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While top-down substrates for surface-enhanced Raman spec-
troscopy (SERS) offer outstanding control and reproducibility of
the gold nanopatterns and their related localized surface plasmon
resonance, intracellular SERS experiments heavily rely on gold
nanoparticles. These nanoparticles often result in varying and
uncontrollable enhancement factors. Here we demonstrate the use
of top-down gold-nanostructured microchips for intracellular
sensing. We develop a tunable and reproducible fabrication
scheme for these microchips. Furthermore we observe the intra-
cellular uptake of these structures, and find no immediate
influence on cell viability. Finally, we perform a proof-of-concept
intracellular SERS experiment by the label-free detection of
extraneous molecules. By bringing top-down SERS substrates to
the intracellular world, we set an important step towards time-
dependent and quantitative intracellular SERS.

1 Introduction

A number of groups have recently demonstrated how nanopho-
tonic technologies can provide solutions for tagging cells or
probing intracellular parameters like pressure changes® and
protein interactions.® Here, we fabricate a new type of intra-
cellular nanophotonic microchip for surface-enhanced Raman
scattering. By directly probing molecular vibrations, Raman
spectroscopy offers fingerprint specificity in a label-free
fashion. However, it suffers from the inherently low Raman
scattering cross section of most molecules. Furthermore live
cell measurements require a limited laser power, short inte-
gration time and Raman excitation in the near infrared thera-
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peutic window® to limit photo-damage. The resulting low
signals limit the applicability of the technique for live cell
sensing. Surface-enhanced Raman spectroscopy (SERS) offers
a promising solution to this problem, where molecules close
to metallic nanostructured surfaces experience a dramatic
increase in Raman scattering by six to ten orders of magni-
tude.® Conditio sine qua non for intracellular SERS is a non-
invasive introduction of gold nanostructures into living
cells.”® The first demonstration of intracellular SERS in the
early nineties” made use of colloidal silver nanoparticles, later
to be replaced by the more chemically inert gold nano-
particles'® (AuNP) or -nanorods."” Plasmonic hot spots created
in the gaps and crevices of aggregated clusters of these nano-
particles offer a strong Raman enhancement, which is why to
date AuNP (and their aggregates) have remained the most
important workhorse for intracellular SERS.”'> Amongst
others, AuNP-assisted SERS has been used to distinguish and
classify various cell types on the basis of their biochemical sig-
natures,”'* to study pathways like endocytosis'®> or apopto-
sis,'® for a real-time and label-free monitoring of extraneous
molecules'”'® or for probing chemical parameters like
pH">*?° or redox potentials.>! Despite their strong enhance-
ment and potentially limited cytotoxicity,>*** colloidal nano-
particles often affect reproducibility due to their spatio-
temporal dynamics. These result in clustering and a non-
uniform distribution of these nanoparticles. In turn, this leads
to enhancement factors which are unpredictable in space and
time, thereby restricting quantitative or time-dependent intra-
cellular SERS experiments. Probes with a predefined metal
configuration have been designed to solve this problem, either
in the form of nanopipettes pierced through the cell mem-
brane during measurement®**?® or as micron-sized beads
coated with silver’” and gold nanoparticles®*® which can be
entirely engulfed by cells without compromising cell viabi-
lity.>”*° Although the nanopipettes solve the problem of vari-
able gold nanostructures during measurement and coated
microbeads allow to do this without a permanent incision of
the cell membrane, these approaches still rely on the self-
assembly of colloidal gold nanoparticles. This inhibits control

This journal is © The Royal Society of Chemistry 2015


www.rsc.org/analyst
http://crossmark.crossref.org/dialog/?doi=10.1039/c5an01782c&domain=pdf&date_stamp=2015-11-16
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5an01782c
https://pubs.rsc.org/en/journals/journal/AN
https://pubs.rsc.org/en/journals/journal/AN?issueid=AN140024

Open Access Article. Published on 23 September 2015. Downloaded on 7/19/2025 8:57:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

on the position and amount of SERS hot spots on the probes,
which inevitably leads to a variability between different
probes. In contrast, a wide variety of extracellular SERS sub-
strates have been developed using top-down fabrication tech-
niques®® like electron-beam-,*"** deep-UV-** or nanosphere-
lithography,®*>” where an accurate control of the shape and
position of nanostructures have resulted in reproducible and
tunable enhancements.

In this work, we develop intracellular SERS probes based on
nanosphere lithography-fabricated gold-film-over-nanoparticle
(AuFON) substrates, where the topography of a monolayer of
polystyrene beads is used as a template for gold depo-
sition.>***?%3% First, we develop micron-sized chips with a
uniform, reproducible gold nanopattern. Next, we characterize
these chips in the near- and far-field and optimize them
towards optimal enhancement for near-infrared Raman exci-
tation. We also show the cellular uptake of these microchips,
while preliminary observations of cell mitosis indicate their
low cytotoxicity. Finally, we detect the intracellular SERS spec-
trum of extraneously added molecules in live cells as a proof-
of-concept experiment. To the best of our knowledge, this
approach demonstrates for the first time the possibility of using
top-down SERS substrate fabrication techniques for intracellular
sensing, thereby providing a predefined and reproducible gold
nanopattern. However, the variability encountered with surface-
enhanced Raman spectroscopy experiments in cells or tissue
originates from a number of different factors. Important chal-
lenges are the adsorption of a protein corona on the gold
surface,® the exact intracellular location of the nano- or micro-
structure’” and the variability in the gold nanopattern. We
believe that by taking out this variability, the use of top-down
deposited SERS substrates for intracellular sensing provides a
promising step towards reproducible SERS experiments in cells
or tissue, although this is currently still limited by the chal-
lenges mentioned before. Furthermore, the traceability and
potentially low cytotoxicity of micron sized structures can
provide an additional advantage in specific applications like a
localized detection in tissue or a targeted delivery.

2 Results and discussion
2.1 Fabrication of the SERS microchips

A nanosphere lithography (NSL) based process is developed for
the fabrication of a nanodome-patterned surface. This self-
assembly based lithographic technique is chosen because it
allows for a relatively cheap, fast and reproducible nanopat-
terning.** Fig. 1(a) schematically shows the most important
fabrication steps, which are described in detail in the ESI.T We
start from a thin film of silicon nitride (SizN,) deposited on
top of a 4" silicon wafer. A monolayer of hexagonally-close
packed (HCP) polystyrene beads is generated by spin coating a
colloidal solution of 450 nm beads on the Si;N, surface.***?
Next, a periodic pattern of nanodomes is etched into the Si;N,
substrate. Starting from the dense-packed monolayer, the poly-
styrene beads are first thinned down in an oxygen plasma. The
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duration and power of this plasma are of key importance for
the performance of the substrate, as this will finally determine
the separation of the gold-coated nanodomes (parameter |d|
in Fig. 2(b)). Next, the pattern is transferred into the Siz;N,
layer by an anisotropic reactive-ion etch®® (see also ESI
Fig. S17), followed by lifting off what remains of the poly-
styrene beads. Subsequently 6 pm disks are defined by UV
contact lithography. A 200 nm gold layer is then evaporated on
the micro disk-patterned nanodome surface. Finally, the chips
are released from the underlying silicon surface with a potass-
ium-hydroxide wet etch. Fig. 1(b) shows a tilted view of such a
nanopatterned microchip. Note that the size and shape of the
microchips is fully controllable and only limited by the resolu-
tion of the UV-lithography system. Hence, microdisks with a
diameter down to 0.5 pm can easily be fabricated in an identical
way. Approximately three million SERS microchips are obtained
from a 2 cm” substrate, which provides a sufficient supply for
intracellular experiments. A dried cluster containing a few thou-
sand of these chips is shown in Fig. 1(c). While ideally all these
microchips are identical, in reality the reproducibility of the
gold nanodome pattern is limited by the uniformity of the layer
of spin coated polystyrene beads. Next to a HCP monolayer,
there are also areas with multi-layers and packing defects. We
currently achieve a 85% HCP-monolayer coverage (Fig. S2t). To
achieve a 100% reproducibility, the use of self-assembling
monolayers has to be avoided and techniques like e-beam-,
deep-UV- or nano-imprint lithography can be used for pattern-
ing gold nanostructures.

2.2 Characterisation of SERS microchips

In order to work in the wavelength window that induces
minimal photo-damage to biological samples, the geometry of
the SERS substrates is tuned for an optimal enhancement
when exciting at a wavelength of 785 nm. The spectral position
of the plasmon resonance is characterized through UV-Vis
reflection spectroscopy. Fig. 2(a) shows the reflectance spectra
of nanodome substrates characterized both in air (top) and
water (bottom). The reflectance spectra clearly become red-
shifted with an increasing gap size (|d|, Fig. 2(b)) in between
the nanodomes. As expected, the reflectance minima experi-
ence a strong red-shift (150-200 nm) in water, due to the
higher refractive index of the surrounding medium. These
findings correspond well with the characterisation by Wu
et al.*® of nano-imprinted nanodomes. The spectral position of
the pump and Stokes light, shaded region in Fig. 2(a), shows
an ideal overlap with the reflectance minimum for the sub-
strates with a 5-15 nm gap size in water. The water-environ-
ment (n = 1.33) quite accurately represents the plasmonic
properties inside cells (n = 1.35-1.38 *°). In order to compare
the SERS enhancement amongst the different gap sizes, the
substrates were coated with a 4-nitrothiophenol (4-NTP) mono-
layer.>” Fig. 2(c) shows the average spectra obtained from the
monolayer-coated nanodome substrates with varying gap sizes.
As expected, the substrates with a 5-15 nm gap show the stron-
gest enhancement. A smaller gap size results in touching
nanodomes while larger gap sizes reduce the coupling of the
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Gold nanodome-
patterned microchips

(a1) A nanodome pattern is created starting from a spin coated monolayer of 450 nm polystyrene beads on a SizN,4/Si stack. The polystyrene

beads are etched in the underlying SizN,4 layer in a two step RIE-process (a2—-a3), followed by removal of the beads, patterning of individual disks
(a4) and gold deposition (a5). Finally the microdisks are underetched and released from the Si substrate. (a6). (b) Tilted SEM view showing a 3 pm dia-
meter nanodome-patterned microdisk and (c) a close up of the metal surface. (d) Up to three million microchips are obtained from one chip, of

which a few thousand can be seen in this cluster.

structures, both effects resulting in a reduced enhancement.
Fig. 2(d and e) benchmarks the enhancement from the nano-
dome-patterned substrates against the ‘traditional’ nanotrian-
gle’® and AuFON®® substrates. When integrating the intensity
of the 1343 ecm™, the nanodomes show a 70-fold increased
enhancement as compared to nanotriangular patterns, and
have a comparable performance to AuFON substrates. The rela-
tive standard deviation of the signal on the nanodome surface
is 8% (shaded region in Fig. 2(e)), which is comparable to
other top-down fabricated substrates.*® More details on the
fabrication and characterisation of these substrates is provided
in the ESI (Fig. S3 and S47). The strong enhancement is the
main motivation for developing nanodome- instead of nano-
triangle-patterned microchips. Conversely, nanotriangle sub-
strates may offer more accessible hot spots and an optically
transparent substrate. Because of these different properties,
the choice of a particular gold nanopattern can be application-
inspired. Apart from the gap-size, there are a number of para-

8082 | Analyst, 2015, 140, 8080-8087

meters which can be used to further fine-tune the spectral
position of the resonance. These include the size of the poly-
styrene beads in the HCP template, the etch depth of the nano-
domes, the thickness of the gold layer and the refractive index
of the substrate (e.g. nsin, = 1.98 vs. nsio, = 1.45). Obviously
these parameters also influence the quality factor of the plas-
monic resonance, and have an influence on the enhancement
factor. Although we design our SERS substrates to have their
plasmonic resonance in the desired spectral region, a further
optimisation of nanodome substrates is possible by tuning the
parameters described above. This could lead to further
increased enhancements, more transparent microchips and
more easily accessible hot spots.

2.3 Cellular uptake of microchips and cell viability

An efficient uptake by cells is crucial when using microchips
for intracellular sensing. Several routes for the intracellular
delivery of micron-sized objects have been shown in the field

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 The properties of the nanodome substrates are strongly dependent on the nanometer-sized gap (|d|) in between nanodomes. (a) The UV-Vis
reflection blueshifts with decreasing gap-size. In water (a, bottom), UV-Vis reflection spectra indicate that the plasmon resonance for a 5-15 nm gap
size is ideally positioned for exciting Raman spectra at 785 nm, as can be seen from the grey-shaded pump and Stokes wavelengths. (b) SEM images
of the corresponding substrates show a variation from touching nanodomes to a 30-40 nm gap in top and tilted views. (c) The 5-15 nm gap sub-
strate also shows the strongest enhancement for a monolayer of 4-nitrothiophenol molecules bound to the gold surface. (d) Top- and tilted SEM
views of the nanotriangle-, nanodome- and AuFON-substrates used for a comparison of the enhancement of the different substrates. (e) SERS
spectra from a monolayer of 4-NTP molecules show that the nanodome substrates have a 70-fold higher enhancement as compared to nanotriangle
substrates when integrating the 1373 cm™ peak. 95% of the data lies within the shaded regions.

of microcapsule-based drug delivery,"” like micro-injection
and electroporation.”®*® In contrast to these ‘forced’ uptake
methods, it has also been shown that cells can spontaneously
engulf micron-sized objects.*’ We frequently observed the
spontaneous uptake of the microchips by Normal Human
Dermal Fibroblasts (NHDF) as well as HeLa cells. Seeding cells
and microchips in equal concentrations 24 hours prior to
Raman measurements typically results in roughly 40% of cells
with incorporated microchips (Table 1). The intracellular local-
isation of the microchips is verified by confocal microscopy
(Fig. 3) of NHDF cells labelled with the fluorescenlty tagged
lectin, WGA-AF488, that selectively binds glycans at the extra-
cellular side of the plasma membrane. Orthogonal views
(Fig. 3(a)) as well as 3D renderings (Fig. 3(b)), prove that the

Table 1 Mitosis of HelLa-H2B cells, starting 24 h after seeding cells
with microchips. No significant difference is found between mitosis of
cells with and without microchips

Cells with chip Cells without chip
Number of cells 51 121
Fraction of divided cells (8 h) 0.37 0.36
Mitotic time span 64 + 18 min 61 + 17 min

This journal is © The Royal Society of Chemistry 2015

microchips are indeed within the cytoplasm of the cell. In
order to assess cell viability, the microchips were incubated
with a cell culture of HeLa-H2B cells and monitored overnight
by confocal time-lapse microscopy. The montage in Fig. 3(c)
shows two cells, one with a single microchip and another with
multiple microchips incorporated, undergoing mitosis. Note
the redistribution of microchips among daughter cells. Cell
division was frequently observed, while there were no signifi-
cant differences in the fraction of divided cells and mitotic
time span when comparing cells with and without microchips
(Table 1) over a population of respectively 51 and 121 cells.
This data indicates the low impact of the microchips on cell
viability. An important characteristic of our planar microchips
is that they consume only a small portion of the cell-volume
when compared to nanoparticle-coated microbeads,””*® while
maximizing the surface/volume ratio available for SER-detec-
tion. For example, a 5 pm x 200 nm disk consumes roughly
0.15% of the volume of a typical HeLa cell,* while a 5 pm
bead would occupy a volume of 2.5%.

2.4 Intracellular SERS

A promising application of intracellular SERS is the detection
of extraneously delivered molecules.'”'®*° As a proof-of-
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c5an01782c

Open Access Article. Published on 23 September 2015. Downloaded on 7/19/2025 8:57:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

View Article Online

Analyst

(a) (b)

Fig. 3

()

(a) The intracellular uptake in NHDF cells is confirmed by confocal fluorescence microscopy. A cross section view shows a highly reflective

microchip surrounded by the green labelled membrane. The 450 nm-periodic nanodome pattern on the chip can be seen from the high-resolution
picture in the inset. (b) A 3D volume rendering (using alpha blending) from the confocal slices makes the intracellular localisation more clear. The
volume rendering was sliced along the red dashed area in (a). (c) HelLa cells with a fluorescent labelled nucleus were followed in time to visualize
mitosis of cells containing microchips (see also Table 1), where the nucleus is green labelled and the cell boundary is visible on the overlayed trans-

mission image.

concept experiment, we use the nanodome-patterned micro-
chips for an intracellular detection of the model-molecule rho-
damine 6G (R6G). The microchips are added to the cell culture
24 hours prior to the experiment, after which a large fraction
of them was internalized by NHDF cells. The microchip-con-
taining cells are imaged on an inverted confocal Raman micro-
scope. Subsequently, a 2 uM solution of R6G was added to the
cell culture and detected in the cell. Both the intracellular
localisation of the microchips as the R6G molecules is con-
firmed through respectively confocal reflection and confocal
fluorescence microscopy (Fig. 4(a)). On this same cell, SERS
spectra are acquired from the area highlighted by the red box
in Fig. 4(b). The integrated intensity of the Stokes scattered
light shows that, as expected, only Raman signals are observed
on top of the microchips (inset of Fig. 4(b)). On several posi-
tions on the microchips the SERS spectrum of R6G is detected,
highlighted by integrating the 1365 cm™' R6G-peak (green
dots in inset in Fig. 4(b)). Single spectra from this area are
plotted in Fig. 4(c), showing a good correspondence of the
R6G SERS spectrum with a reference SERS spectrum. This
undoubtedly demonstrates the label-free intracellular detec-

8084 | Analyst, 2015, 140, 8080-8087

tion of these molecules. Furthermore an exemplary spectrum
from a different position is shown, containing peaks from
other molecules present on the gold surface. This is probably
originating from adsorbed proteins during or after uptake of
the microchip.

Identical nanostructured chips with a predefined enhance-
ment, such as used in these experiments, should in principle
enable quantitative SERS experiments. However, there are a
number of additional complications related to intracellular
sensing with nano- or microparticles. Apart from the uptake
itself, the location of the microchip in the cell is of importance
for the applicability of the chip for intracellular sensing.
Although a few papers report on the free localisation of micro-
particles in the cytosol,>>"*> most research on the uptake and
localisation of micro-particles indicates that these structures
are located in phagosomes, or lysosomes in a later stage.*"*?
As a consequence, a lipid bilayer possibly isolates the particles
from the cytosol. This lipid membrane may complicate a sensi-
tive detection of processes and molecules in the cytosol. In
order to investigate whether the microchips are freely available
in the cytosol or surrounded by a lipid membrane, we checked

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Label-free intracellular detection of Rhodamine-6G. (a) Confocal fluorescence scan of a single cell with several nanodome-patterned micro-
chips show the intracellular localisation of the microchips, as well as the uptake and inhomogeneous distribution of R6G in the cell. (b) Transmission
image of the same cell, where SERS spectra are mapped over the region marked with a red square. The inset shows the integrated number of counts
in the 400-1700 cm™ region (graded red-yellow), on top of which the presence of the 1365 cm™ R6G-peak is highlighted in green, which corres-
ponds to the green shaded area in (c). (c) SERS spectra on different positions of the microchip show the intracellular SERS detection of R6G (middle,
green) and the R6G reference SERS spectrum (bottom, blue), while other positions show the presence of peaks related to other molecules adsorbed
on the microchip (dotted red, top). Spectra are normalized and offset for clarity.

for colocalization of the microchips with the fluorescent dyes
Lysotracker Red DND-99, which selectively accumulates in
acidic cellular compartments, and Vybrant Dil, a lipophilic
membrane stain which labels all intracellular lipid vesicles.
We did not observe colocalization of the microchips with these
dyes under confocal fluorescence microscopy (ESI Fig. S5 and
S67). Although this indicates that the microchips are neither
in lysosomes nor in other lipid vesicles, further experiments
are needed to determine the exact intracellular location of the
microchips. An additional problem lies in the adsorption of a
protein corona on nano- and microparticles before, during
and after their cellular uptake.*® This protein corona forms an
extra barrier for molecules to reach the plasmonic hot spots
from the SERS substrates. Further research is needed to ident-
ify potential solutions to the aforementioned problems.
Although the intracellular detection of R6G may be of limited
importance from a biological point of view, this result indi-
cates the potential of the microchips in applications such as a
label-free monitoring of intracellular drug delivery.'”'*>* Also,
binding reporter molecules to the chips can allow indirect
probing of cellular parameters like pH?> or reactive oxygen.*
Finally, functionalizing the surface with a peptide substrate
may enable stable, single-cell, label-free monitoring of enzy-
matic activity.”> The focus of this work is on intracellular
sensing, but reproducible and traceable SERS microchips can
also be promising for the detection of biomolecules in other
environments such as tissues or fluids.

3 Conclusions

Gold nanopatterned microchips allow to bring the world of
uniform, reproducible SERS substrates to intracellular appli-
cations. We optimized a fabrication scheme for microchips
inspired by nanosphere lithography to demonstrate the power

This journal is © The Royal Society of Chemistry 2015

of this approach. These microchips were characterized in the
near and far field and successfully benchmarked to the tra-
ditional NSL-substrates. Furthermore we demonstrated the
intracellular uptake of these microchips and indicated their
low cytotoxicity by demonstrating normal mitosis statistics of
cells with incorporated microchips. In a proof-of-concept
application, extraneously added molecules were detected by
their SERS spectrum in the cell. This was verified by confocal
fluorescence microscopy. In contrast to existing approaches
like colloidal gold nanoparticles, our chips offer a controllable
SERS enhancement as they are not subject to aggregation and
offer a predefined gold nanopattern. Furthermore the planar
shape leads to a reduced volume in the cell as compared to
nanoparticle-coated microbeads, while retaining the traceabil-
ity of a micron-sized structure. Although the experiments
presented in this paper do not yet surpass results that have
been achieved using colloidal gold nanoparticles, our new
approach of using top-down fabricated nanopatterns for intra-
cellular sensing does offer opportunities for a wide variety of
SERS substrates to be used for this purpose. These may further
improve the enhancement, uniformity and reproducibility of
the intracellular microchips.
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