNPs but also clusters of metallic structures can be found enclosed in single
multivesicular entities close to the nucleus. However, these clusters were all of
sub-micron size, i.e. smaller than observed in the MIL images. In Fig. 5.6, the
full potential of CARS and MIL microscopy is illustrated by volume images of a
HEK cell after six hours of incubation, obtained from the three-dimensional ren-
dering of the cell. The three-dimensional distribution of AuNPs in the entire cell
volume can be assessed, providing integrated information on density variations
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(A)

(D)

(E)

(F)

(B)

(C)

Figure 5.5. Overlay CARS (red) and MIL (green) images of human epithelial ker-
atinocytes with corresponding orthogonal side views collected after (A) 2 hours (B) 6
hours and (C) 10 hours incubation with PEG-coated AuNPs, respectively. Three iso-
lated MIL signals attributed to luminescence from AuNPs can be distinguished at the
cell membrane in (A) after 2 hours of incubation (white arrows), multiple intracellular
AuNPs in (B) after 6 hours and clusters of AuNPs in (C) after 10 hours (discussed
in the text). (D-F) TEM images of cells incubated corresponding times (scale bar 5
microns). Black arrows indicate individual AuNPs. In (F), clusters of AuNPs can also
be observed (red arrows).



i
i

“thesis” — 2012/8/27 — 22:01 — page 68 — #68 i
i

i
i

i
i

68 Uptake of gold nanoparticles in living cells 5.4

(A) (B)

Figure 5.6. Three-dimensional CARS/MIL overlay images of HEK incubated with
PEG- coated AuNPs for 6 hours. The images cover a volume of 60 × 60 × 20 µm3.

throughout the cytoplasm and in the vicinity of important organelles, informa-
tion difficult to retrieve by TEM. These tomographic CARS/MIL images show
the high density of AuNPs evenly distributed throughout the cytoplasm of the
keratinocytes.

5.4 Discussion

The selectivity of the MIL-microscopy towards AuNPs is confirmed by the col-
lection of two spectrally separated signals at 535 nm (bandwidth 25 nm) and
650 nm (bandwidth 50 nm), which show correlated response as expected from
the broadband AuNP photoluminescence. In practice, no noteworthy differ-
ences were observed in any of the sets of MIL images in the two spectral regions
selected for the collection, confirming the negligible contribution from fluores-
cent biologic components. This is expected, considering that autofluorescence
originating from e.g. flavins, porphyrins and NAD(P)H is typically detected at
wavelengths below 500 nm with a bandwidth of ∼ 50 nm [9]. Thus, in future
studies, a single detection channel can be used for the localization of AuNPs
using MIL imaging. Measurements of the time decay of the MIL-signal fur-
ther confirm that the detected signal is of photoluminescent origin. In contrast
to the typical nano-second long life-times of autofluorescent, biological compo-
nents [196], the signal emitted exhibits significantly faster ≤ 200 ps decay as
indicated in Fig. 5.2 (D). This ultrafast emission corresponds well to the charac-
teristics of AuNP photoluminescence previously reported in the literature [199].

Sensitivity at single-particle level, explained by the plasmonic enhancement
of the emitted photoluminescence, is proven by comparison with TEM mea-
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surements (Fig. 5.3 and Fig. 5.5) where AuNPs are mostly found to be isolated
within endosomes separated by more than 300 nm. Since the resolution of
CARS/MIL microscopy is limited to 300 nm, it is impossible to distinguish
from the size of the photoluminescence feature a single AuNP from that of
a small cluster of AuNPs. Also, due to the broad character of the emission
spectrum of AuNPs, the frequency shift of the emission induced by plasmonic
coupling is not readily measurable in MIL. Estimation of the number of AuNPs
present in a cluster with sub-resolution dimension is conceivable through inten-
sity calibration of the collected signal, although a simple relationship is not to
be expected. Collections of AuNPs can not be considered as independent scat-
terers due to the coupling of their plasmons, resulting in collective enhancement
effect [83]. Thus, the establishment of a calibration routine requires the sup-
port of thorough theoretical analysis, beyond the scope of the present study. A
consequence of this collective enhancement is also that large amounts of energy
are locally dumped in the immediate vicinity of the AuNPs [62]. Moreover, the
probe beams may act as an optical tweezer on large clusters of particles [93].
The particles are then moved while being scanned, which could explain that the
AuNP clusters in Fig. 5.5 (C) appear significantly larger than what is observed
in the corresponding TEM images. We have indeed observed that the use of
lower excitation powers in the laser beams reduces the apparent cluster size in
these cells.

One of the surprising results shown in this work is the marked difference in
AuNPs uptake between healthy human keratinocytes and a squamous carcinoma
cell line. The number of cells investigated prevents a statistical analysis of the
uptake process, however identical behavior was found for all cells investigated
for each cellular system, implying that our results are of general character. The
non-specific uptake of AuNPs in the two cell lines may be of interest from the
perspective of applying functionalized particles for selective drug delivery. Pre-
viously, a significantly reduced cellular uptake of AuNPs has been reported after
coating the NPs with the neutral ligand PEG, for other cell lines [61,126,150].
The nonreactive surface of the PEG-coated NPs and possible steric hindrance
has been suggested to prevent the establishment of active contact with the cell
membrane, so that efficient endocytosis cannot take place. While a limited num-
ber of isolated AuNPs indeed was found in the SCCs irrespective of incubation
time, a significant amount of particles was observed in the keratinocytes by
CARS/MIL microscopy. The amount of cellular AuNPs was found to increase
with exposure, and the AuNPs were found to be distributed over the entire
cell volume. This was independently confirmed by high-resolution TEM of se-
lected cell sections (Fig. 5.2 and Fig. 5.5). The limited uptake of PEG-coated
AuNPs for SCC cells is in accordance with previous observations specifically for
SCCs [44], as well as for other cell lines [61, 126, 150]. This raises the question
why PEG-coated AuNPs are so readily incorporated in epithelial keratinocytes.

Three factors should be taken into account while attempting to explain the
different uptake: changes of the surface properties of the AuNPs, difference in
the electrostatic properties of the membrane of individual cell lines, and the
influence of differences in the composition of the incubation medium on the
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properties of the cell membrane. The possibility that the surface properties of
the PEG-coated AuNPs change upon contact with the different cell culture me-
dia, as a result, for instance, of spontaneous functionalization by the adsorption
of proteins from the medium [31,32], is unlikely due to the inert properties of the
PEG-coating irrespective of which proteins are present in the medium [62,211].
The possible differences in electrostatic charges of the cell membrane of the
two different cell lines is equally unlikely to play a role in the uptake of par-
ticles that present neutral charged surface coating. More probable is instead
that the different scenarios can be attributed to cell-specific chemical proper-
ties. The internalization of AuNPs is a process strongly affected by efficient
contact with the cell membrane. The adhesion can be either of non-specific
character, resulting in direct penetration of the NP through the membrane, or
mediated by receptors that provide specific adhesion, inducing the formation
of NP-carrying endocytic vesicles (for a review on the receptor-mediated inter-
nalization pathways see [37]). With the exception of a few examples [18, 31],
details of AuNP internalization are still largely unknown. The presence in high
concentrations of human epidermal growth factor (EGF) in the growth medium
is known to up-regulate macropinocytosis [92]. In our experiments EGF was
present at low concentration (0.2 ng/mL) in the growth medium employed for
the keratinocytes but not for SCCs, and might still contribute to account for
increased internalization through this pathway. This hypothesis is supported
by the broad size-span of the endosomes found in keratinocytes as observed
in the TEM images, also including larger sizes (400-800 nm) characteristic for
macropinosomes compared to other endosomes [195]. Confirmation of this hy-
pothesis is beyond the aims of this work and can be envisaged in follow-up
studies where the concentration of EGF in the medium is varied, although the
above observations point toward an issue widely underestimated in studies on
particles internalization. While the nanobio research field spends large efforts
on investigating how different properties of the NPs affect the efficiency with
which they are incorporated in cells, this study highlights that the incorporation
mechanism is as well highly dependent on the cell line used, and perhaps even
on the details of the medium.

5.5 Conclusions

Systematic studies on the incorporation mechanisms of AuNPs in living mam-
malian cells are, at present, limited by the lack of non-invasive imaging tech-
niques. For this purpose, we introduce the combination of CARS and MIL mi-
croscopy, offering visual access to the interaction of nanomaterials with living
matter thanks to label-free imaging of biomolecules and single-NP sensitivity.
Since no sample preparation is required, a more realistic picture of the three-
dimensional distribution of intracellular AuNPs in relation to the components
of the cell is provided with high spatial resolution (300 nm lateral and ∼ 2 µm
axial), beyond the capabilities of other existing technologies. As an outlook,
other cellular components than the lipid-rich cell membrane and subcellular
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organelles may specifically be targeted in the CARS-channel by probing molec-
ular vibrations characteristic for e.g. mitochondria and nucleic acids [34, 168],
opening up for colocalization of AuNPs with further organelles without labeling.

The observations reported in the current work have implications both for
(i) fundamental studies of NP-uptake mechanism and (ii) for clinical applica-
tions of NPs. Our work highlights the need for detailed characterization of
the incorporation mechanisms used by different cell models, as they appear
to be cell specific, probably as a result of the individual composition of the
cell membrane; in contrast to squamous carcinoma cells and precious stud-
ies on several other cell lines, PEG-coated AuNPs are readily incorporated in
healthy human epithelial keratinocytes. Thus, it is difficult to draw any general
conclusions from fundamental studies of uptake mechanisms involving a single
cell model and it raises the need for detailed characterization of the compo-
sition of the cell membrane. The clinical consequence of this observation is
that PEG-coating may not be sufficient to prevent an undesirable, general up-
take of NPs in conjunction with transdermal delivery of NP-based therapeutic
and diagnostic agents. This adds to the need for more sophisticated coatings
in order to avoid the potentially toxic accumulation of NPs in healthy cells,
toward safe and efficient transdermal delivery of drugs, gene-regulating ther-
apeutics and diagnostic agents only targeting diseased cells. As a promising
alternative, nanoparticles labeled with anti-Epidermal Growth Factor Receptor
(anti-EGFR) have been recently demonstrated to selectively target tumor cells
through specific binding [41]. With the ability of 3-dimensional imaging of the
distribution of functionalized AuNPs in living cells at single-particle sensitiv-
ity and without the need for labeling or sectioning, our work illustrates that
CARS/MIL microscopy has the potential to become an important instrument
for the development of further functional coatings as well as within the nano-bio
research field in general.




