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S
urface-enhanced Raman spectros-
copy (SERS) is a promising technique
for label-free detection and analysis

inside cells.1�7 The primary mechanism of
Raman scattering enhancement is related
to the plasmonic focusing of an electromag-
netic field on metal nanostructures.8�10

SERS-active nanostructures are required to
satisfy certain conditions in order to provide
a strong Raman signal. First of all, the
roughness of the metal surface should be
smaller that the wavelength of the excita-
tion field. Second, the wavelength of the ex-
citation laser should correspond to the plas-
mon resonance wavelength of the SERS
substrate. The latter can be controlled by
changing the size, shape, and material of
the metallic structures.11�14 Originally dis-
covered on electrochemically roughened
surfaces, SERS is currently conducted using
many other substrates such as metal nano-
particles of various shapes (spherical, trian-
gular, prismatic),1 nanoshells with a dielec-
tric core and metal outer surface,15 and
highly ordered metal islands fabricated by
lithographic techniques.16

SERS inside biological cells has been re-
alized by introducing gold or silver nano-
particles through endocytosis. This tech-
nique was successfully applied for imaging
DNA in single cells along with in situ studies
of individual endosomes formed around a
gold nanoparticle taken up by a cell.4,17�20

However, uncontrollable aggregation of
nanoparticles in cells poses difficulties be-
cause SERS signals are known to be highly
sensitive to exact nanoparticle configura-
tion.8,13 Targeting of these nanoparticles to
a specific location within cells through their
functionalization21 will also interfere with
SERS analysis. An alternative solution to this

problem would be to use the SERS sub-
strates with fixed nanoparticle geometry.

Here we present the first SERS-active
nanopipette for in situ intracellular analysis.
This nanopipette is based on traditional
glass pipettes widely employed in biology
today. As a result, any standard equipment
for cell microinjection, such as micromanip-
ulators or fluid injectors can be used for
cell analysis with SERS-active nanopipette.
SERS functionality is added by incorporat-
ing gold nanoparticles on the outer surface
pipette tip. We demonstrate that this allows
us to track the location of the tip within
the cell. For example, we show that the
SERS spectra obtained with the nano-
pipette from within the nucleus are clearly
different from those obtained within the cy-
toplasm and contain typical features associ-
ated with DNA. It is important to note that
the tip of the nanopipette remains open af-
ter the functionalization with gold nanopar-
ticles. Therefore, the SERS-active nanopi-
pette can be used for concurrent drug
injection and monitoring of cell response.
Prior to combining these two functions, it is
necessary to experimentally dem-
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ABSTRACT We report on a new analytical approach to intracellular chemical sensing that utilizes a surface-

enhanced Raman spectroscopy (SERS)-enabled nanopipette. The probe is comprised of a glass capillary with a

100�500 nm tip coated with gold nanoparticles. The fixed geometry of the gold nanoparticles allows us to

overcome the limitations of the traditional approach for intracellular SERS using metal colloids. We demonstrate

that the SERS-enabled nanopipettes can be used for in situ analysis of living cell function in real time. In addition,

SERS functionality of these probes allows tracking of their localization in a cell. The developed probes can also be

applied for highly sensitive chemical analysis of nanoliter volumes of chemicals in a variety of environmental and

analytical applications.
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analysis · nanopipette · micropipette
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onstrate that the nanopipette has the necessary sensi-
tivity to detect the changes in intracellular environ-
ment. This demonstration is the subject of the present
work.

In this paper, we first discuss the design of the SERS-
active nanopipette. In the next section, the chemical
sensitivity of the nanopipette is accessed by measur-
ing the characteristic SERS spectra from the tip of the
nanopipette inserted in cell nucleus and cytoplasm.
Special consideration is given to the effects of the nano-
pipette insertion on the cell. Finally, we dem-
onstrate that the SERS-active nanopipette can
be utilized for intracellular monitoring of liv-
ing cell function in real time. Cell activity was
stimulated by adding aqueous solution of KCl
to the cell medium and the cell response
was characterized by collecting SERS spec-
tra from the nanopipette tip inserted in the
cell cytoplasm.

RESULTS AND DISCUSSION

Optimization of the Nanoparticle Configuration for
Nanopipette Design. It has been previously shown
that 1 �m prismatic gold particles provide good
SERS enhancement.22 However, they are too
large for intracellular applications and may
cause fatal cell damage. In this work, equiaxial
polygonal (close to spherical shape) gold nano-
particles were used. The average size of the
nanoparticles (54 nm) was chosen as a result
of the trade-off between the SERS sensitivity,
which usually requires the nanoparticles to be
in 30�100 nm range,13 and the final size of the
probe, which should be small enough to mini-
mize potential effects on the cell during the
probe insertion.23 Scanning electron micro-
graph of these gold nanoparticles is shown in
Figure 1A, along with the corresponding

UV�vis absorption spectrum, Figure 1B. The diameter of

the nanoparticles was measured using both SEM images

and Zetasizer data.

Prior to fabricating the SERS nanopipette, the rela-

tionship between the surface density of gold nano-

particles on a glass substrate and the corresponding

SERS enhancement was studied. A model system was

constructed using planar glass slides coated with gold

nanoparticles. SEM images of these substrates with dif-

ferent nanoparticle surface densities are shown in Fig-

ure 2A. UV�vis absorption spectra of all four substrates

are similar to that of the nanoparticle colloid with the

maximum absorption at about 540 nm (see Supporting

Information, Figure S1). The corresponding SERS spec-

tra, collected with 633 and 785 nm excitation lasers, are

demonstrated in Figure 2B. At the lowest nanoparticle

density (a), no SERS spectra were detected at either

wavelength. Decreasing interparticle distance results

in the appearance of the SERS spectra (b, c). Interest-

ingly, at the highest particle density, the SERS signal ob-

tained with 633 nm excitation laser becomes weaker

as concluded from the increased spectral noise (spec-

trum d). In contrast, when the 785 nm laser is used to

excite SERS of the same sample, the intensity of the

SERS signal becomes significantly higher (spectrum d).

This can be explained by the presence of the clustered

gold nanoparticles which causes the red shift of the

plasmon resonance, responsible for electromagnetic

Figure 2. (A) SEM micrographs of the planar glass substrates coated
with gold nanoparticles. The density of the attached nanoparticles is
proportional to the time the glass substrates were immersed in the
gold colloid. Samples shown in panels A,a�d correspond to 30 min,
2 h, 4 h, and 5 h of immersion, respectively. (B) SERS spectra of poly-L-
lysine on gold-coated planar substrates with different surface density
of the nanoparticles collected with 633 and 785 nm excitation laser.
The graphs a�d correspond to the samples shown in panels A,a�d.

Figure 1. (A) Scanning electron micrograph (SEM) of the
gold colloid used for fabricating the SERS-active nano-
pipette and (B) its extinction spectrum.
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SERS enhancement.13,14,24,25 Therefore, the 633 nm la-

ser is not sufficient for exciting the plasmon resonance

at the given nanoparticle density and size. The results

suggest that the average distance between the nano-

particles has to be smaller than their diameter in order

to achieve good SERS enhancement with a 633 nm ex-

citation laser. When the surface density of the nano-

particles becomes very high and they form clusters, the

plasmon resonance shifts to the longer wavelengths.

In this case, SERS enhancement is higher with the 785

nm excitation laser.

SERS performance of the model planar substrates

was tested on intact HeLa human cervical carcinoma

cells. In addition, SERS signatures of isolated HeLa cell

nuclei and mitochondria were collected on the model

substrates with 40% nanoparticle surface density in or-

der to confirm their specificity for cell studies (see Sup-

porting Information, Figure S2). The protocols for or-

ganelle isolation and purification are described in

Supporting Information. According to the collected

data, the SERS fingerprint of the isolated HeLa nuclei is

clearly different from that of the cell mitochondria or

the cell membrane. Therefore, the selected nano-

particle configuration (shape and interparticle dis-

tance) ensures the desired specificity for intracellular

SERS analysis.

SERS-Active Nanopipette. After establishing the optimal

interparticle distance, the SERS-active nanopipette was

fabricated. The nanopipette comprises a hollow glass cap-

illary with a �100 to 500 nm tip and is coated with gold

nanoparticles. The overall length of the capillary is on the

order of 10 cm and the outer diameter is 1 mm. Glass pi-

pettes with such dimensions can be fitted into a standard

micromanipulator and fluid injector, which are used for

cell microinjection. Therefore, the SERS-active nanopi-

pette does not require any specialized equipment and es-

sentially represents a glass pipette, which is familiar to

any cell biologist, supplemented with SERS functionality.

In the future, this will ensure a smooth transition from the

development model to the real world tool.

Figure 3 shows the scanning electron micrograph

(SEM) of the SERS-active nanopipette. As shown in Fig-

ure 3a,b, the coverage of the gold nano-
particles is uniform. It is critical to emphasize
that the nanoparticles are fixed on the nano-
pipette tip and the interparticle distance can
be controlled by the nanopipette assembly
conditions. The surface density of gold nano-
particles determines the characteristics of the
SERS-activity of the nanopipette, according to
the results presented in the previous section.

The nanopipette fabrication is discussed in
detail in the Methods section. Briefly, the glass
pipettes are prepared from commercial micro-
capillaries by laser pulling, then coated with
poly-L-lysine polymer layer which contains
positive NH2 functional groups. At the last

step, the nanopipettes are coated with negatively
charged gold nanoparticles, which bind to the poly-
mer from the colloid through the electrostatic interac-
tion. The interaction time between the nanoparticles
and the pipette, surface along with the nanoparticles
colloid concentration are the major parameters control-
ling the nanoparticle surface density.

In principle, this functionalization technique can be
applied to other substrates, for example, optical fibers.
However such probes do not allow fluid injection and
would require specialized equipment for inserting the
probe into a cell. Carbon nanopipettes described in ref
23 can also be transformed into SERS probes.

Effect of the Nanopipette Insertion on Cell Integrity. We ana-
lyzed the effect of the SERS-active nanopipette inser-
tion on the cytoskeleton network configuration in a liv-
ing HeLa cell. An EYFP-fused �-actin expression
construction was transfected into HeLa cells, and the
produced fusion fluorescent protein was incorporated
into the cytoskeleton. The confocal fluorescent image
of the intact HeLa cell cytoskeleton is shown in Figure
4a. Insertion of the SERS-active nanopipette causes only

Figure 3. Scanning electron micrographs (SEM) of the SERS-active
nanopipette. (a) The nanopipette tip covered with gold nanoparticles;
(b) magnified view of the nanoparticles coverage of the nanopipette
about 10 �m away from the tip; (c) bare glass surface of the nanopipette.

Figure 4. Confocal fluorescent images of the live HeLa cell
cytoskeleton actin filaments before (a) and after (c) inser-
tion of the SERS-active nanopipette. The corresponding dif-
ferential contrast images are shown in panels b and d, re-
spectively. The arrow shows the place of the probe’s
entrance in the cell.
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a localized perforation of the actin network without

damaging the rest of the cytoskeleton (Figure 4b). As a

result, the probe insertion should not have a significant

effect on the cell. Moreover, SEM analysis showed that

the nanoparticles are strongly attached to the glass sur-

face, so none of the particles peel off and remain in-

side a cell during the nanopipette insertion and after

its removal from a cell. Microscopic analysis showed

that the cells remain viable after the nanopipette

withdrawal.

Navigating in Living Cells Using SERS-Active Nanopipette. The

ability of the nanoprobe to provide a SERS signal from

a specific location inside a cell was tested on adherent

HeLa cells. A SERS-active nanopipette was inserted into

a cell following a standard procedure used in cell biol-

ogy for interrogating adherent cell cultures with glass

pipettes. The nanopipette was fixed inside the pipette

holder of the Eppendorf InjectMan NI2 micromanipula-

tor. This micromanipulator allows precise control over

the nanopipette movement. The stepper motor resolu-

tion is approximately 40 nm per step, according to the

manufacturer. The nanopipette was positioned above a

Petri dish with adherent HeLa cell culture and then di-

rected toward the cells at a 45° angle. This was continu-

ously monitored under the Raman microscope with a

50� long working distance objective. Detailed require-

ments for minimally damaging pipette insertion can be

found elsewhere.26 During the data acquisition, the ex-

citation laser was always focused on the nanopipette

tip.

The SERS spectrum collected from the nanopipette

tip inserted in the cell nucleus, whose outlines could

be observed through regular bright field microscopy,

is clearly different from that collected inside the cell cy-

toplasm (Figure 5). The data presented in Figure 5 rep-

resents the averages of at least five different experi-

ments, conducted on multiple cells with SERS-active

nanopipettes. It is important to note that the SERS spec-

tra measured from the same location inside a cell dem-

onstrate certain variability in terms of the intensity
(10�15%) and, to a minor extent, in the location of
spectral peaks. The latter can vary by 10�20 cm�1,
which is within the expected range normally observed
in SERS.

The nuclear spectrum has features that are prima-
rily attributable to its high protein and amino acid con-
tent (1076, 1222, 1264, 1328, 1361 cm�1), and to DNA
(660, 722 cm�1).4,27 The cytoplasmic SERS spectrum
does not show the DNA bands. However, it still con-
tains the peaks related to the protein constituents of
the cytoplasm (1128, 1540, 1355 cm�1). At the same
time, the 1196 cm�1 peak is most likely associated with
the phenylalanine. As expected, the cytoplasmic pheny-
lalanine signal is stronger than that of the nucleus.17,28

It is important to stress again that nanopipette insertion
does not cause fatal damage to a cell.

Data Reproducibility. Irregularities of the SERS sub-
strates are considered to be the major reason for the
poor reproducibility of SERS spectra apart from spec-
tral blinking.29 The irreproducibility problem can be
solved by creating SERS substrates with highly uniform
metal nanostructures. One of the examples is the nano-
sphere lithography technique which has been success-
fully applied for creating SERS active substrates and ob-
taining highly reproducible spectra of various
materials.30 However, in the case of biological and espe-
cially cellular SERS studies, special consideration has to
be given to the problem of spectral reproducibility. On
one hand, it is important to have a SERS substrate with
a uniform configuration of metal nanostructures. This
was the major motivation for creating the SERS-active
nanopipette with nanoparticles fixed on the surface as
opposed to using a nanoparticle colloid which tends to
aggregate inside the cell in a way that is difficult to con-
trol. On the other hand, it is critical to understand that
a highly sensitive SERS sensor that allows detection of
compositional changes in the intracellular environment
with a submicrometer resolution will inevitably pro-
vide different SERS spectra from different locations in-
side a cell due to the cell heterogeneity. However, the
difference between the spectra should still be within
the same range if the same cell compartment is being
analyzed.

To test the performance of the SERS-active nano-
pipette, we compare the data obtained with the SERS-
active nanopipette from a pure chemical (poly-L-lysine)
and the heterogeneous HeLa cell cytoplasm. The spec-
tra were collected from multiple cells. The results are
presented in the principal components space in Figure
6. Principal component analysis is a multivariate data
analysis technique that is widely used in spectroscopy
for facilitating data interpretation by reducing its di-
mensionality and calculating the degree of correlation
(similarity) between the spectra31 (see Methods for de-
tails). The data presented in Figure 6 shows the original
SERS spectra mapped into the new coordinate system

Figure 5. SERS spectra from the cell nucleus (upper spec-
trum) and cytoplasm (middle spectrum) obtained with the
SERS-active nanopipette show distinctly different features.
The bottom spectrum (black line) was collected from the
nanopipette tip before insertion; 785 nm excitation laser
was used. The spectra are offset for clarity.
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defined by the principal components. Here the princi-

pal components represent a coordinate system rather

than a projection of the original data on the new axes.

The results of the data analysis demonstrate that the

data scatter for a pure chemical is significantly lower

(small variation of both components) than that for the

cell cytoplasm (small variation of component 1, but a

larger variation of component 2). At the same time, the

spectra from the HeLa cell cytoplasm are still located

within the range, as expected. Therefore, the SERS

nanopipette provides the well reproducible data. It is

highly important, however, to take the effect of the cell

interior heterogeneity into account. New methods,

such as the recently introduced thermal relaxation for

DNA, will likely further improve the specificity of in situ

analysis using SERS-active nanopipettes.3 In addition,

according to the results obtained in multiple experi-

ments, repeatability of the data obtained with differ-

ent nanopipettes is within the range observed for differ-

ent cells. Therefore, the slight variation in the

interparticle distance for different probes does not

cause a significant signal variation.

Intracellular Sensing with SERS-Active Nanopipette. The pos-

sibility of monitoring cell activity by SERS-active nano-

pipettes upon the application of the external stimulus

was studied in this work. Previously, SERS has been ap-

plied for monitoring the uptake of dilute solution of

doxorubicin (antitumor drug) by a living cancer cell.20

However, to the best of our knowledge, the actual

physiological cellular response to a pharmaceutical

compound or any external stimulus application has

never been assessed using in situ SERS. In this work,

we performed the assessment of the real time cell re-

sponse to the treatment with aqueous solution of KCl.

The nanopipette was inserted into the cytoplasmic

region of a living adherent cell, and the background

spectrum was collected (Figure 7a). After that, an aque-

ous KCl solution was added to the cell medium to

achieve a final concentration of 55 mM. Time sequence

of the SERS spectra from the cell interior was collected

(Figure 7b). It is important to emphasize that KCl was

used to trigger cell activity by providing the external

cell stimulus. The configuration of the gold nano-

particles was not affected by KCl since the nano-

particles were fixed on the nanopipette surface. Treated

cells exhibited almost a 5-fold increase in the Raman

scattering intensity, compared to the Raman spectra

obtained on untreated cells, as can be seen from com-

paring Figure 7 panels a and b. The maximum intensity

amplitude of SERS spectra before and after KCl treat-

ment was about 4000 and 20000 CCD counts, respec-

tively (Figure 7b). Because of this, the SERS spectrum

collected from the nanopipette tip inserted in the HeLa

cell cytoplasmic region appears almost featureless com-

pared to the spectra collected after the treatment with

KCl solution (Figure 7b), when plotted without intensity

normalization.

From a biological point of view, increased levels of

extracellular potassium ions cause depolarization of

the cell membrane potential due to the decrease in the

equilibrium potential for this ion.32 The loss of cytoso-

lic water, resulting from an increase in environmental

Figure 6. Principal component analysis of the data obtained
with SERS-active nanopipette with poly-L-lysine (squares)
and HeLa cells (triangles). Each point in the principal compo-
nent space represents a SERS spectrum. The data was col-
lected with the 633 nm excitation laser. The distance be-
tween the data points is related to the degree of similarity
between two SERS spectra. To provide a reference, the in-
set graph shows the SERS spectra corresponding to two data
points in the principal component space.

Figure 7. SERS spectrum collected from the nanopipette tip
inserted in the HeLa cell cytoplasm (a) and representative
time-resolved spectra showing HeLa cell response to treat-
ment with KCl aqueous solution with the SERS-active nano-
pipette (b). Time-dependent variation of the cytoplasmic sig-
nal has been observed. Data acquisition time was 20 s, a
633 nm excitation laser was used. The spectra in panel b
are offset for clarity.
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osmolarity and plasma membrane depolarization, can
lead to alterations in the cytosolic concentration of cel-
lular colloids, such as proteins and organic phosphates,
and the hydration level of proteins.33,34 The hydration
state of cellular components and the resulting confor-
mational modifications of proteins are the likely cause
of the observed SERS signal modulation. This is indi-
cated by the appearance of high intensity peaks in the
1200�1500 cm�1 region (Figure 7). It is important to
note that the intensities of certain spectral peaks exhib-
ited a dynamic behavior after the KCl treatment. The
reason for the appearance of 1319, 1260, 1515, and
1526 cm�1 SERS peaks at different time points can be
associated with the induced expression of various types
of stress proteins.35 The change in environmental osmo-
larity triggers the cellular adaptive mechanism, which
leads not only to the induction but also to the suppres-
sion of specific proteins. This process occurs primarily
in the first several minutes after the addition of KCl to
the cell medium. The dynamics of this complex mecha-
nism manifests itself in the recorded SERS spectra. Alter-
ations of the peak profile at different time points re-
flect dynamic cellular processes in response to
perturbations of extracellular environment. After 6
min, the cell volume regulatory mechanism restores
the initial iso-osmotic state of the cell. This is reflected
in the SERS spectrum, which becomes again similar to
that collected before the cell treatment with KCl.

These results demonstrate that the SERS-active nano-
pipette works as a real time sensor of local intracellular
biochemical processes. It is critical to emphasize that
this experiment was performed without adding any la-
bels to the cell and the cell activity was monitored in
situ. The level of chemical sensitivity offered by SERS is
superior to that of any other currently available biologi-
cal techniques. These results can be further extended

to combining the basic nanopipette fluid delivery func-

tion with the SERS sensing. By carefully controlling the

injection pressure and time, it should be possible to de-

liver femtoliters of fluid into a cell and simultaneously

assess the cell response in real time; a recently intro-

duced technique which uses “electrostatic driving

force” for navigating specific molecules to the SERS sub-

strate could further improve the performance of the

SERS-active nanopipette.36 Combination of this method

with the nanopipette would allow one to selectively tar-

get different molecules in living cells with a higher

level of selectivity. Finally, applications of a SERS-active

nanopipette are not limited to cellular studies, and the

nanopipette also enables highly localized chemical

analysis of low concentration chemicals, which is of a

great importance for microanalytical chemistry, envi-

ronmental, and forensic studies.

CONCLUSIONS
In summary, a SERS-active nanopipette for in situ in-

tracellular observations has been developed. We have

demonstrated that the positioning of the nanopipette

tip, either within the cell nucleus or cytoplasm, can be

clearly distinguished through the measured SERS. Feed-

back on the positioning of the nanopipette tip within

cells will provide valuable information during cell injec-

tions, single cell surgery or for in situ study of cell signal-

ing. Good reproducibility of the cellular SERS signal

was obtained, suggesting that, with some optimiza-

tion, it should be possible to determine the proximity

of the tip to specific cell organelles and to measure the

concentration of various molecular species. For the

first time, in situ cell response to the changes in its envi-

ronment was measured by using an intracellular SERS

probe.

METHODS
Synthesis of Gold Nanoparticles. Gold colloid was synthesized us-

ing the Turkevitch method.37 The protocol was modified to opti-
mize the size of the gold nanoparticles. Hydrogen tetrachloroau-
rate (HAuCl4) aqueous solution (10 mL, 2.5 mM concentration)
was boiled and then 2 mL of sodium citrate was added with vig-
orous agitation. The mixture was stirred until it became deep
red in color, and then removed from the heat. After cooling
down, the colloid was left to reach equilibrium in the dark for 1
week. This protocol yielded gold nanoparticles with the average
diameter of 54 nm as confirmed by scanning electron micros-
copy analysis. Zeta potential, related to the surface charge of the
nanoparticles, was measured to be approximately �40 mV.

Fabrication of the SERS-Active Nanopipettes. Glass nanopipettes
were prepared by pulling a hollow borosilicate glass capillary to
a 150 nm tip diameter. The characteristics of the glass capillary
are as follows: length of 10 mm, inner diameter of 0.75 mm, and
outer diameter of 1 mm. The glass capillaries were purchased
from Sutter Instrument (BF100-78-10). The dimensions of the re-
sulting nanopipette were determined by the parameters on the
micropipette puller (Laser based micropipette puller P-2000, Sut-
ter Instrument, USA). After pulling, the glass pipettes were
soaked in a mixture of 95% ethanol and 1 M aqueous solution

of sodium hydroxide for 1 h. After washing with 15 M� deion-
ized water, the pipettes were left to dry at room temperature.
The pipettes were then dip-coated with the 0.001 wt % aque-
ous solution of poly-L-lysine. Polymer coating enabled the immo-
bilization of gold nanoparticles on the glass due to the electro-
static interaction between the positively charged terminal NH2

groups of the poly-L-lysine and the negatively charged Au nano-
particles.38

Characterization Techniques. Raman spectroscopy analysis was
performed using a micro-Raman spectrometer (Renishaw, RM
1000/2000) equipped with a 632.8 nm HeNe laser (1800 lines/
mm grating) and a diode laser operating at 785 nm wavelength
(1200 lines/mm grating). The laser source was focused on the
sample through a long working distance 50� objective to a spot
size of approximately 2 �m. The acquisition time for all spectra
was 10�20 s. Data analysis was performed using the Renishaw
Wire 2.0 software. SEM images were collected with the field emis-
sion scanning electron microscope Zeiss Supra 50 VP. Before im-
aging, the gold-functionalized glass slides were sputter-coated
with 2 nm of Pt/Pd. The images were collected at 5 kV accelerat-
ing voltage. SEM images of the SERS-active nanopipette were ac-
quired at 0.7�2 kV accelerating voltage without any conduc-
tive coating. UV�vis absorption spectra were acquired using a
UV�vis spectrophotometer (Thermo Scientific, Evolution 600).
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The zeta potential of gold nanoparticles was measured using a
Zetaziser Nano ZS (Malvern Instruments, UK). Confocal fluores-
cence microscopy was carried out using the Olympus FluoView
1000 microscope, comprising an Olympus IX 81 inverted micro-
scope equipped with a laser scanning confocal system.

Data Analysis. Principal component analysis (PCA) is a method
of analyzing complex sets of data with multiple variables. The
technique facilitates identification of hidden relationships be-
tween data sets by reducing their dimensionality and represent-
ing the data in the new coordinate system. Raman spectrum
can be considered as a data matrix where the first column repre-
sents the Raman shift and the second column contains the cor-
responding signal intensity. For PCA of n spectra with p data
points, an n-by-p matrix is constructed, where each row repre-
sents a Raman intensity spectrum. The purpose of the PCA is to
find a new p-dimensional orthogonal coordinate system where
the data projection on each coordinate axis has a sequentially
maximal variance.39 Each projection corresponds to a linear com-
bination of the original data, with the first projection having
the maximum variance and representing the first principal com-
ponent. Here, PCA was performed using Matlab calculation
environment.
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