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A B S T R A C T   

The development of local plasmonic nano sensors which are sensitive, whilst remaining non-invasive with high 
cell viability is challenging but of great interest for the investigation of cellular processes. With this aim, we 
developed an effective SERS active biointerface to monitor cell activity and discriminate between undifferen-
tiated and differentiated neurons through principal component analysis. We propose a plasmonic tipped Au 
nanopyramids (Au NPs) array, which benefits from high aspect ratios and sharp tips that are excellent SERS 
sensors. To realise the structure, we developed a large-scale inexpensive fabrication route based on the assembly 
of charged nanospheres used as a mask by means of a colloidal lithography technique, to better space and shape 
the NPs. Here we show that Au NPs with tip curvatures of 10 nm and localized plasmon resonance at 785 nm can 
non-destructively probe ND7/23 neurons. We prove that these tips allow us to track ND7/23 neurons on the 
SERS substrate, detecting both the membrane constituents, proteins and lipids, and even intracellular DNA/RNA 
fragments.   

1. Introduction 

In the last two decades, various techniques which enable us to 
recognize and analyse specific biomolecules in complex biological 
media have been explored to understand their role in cellular processes 
for diagnostic and therapeutic applications.[1–4] Amongst other tech-
niques, surface-enhanced Raman spectroscopy (SERS) has emerged as a 
powerful tool. This is due to both its’ high specificity, which arises from 
the fact that the signatures of the Raman spectra are univocally assigned 
to specific vibrational modes of a molecule, and to the high sensitivity, 
which is attributed the local enhancement of the electromagnetic fields 
in the proximity of plasmonic nanostructures.[5,6] Upon light illumi-
nation the extinction spectrum of nanostructured plasmonic surfaces 
exhibit resonances at specific wavelengths, referred to as localized sur-
face plasmon resonances (LSPRs). When target analytes of interest are in 
close proximity to these structures the scattered Raman peaks detected 
are greatly enhanced in a fraction of the detection time. This gives sharp, 
strong SERS spectra peaks, which can then be related to the vibrational 

modes of bonds for known biomolecules. Depending upon the desired 
illumination window for detection, the optical properties of these 
structures can be spectrally shifted by changing the geometry/material 
of the nanostructures and the surrounding medium [7,8]. 

Besides being used individually as local nanoprobes,[9,10] plasmonic 
nanostructures can be coupled by placing them in close proximity to each 
other, i.e. separated by a few nanometres, since this gives rise to even more 
highly enhanced local electromagnetic field positions called plasmonic 
hotspots.[11] These hotspots can be generated in nanogaps,[12–14] but 
also at sharp tips/edges[15,16] or on rough surfaces.[17–19] For those 
SERS sensors based upon bottom-up nanoassemblies great enhancement 
may be achieved in nanogaps for shapes such as spheres,[20,21] pyramids 
[22], triangles[23] and nanorods[24] but there is no long-range order for 
signal homogeneity or reproducibility as the ordering itself is random. 
However, this is not the case for top-down approaches, so ordered arrays of 
nanostructures deposited on substrates may be preferred for this fact.[25] 
As an example, ordered arrays of plasmonic nano triangles in which the 
separation between the points can be controlled with nanometre precision 

* Corresponding author at: Department of Materials, Prince Consort Rd, South Kensington, Imperial College, London SW7, UK. 
** Corresponding author. 

E-mail addresses: daniel.price08@imperial.ac.uk (D. Darvill), francesco.deangelis@iit.it (F. De Angelis).  

Contents lists available at ScienceDirect 

Sensors and Actuators: B. Chemical 

journal homepage: www.elsevier.com/locate/snb 

https://doi.org/10.1016/j.snb.2022.131724 
Received 19 December 2021; Received in revised form 24 February 2022; Accepted 13 March 2022   

mailto:daniel.price08@imperial.ac.uk
mailto:francesco.deangelis@iit.it
www.sciencedirect.com/science/journal/09254005
https://www.elsevier.com/locate/snb
https://doi.org/10.1016/j.snb.2022.131724
https://doi.org/10.1016/j.snb.2022.131724
https://doi.org/10.1016/j.snb.2022.131724
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2022.131724&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Sensors and Actuators: B. Chemical 361 (2022) 131724

2

have provided an efficient SERS substrate for the detection of biomolecules. 
Typically, the LSPR resonance of metallic nano triangles can be tuned 
spanning from the visible to the near-infrared (NIR) spectral range by 
adjusting their lateral size and height.[26–28] Indeed, plasmonic nano-
structures with absorption resonances in the NIR range are highly desired 
for the investigation of living cells or tissues by optical techniques in order 
to reduce undesired damages induced by prolonged light irradiation. 
Another benefit of metallic nanostructures is their strong photostability, 
making them useful for other applications such as photothermal therapy 
techniques [29,30]. 

For the study of cellular processes, the collection of SERS signals over 
time enables us to monitor conformational changes of the cells. Quite 
often this is done by the uptake of plasmonic nanoparticles into cells or 
by adherence onto their membrane surface.[31–34] The caveat of this 
line of measurements is that they can cause morphological changes and 
toxicity in the cells due to and during uptake, changing their overall 
chemical composition. The uptake is also not immediate so days are 
required before testing, which is not practical for real-life applications. 
There is also a restriction on the size of nanoparticles that can pass the 
cell membrane, limiting potential structures and plasmonic tuning, 
especially for achieving longer wavelength ranges of interest, such as the 
NIR-II window. Platforms with plasmonic nanostructures can have cells 
grown on them and similarly monitor changes in the cells’ membrane, to 
detect the membrane constituents.[35] This may be done either with a 
direct (label-free) scheme,[36–41] looking at the overall multiplexed 
Raman spectra, or an indirect (labelled) scheme,[42–44] where SERS 
sensors are supplemented with certain SERS tags to capture and reflect 
the presence of a target biomolecule.[45] We can use a label-free system 
to probe the cell membrane for different biological constituents, such as 
proteins and lipids, and to track their activity in response to different 
environmental conditions. This can also allow us to track constituent 
changes during fundamental processes, such as cellular mitosis and stem 
cell differentiation.[46] For example, as stem cells differentiate into 
neurons, they undergo an axon formation and growth stage creating a 
neuronal network, they also develop new proteins as per their function. 
By then using Raman data from SERS measurements in conjunction with 
data analysis techniques, such as principal component analysis (PCA), it 
is possible to identify and quantify these changes.[47–51]. 

Various ordered top-down structures have been reported to promote 
the cells’ adhesion onto surfaces and improve the signal strength of 
nanostructured plasmonic SERS substrates. These can include structures 
with higher aspect ratios to facilitate adhesion and more easily locate 
portions of the cells into the hotspots of the SERS substrate. These 
structures with their sharper morphologies may also be used to porate 
cells and detect intracellular components of the cells. 3D plasmonic nano 
antennas, as an example, have been implemented on multielectrode 
arrays (MEA) for the investigation of intracellular processes by inducing 
the poration of the portions of cells membrane that are in contact with 
the nano antennas[52,53] through electrical[54–57] or, more recently, 
optical methods.[58–61] Typical structures aiming to regularly porate 
cells may include 3D vertical nano needle/wires,[62,63] nano pillars, 
[64,65], hollow nanoelectrodes[66] and nano pyramids,[67,68] 
amongst others.[69–73] The integration of electrical/optical-based 
poration techniques with SERS is very interesting because it gives an 
insight into changes of the local microenvironment exploiting plasmonic 
nanostructures. These may be utilised not only for their ability to 
enhance Raman signals but also as multifunctional elements which 
enable other important functions such as monitoring of internal con-
stituent changes[74] and drug delivery [75,76]. 

Aside from using external stimulus, cells can also be porated mechan-
ically if the morphologies of the structures are of the correct dimension. As 
the curvature of the tip of sharp nano antennas approaches widths similar 
to the thickness of the cell membrane the likelihood of mechanical poration 
becomes much higher.[77–80] The penetrative power of the nanostructure 
is not the only parameter important to pass the cell membrane barrier. It 
has been studied that those structures with lower heights and further 

separation encourage poration as the cells also adhere to the surrounding 
substrate creating localised tension. It is harder to porate cells impaled on 
high structures than those that can spread and anchor themselves on the 
substrate creating an additional adhesion force.[81–83] There is however 
still controversy as to the exact mechanism by which cells interact with the 
interfaces of sharp tipped structures. Certain studies have shown sponta-
neous poration and no cell damage for nanoneedles (d ≤ 100 nm) with 
small tip sizes, but whether other additional external forces are necessary 
from thermal laser damage or plasmon induced opto/thermo-poration is 
still not completely understood.[84,85] Poration can be tested with a 
Calcein/Propidium Iodide fluorescence assay to see if cells are alive after 
poration and whether they have been porated, respectively [86,87]. 

Building upon the literature we have developed an effective bioac-
tive SERS platform that was non-invasive to cells but able to track the 
status of cell and in particular monitor their cell differentiation. We 
conceived a low-cost, facile fabrication technique to realise a uniform 
periodic array of plasmonic nanostructures on a large area with sharp 
tips and high SERS signal enhancement and homogeneity over large 
areas based upon Au nanopyramids (Au NPs). This allowed for better 
control on the spacing of the Au NP array and to create structures with 
more defined tips and higher aspect ratios to encourage cell adhesion. 
This platform is tested to discriminate ND7/23 neurons before and after 
differentiation, providing evidence that this cost-effective and non- 
destructive platform may be used for Raman phenotyping. By collect-
ing SERS signals over time, it is possible to monitor the dynamic in-
teractions between the neurons and the Au tips and track the main 
constituents of the cell membrane, namely lipids and proteins. Due to 
the sensitivity and the sharpness of the Au tips SERS vibrational fin-
gerprints related to intracellular components, such as DNA/RNA frag-
ments, are also detected. The overall electric field enhancement and cell 
viability studies of the substrate are also carried out to prove this is a 
reproducible effective biocompatible detection platform. 

2. Materials and methods 

2.1. Au NP array fabrication 

The fabrication route to Au NP arrays is based on colloidal lithog-
raphy. Firstly, negatively charged polystyrene (PS) spheres (purchased 
from microParticles GmbH) with superficial carboxylic acid groups and 
an average diameter of 420 nm or 750 nm, as specified each time, were 
assembled in a hexagonally-close-packed (hcp) monolayer. This was 
achieved by using an interfacial air-water self-assembly technique.[88, 
89] Briefly, the aqueous solution of PS spheres (5 wt%) was diluted in a 
1:1 ratio in ethanol and then pipetted onto a Si wafer suspended at an 
angle of 80◦ with its bottom edge in contact with a water bath. The Si 
wafer was first treated with an oxygen (O2) plasma cleaner (power: 100 
W, flow rate: 25 sccm; Gambetti Plasma Cleaner System) for 10 min to 
make the surface completely hydrophilic, to encourage spreading. In 
this way, the excess PS spheres could flow away in the water bath whilst 
ordered hcp monolayers were formed on the Si water after the solvent 
evaporates. A second plastic beaker was filled with deionized water and 
the pH was increased to the desired value by adding the corresponding 
millilitres of a sodium hydroxide solution. The pH of the water bath 
played an important role on the subsequent step in which the Si wafer 
was gently dropped in the water bath to transfer the PS spheres mono-
layers at the water-air interface of the second bath. The pH of the water 
bath affected the repulsion between neighbouring PS spheres because at 
higher pH values the surface charge density on each particle increased as 
a result of the deprotonation of the carboxylic acid groups.[90] By 
increasing the particles’ electrostatic repulsion, the length of the trian-
gular interstices formed by neighbouring spheres also increased as a 
function of the pH. After multiple transfers of PS spheres from the Si 
wafer to the air-water interface, the surface of the water beaker was 
filled with grains containing hcp PS nanosphere arrays. The voids be-
tween the ordered grains were reduced by adding 2 μL of an aqueous 
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solution of sodium dodecyl sulfate to the surface, pushing the grains 
together. Finally, the monolayer of PS spheres was transferred onto 
cleaned glass substrates, which were previously treated with the O2 
plasma cleaner for 3 min, by immersing the glass below the water 
interface and gently “fishing” the PS sphere monolayer (see Fig. S1a). 
After allowing the substrates to dry at an angle, hcp PS sphere arrays 
were formed on the glass substrate and ready to be used as a colloidal 
mask. Then, the samples were loaded in the chamber of an electron 
beam evaporator vertically with respect to the source, firstly an adhe-
sion layer of 2 nm of Ti followed by 200 nm of Au (pressure chamber: 2 ∙ 
10-7 Pa, rate: 0.2 Ȧ/s; E-beam PVD75 Kurt J. Lesker company) were 
deposited, without rotation. Finally, the PS spheres were removed by 
tape stripping and only the arrays of Au NPs were left on the glass 
substrate. 

2.2. Au NP Array morphological and optical characterization 

The morphology of the Au nano pyramids was characterized by 
imaging the samples with a scanning electron microscope system (FEI 
Helios NanoLab 650). The transmission and reflection spectra of the Au 
nanopyramids at normal incidence in the wavelength range 
400–1000 nm were collected with an ellipsometer (J.A. Woolam Co. V- 
VASE ellipsometer). 

2.3. Optical modelling 

We used the COMSOL Multiphysics® software to perform the optical 
modelling.[91] The refractive index and extinction coefficient of the 
gold was taken from literature,[92] and the refractive index of the sili-
con dioxide was set to 1.45. The incident light from 0.4 to 1 µm was 
illuminated along the z-axis. The periodic boundary conditions and 
perfectly matched layers were applied perpendicular and parallel to the 
z-axis, respectively. Further parameters may be found in the Supple-
mentary alongside Fig. S3. 

2.4. ND7/23 cell culture on the Au NP arrays 

Firstly, the samples were treated with an O2 plasma cleaner for 5 min 
to make the surface hydrophilic and then sterilized with UV exposure for 
30 min. The Au NP arrays were coated with poly-D-lysine to promote the 
cell adhesion. Dorsal root ganglia (DRG) neuron-derived ND7/23 cells 
(Sigma-Aldrich, 92090903) were seeded on Au NP arrays at the density 
of 10,000 cells/cm2. Undifferentiated cells were cultured in DMEM 
(Dulbecco’s Modified Eagle Medium), supplemented with 2 mM L- 
glutamine, 10% Fetal Bovine Serum (FBS), 100 U/ml penicillin and 
100 mg/ml streptomycin, in a humidified incubator at 37 ◦C and 5% 
CO2. SERS measurements of cells were measured a minimum of 2 days 
after initial seeding onto the Au NP array. 

2.5. Cell differentiation 

Neural differentiation of ND7/23 was induced by adding 1 mM 
N6,2´-O-Dibutyryladenosine 3´,5´-cyclic monophosphate sodium salt 
(cAMP, Sigma-Aldrich, D0260) and 10-ng/ml recombinant rat beta- 
nerve growth factor (NGF; R&D Systems Inc., 556-NG-100) to DMEM 
(supplemented with 0.5% FBS, 100 U/ml penicillin and 100 mg/ml 
streptomycin).[93] The undifferentiated ND7/23 cells are round and 
have no neurites, whereas differentiated cells show neurite outgrowth. 
[94,95] SERS measurements were performed 4 days after neural dif-
ferentiation to ensure complete differentiation and only those indicating 
visible neurite growth were considered. The cell medium was changed 
before measurements. 

2.6. Raman measurements 

SERS spectra of the cells on the Au nano pyramids were collected 
with a Renishaw inVia Raman spectrometer equipped with a Nikon 
60 × water immersion objective and a 785-nm laser. The estimated spot 
size of the laser is 1.9 µm and the power was adjusted to 0.5 mW (10% of 
the maximum value), unless elsewhere specified. The integration time 
was set to 0.5 s unless elsewhere specified. 

2.7. Data analysis 

The principal component analysis (PCA) was perform within Python 
programming language.[96] The scikit-learn tool with StandardScaler 
class was used for the standardization of the data set, and PCA with two 
principal components was used to reduce the original data to a set with 
only two features [97]. 

3. Results and discussion 

3.1. Fabrication and morphological characterisation 

The Au NP arrays on glass were produced by using a large-scale 
fabrication route based on colloidal lithography. Firstly, an interfacial 
self-assembly technique was used to create a colloid mask of polystyrene 
(PS) spheres at the air-water interface of a water bath before fishing onto 
glass substrates (see scheme in Fig. S1a). Afterwards a vertical deposi-
tion of Au through the colloid mask, followed by mask stripping, pro-
duces the periodic array of gold NPs. A detailed description of the 
fabrication may be found in Section 2.1 and a summary schematic of the 
process in Fig. 1a. Images of the PS mask on a 1 × 1 cm2 after colloidal 
lithography and after final mask removal following Au deposition may 
be found in Fig. S1b-c, respectively, indicating the up scalability of the 
technique. The quality of the as prepared PS mask for both low and high 
magnification may also be found in the Supplementary in Fig. S1d. 

Each Au NP in the array is comprised of a 3D plasmonic nano-
architecture with four sharp tips each, three at the base of their structure 
and one at the top. Around these points, under resonant laser excitation, 
plasmonic hotspots from the increased local electric field allow the 
enhancement of intense SERS signals of cells which sit in close proximity 
of the tips.[98,99] An SEM image of long range order of the Au NP array 
achieved by our colloidal lithography technique is given in Fig. 1b, 
whilst the inset shows the regular spacing and ordering of the individual 
NPs in the array. The out of plane morphology of the Au NP arrays is 
well-visible in the cross-section SEM images reported in Fig. 1c-d. The 
Au NPs have an average lateral length < L > of 130 nm, a height H of 
200 nm and sharp tips with a radius of curvature of 10 nm, as clearly 
visible in Fig. 1d. We found that this morphology enhances SERS signals 
under laser illumination at 785 nm and at the same time promotes the 
spreading and adhesion of the cells on the substrate due to the good 
separation and high aspect ratio of the NPs. 

It is important to note that the PS nanospheres we used as colloidal 
masks are functionalised with a negative surface charge. In fact, the as-
sembly of the nanospheres at the water-air interface of the water bath is 
affected by the pH of the water. Specifically, an increase in the pH causes an 
increase in repulsion between neighbouring spheres as they self-assemble 
and thus, also increases their average spacing distance. This in turn 
means that the average size of the triangular interstices < L > between 
adjacent nanospheres can be carefully controlled. In turn, this provides a 
way to form larger interstices, so as the Au is deposited NPs can grow until a 
sharp tip is formed, without the deposition being inhibited by the build-up 
of Au on the spheres during deposition. The value of < L > could also be 
controlled by altering the mask by other well-used methods such as oxygen 
plasma or reactive ion etching, but this can change the shape and roughen 
the surface of the nanospheres.[100,101] This means that some of the sharp 
well-defined features of the nanostructure can be lost. By altering the 
deposition height H in conjunction with <L> , we can produce NPs of 
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different sizes, keeping their tip, and tune their optical properties as 
required [102]. 

3.2. Optical properties and modelling 

The optical properties of these Au NP arrays are reported in Fig. 2a. 
The transmission spectrum shows a dip at 750 nm with a width of 90 nm 
that is due to the excitation of the LSPR of the structure.[103–105] The 
optical properties measured are verified by a computational simulation 
of the Au NP array, shown by the red line in Fig. 2a. In Fig. 2b the electric 
field enhancement of the Au NP array can be seen for laser illumination 
at λ = 780 nm, from this it can be confirmed that the tips of the structure 
create plasmonic hotspots and there is an enhancement of the electric 
field seen along the vertices. Further details of the modelling can be 
found in Section 2.3, whilst the unit cell and cutting plane parameters 
may be found in Supplementary information alongside Table S1 and 
Fig. S3. The larger plasmonic hotspot seen at the base can be contributed 
to the close separation of these NP tips to each other and that the base of 
the structure is in contact with the substrate. We also note that the 
enhancement is strongest localised at the surface of the tip of the 
nanostructure. The LSPR of the Au NP arrays is tailored by changing 
their morphology, namely < L > and H. In fact, by fixing H at 200 nm 
the LSPR peak shifts to longer wavelengths by increasing < L > . As 
shown in the transmission spectra of Fig. 2c, the LSPR dip is red-shifted 
from 700 nm to 880 nm for Au NP arrays when < L > is increased from 
113 nm to 150 nm. This is achieved by altering the pH of the water bath 
for self-assembly of the colloid mask as mentioned. In this way, 
< L > can be precisely controlled to tune the LSPR resonance, as shown 
in Fig. 2d. 

Alternatively, an increase of H for a fixed value of < L > leads to a 
blue shift of the LSPR dip in the transmission spectra. This was 

experimentally observed by increasing progressively the value of H from 
60 to 200 nm for two sets of Au NP arrays with < L > equal to 130 nm 
and 220 nm, as reported in Fig. S2a. Certainly, the choice of the metal 
deposited in the triangular interstices also affects the optical properties; 
by changing the metallic layer from Au to Ag the thickness of the 
deposited layer required decreases from 200 nm to approximately 
60 nm to match the laser excitation wavelength at 785 nm used for the 
SERS measurements (see Fig. S2b). 

3.3. SERS measurements before and after cell differentiation 

A preliminary characterization of the efficacy of the Au NP arrays as 
a SERS substrate was performed by illuminating the sample with the 
785 nm laser and collecting the SERS spectra of a monolayer of 4-amino-
thiophenol (4-ATP) molecules covalently bound to the Au NPs surface 
over a region of 75 × 75 µm2. The overall enhancement factor of the Au 
NP array was estimated to be 1 × 106. Additional Raman mapping of 
SERS signals were collected for two additional samples from different 
fabrication sets. The relative standard deviation (RSD) of these samples 
were found to be 6.4%, 6.4% and 13.2%, respectively. The combined 
data sets were found to have an RSD of 8.2% (details of the calculations 
and the experimental conditions for the SERS measurements are re-
ported in the Supplementary Information alongside Fig. S4).[106] 
Under laser illumination the tips of the Au NPs, which have a tip cur-
vature of 10 nm, are shown to be excellent local probes that have then 
been used to investigate cellular processes with SERS. The regularity of 
the signal of the collected Raman maps across the SERS substrates shows 
a good reproducibility of signal intensities, which is an important 
advantage of this structure for highly sensitive and reliable detection. 
Hybrid ND7/23 neurons were seeded and grown on top of the Au NPs 
arrays on glass by following the procedure described in Section 2.4. 

Fig. 1. a) Scheme of the Au NP array on glass, used as SERS substrate to probe cells’ activity. The main steps of the fabrication consist of the assembly of the colloidal 
mask, followed by the Au deposition and finally the removal of the nanospheres. Then, the Au NP arrays are used as a SERS substrate to monitor the enhanced Raman 
signals of neurons over time at different stages of their differentiation process. b) SEM image of the Au NP array over a large scale (scale bar: 10 µm). The inset shows 
a magnification of the Au NPs to better visualize their periodicity (scale bar: 500 nm). c) A cross-section SEM image of the Au NP array shows the out-of-plane 
morphology of these nanostructures (scale bar: 500 nm). d) A magnification of the cross-section SEM image of a single Au NP, highlighting the sharpness of the 
vertex which is 10 nm in curvature (scale bar: 100 nm). 
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Fig. 2. a) Transmission spectrum of Au NP arrays with < L > = 130 nm and H = 200 nm. The red line shows the computationally simulated optical properties. The 
dashed line in grey highlights the wavelength of the laser used for the SERS measurements. b) Simulation of a cross-section of the Au NP array electric field dis-
tribution upon laser illumination (λ = 780 nm). c) Transmission spectra of the Au NP arrays as a function of their lateral size < L > . d) Dependence of < L > on the 
pH of the water bath used for the assembly of the PS nanoparticles at the air-water interface. 

Fig. 3. a-e) Examples of SERS spectra collected illuminating a cell over time in a certain point and under the same illumination conditions (laser wavelength: 
785 nm; laser power: 10%; integration time: 0.5 s). f) Time trace of the SERS signals collected irradiating a cell over time: the regions where a significant variation of 
the SERS peaks and intensities are observed have been labelled from 1 to 5. The SERS spectra shown in a-e) have been randomly chosen between the data collected in 
these regions. 
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SERS measurements were performed firstly on undifferentiated 
neurons in order to test the effectiveness of the Au NP arrays as a SERS- 
active biointerface to promote cell growth and adhesion whilst also 
providing a high enhancement of the SERS signals. Due to the fact that 
the cells are adhered to the SERS substrate but can still move, the SERS 
signals collected at the same point of a cell over time are strongly 
affected by the dynamics of interaction between the tips of the Au NPs 
and the cell itself. As the cells can adjust themselves in their fixed po-
sitions on top of the array, strongly enhanced SERS signals are collected 
only when the cell membrane is in close proximity with the NPs. If, for 
example, the cell membrane is not in close proximity with the Au nano 
tips, due to the fact that the plasmonic hotspot extends for a distance not 
longer than 15 nm from the surface, the SERS spectra collected over time 
do not show any characteristic features (see Fig. 3a). This in turn can 
also be an indication of bad cell adhesion if these spectra do not change 
with time as the cell is likely not well attached. Conversely, if the cell is 
in good contact with the Au NP tips the SERS spectra show the vibra-
tional fingerprints of the membrane constituents, namely lipids and 
proteins. 

Since the Au tips are sharp and the cell membrane is only 8–10 nm 
thick,[107] we found that in the data sets of the spectra collected over 
time there are vibrational peaks that can be assigned to DNA/RNA from 
the intracellular environment. Therefore, the tips of the Au NP arrays are 
not only efficient local probes that are able to detect over time constit-
uents of the cell membrane, as in the SERS spectra reported in Fig. 3b+e, 
but also intracellular constituents close to the cell membrane, as in 
Fig. 3c+d. In order to better visualize the changes of the vibrational 
features in the SERS spectra collected over time, the time trace of the 
whole data set of a cell collected with an integration time of 0.5 s is 
reported in Fig. 3f. The SERS spectra shown in Fig. 3a-e are randomly 
chosen from the regions of the time trace labelled from 1 to 5 which 
highlight the subsections in which significant variations of the Raman 
peaks and intensities were observed. Further details of the equipment 
and parameters for SERS measurements may be found in the Section 2.6. 

From the literature we are able to identify the main vibrational 
Raman fingerprints assigned to lipids, proteins and DNA/RNA frag-
ments, which are summarized in Table 1. This allows us to identify main 
peaks such as the deformation of the CH2 bond at around 1450 cm-1 

related to the lipids/proteins or the amide band found around 
1200–1300 cm-1 for proteins, seen in Fig. 3b. The presence of additional 

peaks, as found from 650 to 850 cm-1, are attributed to DNA/RNA. Other 
peaks relating to the intracellular components can be found in the band 
from 1300 to 1600 cm-1, which can be identified in Fig. 3c+e. The Au NP 
arrays provide an effective SERS substrate for the investigation of the 
components of the cell membrane and also intracellular constituents, 
due to the fact that the sharp tips locally probe the cells’ membrane 
through the enhancement of SERS signals. The signals are strong enough 
that we can specifically identify separate cell constituents with mea-
surements over time. 

To verify these findings and the efficacy of the Au NP array, we 
performed a 2D SERS mapping of an undifferentiated cell half adhered 
to a Au NP array and half across a gold film void space. From this study 
we show good signal intensities for peaks of interest, whilst compara-
tively no strong signal is achieved for the half of the cell in contact with 
the gold film. SERS signals are also found to be homogenous across the 
cell showing good capture of the cell constituents independent of the 
location of the laser illumination on the cell. Additional information and 
discussion of this study may be found in the Supplementary alongside 
Fig. S5. 

After testing the undifferentiated neurons, a cell viability assay based 
on the fluorescence of a Calcein/Propidium Iodide assay was performed. 
This was to verify the condition of the cells after testing and was 
completed after SERS testing for a few hours outside the incubator. It 
was found the cells remained alive and only a few dead cells were found 
on the Au NP arrays on glass (see Fig. S6). 

The Au NP arrays provided a biocompatible SERS interface for 
measuring undifferentiated neurons. Therefore, we then induced the 
process of differentiation, by using the protocol described in Section 2.5, 
to measure the differentiated cells. A microscope image of the differ-
entiated cells spread on the Au NPs SERS substrate and axon formation 
are shown in Fig. 4a. Here, it is well visible the presence of the central 
part of the neurons, also known as soma, containing the nucleus, and the 
long projection, known as an axon, which carries electrophysiological 
signalling. Further details of how cells are categorised between their 
undifferentiated and differentiated state may be found in the Supple-
mentary alongside Fig. S7. In Fig. 4b a time trace of a differentiated cell 
for SERS spectra collected over time grown on the Au NP array is shown. 
It can be seen, as was the case for the undifferentiated cells, that there 
are regions of strong SERS signals for fingerprints of interest. The in-
tensity as a function of time for specific vibrational features (See 
Table 1) of lipids, protein and DNA/RNA are reported in Fig. 4c-e, 
respectively. In this way, it is possible to precisely define the temporal 
windows in which these components are observed and understand if 
they belong to the cell membrane and/or to the intracellular environ-
ment. A strong SERS signal was found for different cell constituents in 
these temporal windows. SERS measurements were not only performed 
on the soma of many cells but also on a section of an axon. These SERS 
spectra collected over time for the axon used the same integration time 
of 0.5 s and same parameters for the laser irradiation (785 nm laser 
wavelength; 10% power), the Raman data is presented in Fig. S8. 

It is worth to point out that the dynamics of the cells’ movement and 
activity on the SERS substrate is not affected by the continuous laser 
irradiation. In fact, we collected the Raman time traces of cells irradiated 
over time whilst reducing the laser power for different measurements 
from 50% of the maximum value to the 0.1%. These time traces contain 
1000 spectra each and they were all found to contain information on the 
dynamics of the Au tips and cell membrane interactions. This is since all 
datasets show the lipid and protein vibrational fingerprints found in 
subsets of the SERS spectra. These show similar Raman time traces as 
those observed for the time trace obtained by laser illumination with 
10% power, reported in Figs. 3f and 4b. Furthermore, time traces of cells 
obtained by changing the integration time from 0.1 s to 1 s were also 
collected to verify that the Au tips of the Au NPs can track cellular 
processes with different temporal resolutions.[111–114] In fact, the 
integration time of the collected SERS spectra sets the time scale of the 
events that it is possible to monitor in time. The fact that even at 0.1 s it 

Table 1 
SERS peak positions and relative vibrational mode assignments for lipids, pro-
teins and DNA/RNA fragments. A: adenine, T: thymine, C: cytosine, G: guanine, 
U: uracil, def: deformation, bend: bending, str: stretching, Phe: phenylalanine, 
Tyr: tyrosine, Trp: tryptophan [108–110].  

Assignment of SERS peak positions (cm-1) 

Lipids Proteins DNA/RNA   

645 Tyr       
670 T, G     
732 A     
780 U, C, T     
792 C, T, DNA backbone   

830 Tyr 834 Ribose phosphate 
954 Cholesterol   895 Ribose phosphate 
975 Fatty acid 1002 Phe     

1123 C-N str. 1060 PO2
- str. 

1123 C-C str. 1174 Phe, Tyr     
1218 Amide III 1185 C, G, A   
1295 Amide III   

1315 CH2 def. 1315 CH2 def. 1312 A     
1325 G 

1386 CH2 def. and bend.   1378 A, T, G 
1462 CH2 def. 1445 CH2 def. 1432 A, G   

1482 Amide II 1478 A, G   
1547 C-C str. 1534 A, C, G     

1580 A, G     
1595 A  
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is possible to follow the dynamics of the membrane processes from the 
time trace confirms that the Au tips are sensitive local probes. This is 
important for some applications in order to track the activity of cellular 
processes that occur in hundreds of milliseconds. This study also con-
firms that this structure is not deformed at higher laser powers where 
thermal degradation and loss of signal could be expected, showing good 
thermal stability. More details of this study can be found in the Sup-
plementary with the accompanying Raman data in Fig. S9. 

As has been shown, we are also able to detect intracellular constituents 
of the un/differentiated cells. Some of the temporal windows in the Raman 
time traces show strong contributions of RNA/DNA as compared to 
membrane constituents, and as such it is important to discuss the mecha-
nism by which this is occurring. To be able to detect inside the cell either 
the gold tips are probing the inner environment through the membrane or 
there is poration putting DNA/RNA and other components in close prox-
imity to the tips. The low height of the NPs (≈ 200 nm) with their short 
regular spacing means that physically these structures do not penetrate 
deeply into the soma and intracellular components are limited to those 
found in the cytoplasm near to the cell membrane. Nanoneedle structures 
of larger height may be designed to penetrate deeper and differentiate 
components of the organelles of the cell or using a labelled biomarker 
targeted approach, as opposed to surface monitoring of cell membrane 
constituents demonstrated here. As has been stated from the SERS laser 
power and integration time study we did not find any thermal effects from 
heat build-up due to laser irradiation affecting cell movement or causing 
localised opto-poration. Since the tips of the Au NPs are very sharp, with a 
curvature of 10 nm, it is most likely that spontaneous transient events of 
poration of the cell membrane occur during the collection of the Raman 
signals. These sharp tips combined with the fact that the cells are spread 
across the substrate means that there can be mechanical poration due to 
tension acting on the cells sitting on the points.[64] In fact, we observe the 
detection of the membrane constituents and of intracellular components 

during measurements independent of the cells differentiation state on the 
Au NP arrays. The cell cultures after seeding are given days to incubate to 
ensure the cells have attached and split enough to cover the substrate, but 
before multi-layered clusters of cells have grown. Although we can ascer-
tain from observing the data and visually from the developed state of the 
cells, a more robust data-driven analytical approach is required to verify 
differentiation and to measure other cell types in the future. Thus, data 
processing of the SERS spectra was performed to see if the neuron devel-
opment could be discriminated by computational analysis based on PCA. 

3.4. SERS computational data analysis 

Indeed, by performing PCA it was possible to discriminate between 
the undifferentiated and differentiated neurons, as expected from the 
fact that they differ in morphology and composition of their membrane. 
Raman time traces from various undifferentiated and fully differentiated 
neurons were acquired in the same conditions by collecting each time 
1000 spectra in a random area of the cells with 0.5 s integration time. 
Therefore, SERS spectra that did not contain strong signals due to those 
illuminated areas of the cells moving out of close contact with the Au 
tips were discarded. Only SERS data with a signal intensity at least three 
times higher than the noise level after the baseline subtraction, per-
formed using an asymmetric least-squares routine, were selected. After 
this procedure the data set of each individual cell was reduced to a few 
hundred spectra and these selected spectra were investigated by PCA. 
PCA takes the derived principal components (PCs) of the data and shows 
a correlation of each variable, in this case SERS peaks, and how they 
contribute to variance in the data set. So, the PC loadings can show 
variance between vibrational fingerprints in the data to distinguish be-
tween different groups. 

This analysis was performed on the cell data sets and the plots of the 
PC1 loading as a function of the Raman shift are reported for 

Fig. 4. a) Microscope image of differentiated neurons on the Au NP arrays on glass. b) Time trace of Raman data of a differentiated neuron (integration time 0.5 s, 
laser power: 10%). c-e) Plots of peak intensity versus time for Raman peaks of interest for lipids, proteins and DNA/RNA fragments, respectively. 
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undifferentiated and differentiated neurons in Fig. 5a-b, respectively. 
Importantly, it can be seen that in the spectral region 1250–1450 cm-1 

undifferentiated neurons do not show significant features and in fact, the 
PC1 loadings do not show any significant variation amongst the different 
cells. Conversely, fully differentiated neurons show intense SERS fea-
tures in this spectral region, as it is possible to see from the time trace 
reported in Fig. 4b and from the plot of the PC1 loadings reported in 
Fig. 5a-b. As a result, by performing PCA on the data set collected from 
the single cells it is possible to determine their state, namely if they are 
differentiated or not, by focusing on the 1250–1450 cm-1 spectral re-
gion. In fact, fully-differentiated neurons are expected to have a higher 
number and variety of proteins with different compositions on the cell 
membrane. This can be seen by their additional SERS vibrational 
fingerprint in the 1250–1450 cm-1 region. Furthermore, it is worth 
noting that the differences in the PC1 loadings, which are found amongst 
different cells in both the un/differentiated neuron data sets, are due to 
the fact that the Au tips do not probe only the cellular membrane but 
also detect the intracellular environment. From the wavenumbers of the 
PC1 peaks, it can be seen that the same areas of interest as those indi-
cated in Table 1 are seen. 

As evidenced from the performed PCA, it is clear that the Au NPs 
SERS substrate has the potential not only to monitor the cells’ activity 
and movement in time but is also able to discriminate between their 
state before and after differentiation. Indeed, by performing PCA for the 
first two principal components of the complete data, containing SERS 
data sets of cells in differentiated or undifferentiated states, the PC2 
versus PC1 plot was obtained, see Fig. 5c. The 2D data plot shows the 
first two PC vectors which summarise the main peaks of each PC, which 
can be related back to the Raman bands of the data. The larger variance 
seen for peaks in the data set, the larger effect it will have in the loading. 
From the biplot it is possible to see that we have successfully separated 
the two differentiation states of the cells. In the case of the 

undifferentiated cells, they all show a small variance and are tightly 
grouped, whilst the differentiated data shows variance with other 
correlated data plots. This separation between the two groups is due to 
the increase and variety of proteins found in the cell membrane after 
differentiation.[115] This is seen by the greater loading of proteins 
found for the data plot for differentiated cells. If an undefined cell was 
then analysed it could then be categorised in the plot to see its state of 
differentiation as compared to known data. This study has shown that 
this Au NP SERS sensor is selective enough with PCA analysis to use as a 
robust detection tool to easily discriminate un/differentiated neurons. 

4. Conclusions 

Here we report a SERS active substrate comprised of an array of Au 
nanopyramids, which greatly enhances the SERS, with a high signal to 
noise ratio and reproducibility. To produce the Au NP arrays, we have 
implemented a facile, low-cost colloidal lithography technique to create 
a colloidal mask for deposition. This fabrication method is shown to be 
up scalable and can be implemented on different surfaces and is 
potentially compatible with flexible substrates, making it promising for 
in-vivo SERS studies. We used PS spheres with a negative surface charge 
and altered the pH during mask self-assembly to change the lateral 
length <L> of the NPs. The advantage being that the morphology and 
optical properties are easily tuneable for the required sample and setup, 
whilst keeping the characteristic NP shape. The tips of the pyramid are 
found to be sharp with tip curvatures of only 10 nm. From SERS char-
acterisation the overall substrate was also found to greatly increase the 
local electric field with hotspots present at the tips of the structure, an 
enhancement factor of approximately 1 × 106 was calculated for the 
overall structure. The fabrication of the structure was found to be 
reproducible with a relative standard deviation of Raman signal in-
tensities of 8.2% across different fabrication sets. 

Fig. 5. a-b) Plot of the PC1 loadings resulting from the PCA performed on the reduced data set of SERS spectra of four undifferentiated and fully differentiated 
neurons respectively. Each data set is composed of 1000 spectra. Different colours are used to show the PC1 loadings obtained from the analysis of different cells for 
both the case of undifferentiated and differentiated neurons. The highlighted area indicates additional peak loadings of differentiated cells. c) PCA biplot in 2D for 
two-component analyses of all data of interest for cells separated by before and after differentiation. 
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This SERS substrate was then used to discriminate ND7/23 hybrid 
neuronal cells before and after differentiation. Samples were tested with 
SERS and Raman vibrational fingerprints of both the cellular membrane, 
such as lipids and proteins, and intracellular components, such as DNA/ 
RNA, were identified. Measurements of all constituents were found 
independently of laser power or integration time leading us to have 
confidence that intracellular components were found due to localised 
probing by the hotspots of the Au NP tips and localised mechanical 
poration caused by tension acting on the cells as they spread. Different 
subsets of Raman events collected over time could be related to known 
Raman peaks to define what components were present in our time trace 
measurements. PCA analysis was performed and found to be able to 
discriminate between un/differentiated neurons in the data sets. Finally, 
a cell viability test showed excellent results with cells remaining in good 
condition after hours of testing. As such, we have demonstrated a non- 
invasive biocompatible active SERS substrate able to discriminate cell 
groups with high efficacy. This sensor could be of great use to monitor 
cellular processes in time both for long term cellular events of hours or 
even days due to the good compatibility of the Au NP arrays as SERS 
substrate. The high sensitivity of the structure has also shown that it 
could allow for the measurement of cellular processes on the order of 
hundreds of milliseconds using a more targeted labelled approach in the 
future. Furthermore, the fabrication of the structure is easy to imple-
ment and can be altered to produce NPs with a LSPR that is further 
shifted in the NIR window, which is of great interest for the development 
of non-invasive optical techniques to probe cells limiting undesired 
irradiation side effects. 
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