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Single cell analytical techniques facilitate early detection of diseases and promote 

the development of more specific and efficient drugs. Surface-enhanced Raman 

spectroscopy (SERS) is one of the most promising methods for studying intact cells. 

SERS allows for high sensitivity analysis of molecular composition and structure. 

However, the lack of SERS-active nanoprobes, which provide consistently 

reproducible signals and do not affect cell viability, hinders the advancement of 

SERS applications for cellular studies. This work focuses on the development of the 

first SERS-active nanopipette, a tool for intracellular SERS analysis with 

unprecedented data reproducibility. 

SERS-active nanopipettes were designed usmg a bottom-up approach. Gold 

nanoparticles, enabling SERS functionality of the nanopipette, were engineered to 

provide strong SERS enhancement while still being small enough for intracellular 

applications. Model SERS-active substrates were fabricated to study the effects of 

nanoparticle surface density and excitation wavelength on resulting SERS activity. 

Upon the selection of the optimal surface density of nanoparticles, the SERS 

sensitivity of the substrates was tested on intact cells and major cell organelles 

isolated into a suspensiOn. The latter was designed to model the intracellular 

environment. 
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To fabricate a SERS-active nanopipette, the engineered gold nanoparticles were 

deposited on a tip of a pulled glass capillary. The interparticle distance was set 

according to the results obtained on model planar SERS substrates. 

Three new applications of surface-enhanced Raman spectroscopy were 

experimentally demonstrated using planar SERS substrates: (a) differentiation 

between various second calcium messengers (IP3, cADPR, NAADP), (b) detection of 

NAADP in cell extracts, (c) analysis of protein-protein interaction. 

Different types of carbon nanotube-based cellular probes were studied. CNT

tipped pipettes were functionalized with gold nanoparticles and tested as SERS-active 

probes. A systematic Raman spectroscopic study of synthesis effects on the wall 

structure and surface chemistry of carbon nanopipettes was performed. 

SERS-active nanopipettes were used for highly localized probing of a single 

living cell. The characteristic fingerprints of major cell compartments, nucleus and 

cytoplasm, were obtained. For the first time, SERS-active nanopipette enabled in situ 

detection of living cell function by means of surface-enhanced Raman spectroscopy. 
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1. INTRODUCTION 

Traditional methods for analyzing intracellular processes are indirect and require 

millions of cells in order to extract and analyze a specific protein or a cell organelle. l -

2 It is well known that extraction procedures can result in significant artifacts in the 

final data. 34 Moreover, the behavior of a single cell varies even in a small 

population. 5 Therefore, the data averaged over millions cells might actually obscure 

the true mechanism of cell metabolism. In view of these problems, there is a need for 

single cell techniques which could enable the analysis of intact cells with the 

organelles presented in their native environment. Investigating proteins and other 

biomolecules in a living cell environment is a major goal of molecular biology, which 

has been achieved to a very limited extent so far. Single cell analytical techniques can 

facilitate early cancer detection and promote the development of more specific and 

efficient drugs for cancer and other diseases. 

Imaging and spectroscopy of single cells relies mainly on fluorescence-based 

methods. 2
'
6 Confocal laser scanning fluorescence microscopy provides a high lateral 

image resolution, thus enabling the nondestructive analysis of individual cell 

organelles (nuclei, mitochondria) m their native state. 7 However, the need for 

specific fluorescence dyes required for labeling each subscellular unit poses a 

limitation on using these methods for parallel intracellular analysis. 8 Toxicity of 

fluorescent dyes remains a significant problem, especially in case of prolonged time

dependent studies. 9 Quantum dots coated with a protective polymer layer have 

significantly lower effects on cells compared to the dyes. 10 At the same time, the 
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non-specific binding of certain fluorescent dyes might be a source of strong 

background signal and lowered detection sensitivity. 11 

Surface-enhanced Raman spectroscopy (SERS) offers the advantage of 

completely label free detection of molecules. 12
-

14 Moreover, unlike fluorescence, 

SERS provides information about multiple molecular functional groups 

simultaneously. This is particularly important for analyzing biochemical processes in 

living cells, which are usually associated with a highly complex 

expression/suppression of multiple molecules. 

The main difficulty associated with intracellular SERS is the lack of SERS-active 

nanoprobes which provide reproducible signals and do not affect the cell viability. 15
-

16 SERS inside biological cells has been realized by introducing gold or silver 

nanoparticles through endocytosis. However, uncontrollable aggregation of 

nanoparticles in cells poses difficulties because SERS signals are known to be highly 

sensitive to exact nanoparticle configuration. 17
-

19 An alternative solution to this 

problem would be to use the SERS substrates with fixed nanoparticle geometry. This 

work focuses on the development of the first SERS-active nanopipette for in situ cell 

analysis. The applications of this tool will range from spectroscopic studies of single 

cell physiology to monitoring the intracytoplasmic sperm injection for in vitro 

fertilization. 
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2. LITERATURE REVIEW 

2.1 Spectroscopic and microscopic techniques for cell analysis 

2.1.1. Fluorescence microscopy 

Fluorescence microscopy IS the most widely used technique for single cell 

analysis. The principle of fluorescence is based on the light absorption by molecules 

and subsequent light emission at a wavelength, longer than that of the excitation light 

(Figure 2.1 ). 20 The excitation/emission wavelength relationship is characteristic for 

particular molecules. By labeling cells with fluorophores, the molecules with known 

fluorescent properties, it is possible to visualize different cellular compartments and 

organelles. 
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Figure 2.1 Principle of fluorescence effect. The spectral characteristics related to 
absorption and emission of energy by a molecule can be related to the size of the 
energy steps needed to bring a molecule from one energy level to another. The 
absorption and emission spectra of the common fluorophore FITC are shown below a 
Jablonski diagram. Adapted from [20]. 
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Confocal laser scannmg microscopy (CLSM) allows to obtain high resolution 

fluorescence images of cells and even smaller organelles, such as mitochondria. 

Figure 2.2 shows an example of a fluorescent cell image. 2 1 In order to obtain this 

image, the cells underwent a complex labeling procedure as explained below. 

Excitation (nm): 800 (2 photon) 488 

Emission (nm): 410-490 50().530 

Fluorophore: Hoechst GFP 

Targeting: direct aff1My genet1c 

Target: DNA a·rubuiln 

Structure: nucie1 mterotubules 

432 

555-565 

00565 

1rnmuno 

g1antm 

goigl - , ,.. 
-·· 

568 637 

580.620 >660 

ReAsH Cy5 

gene be 1rnmuno 

~ ·acbn Cytochrome c 

stress fi bars rrn tochondna 

Figure 2.2 Fluorescent image of HeLa cells (bottom). Individual cellular structures 
were labeled and imaged using different excitation and emission wavelengths (top). 
The resulting image was constructed using the images of individual structures. Scale 
bars, 20 ).tm. Adapted from [21]. 
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First, the cells were transfected with a fluorescent protein GFP-a-tubulin and 

tetracytein-~-actin and then stained with ReAsH, a biarsenical labeling reagent which 

becomes fluorescent when it binds to a protein containing tetracysteine. Next, the 

cells were fixed, and labeled with quantum dots for imaging the Golgi matrix protein 

giantin. Fixation preserves the cell in a close-to-live state, usually by treating it with 

formaldehyde or ethanol. This procedure inevitably affects the cell structure and 

might be a source of artifacts in the further cell analysis. In order to image the 

mitochondrial enzyme cytochrome c, Cy5 fluorophore was employed. As shown in 

Figure 2.2, Hoechst dye was used for labeling the DNA in the cell nuclei. Overall, the 

imaging and analysis of different cellular subunits using fluorescence, always 

requires complex cell labeling. Furthermore, in case oflive (non-fixed) cells, it might 

be not possible to use all the dyes simultaneously without killing the cell. 

2.1.2. Raman spectroscopy 

Raman spectroscopy is a technique for non-destructive analysis of vibrational 

molecular modes which provide information about molecular structure. For biological 

applications, it is especially important that Raman spectroscopy, unlike fluorescence

based techniques, can be performed without any labels. This allows for the analysis of 

cells and cellular organelles in their native state. 
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2.1.3. Fundamentals of Raman scattering 

Raman spectroscopy is based on the phenomenon of inelastic molecular light 

scattering. This phenomenon was discovered in 1928 almost simultaneously by an 

Indian physicist Chandrasekhara Venkata Raman, 22 and two Russian physicists, 

Gregorii Samuilovich Landsberg and Leonid Isaakovich Mandelstam. 23 

The first demonstration of the effect by C.V. Raman was performed on liquid 

benzene excited with a 435.8 nm line of the mercury arc lamp. The major problem in 

recording the scattering spectra was associated with the signal weakness. The first 

reported acquisition times were on the order of 100 hours for liquids, and 180 hours 

for vapors. 

Let us consider the principles of Raman scattering. Interaction of molecule with 

electromagnetic radiation may result in radiation absorption, transmission, or 

scattering. Under non-resonance conditions, the mam portion of the scattered 

electromagnetic field has the same frequency as the excitation field (Figure 2.3). This 

represents the phenomenon of Rayleigh effect, the elastic interaction between 

incident photons and the molecule. At the same time, a small number of molecules(-

1 out of 1 08
) may inelastically interact with the incident photons thus changing the 

frequency of the scattered light. Measuring the intensity of the inelastically scattered 

light, allows to obtain the information about the molecular vibrational frequencies. 
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Figure 2.3 Schematic representation ofRaman scattering. 

Frequency modulation occurs due to the interaction of light with molecules 

having different energy states. In case when the incident light interrogates molecules 

in the lower energy state, the incident light will excite molecular vibrations, and its 

frequency will be reduced (Figure 2.4 (a)). This is called Stokes scattering by analogy 

with the Stokes rule of fluorescence, according to which the fluorescent radiation 

always occurs at lower frequencies than that of the excitation radiation. If, however, 

the molecules are originally in the excited vibrational state, they will transfer the 

vibrational energy to the excitation light, thus causing the increase in frequency of the 

scattered light. This type of Raman scattering is called anti-Stokes. The intensity of 

anti-Stokes Raman scattering is usually much weaker than that of the Stokes 

scattering, unless the molecules are intentionally excited to create the population 

inversion. Figure 2.4 (b) shows a complete Raman spectrum, containing both anti-

Stokes and Stokes lines, mapping the intensity of the scattered light versus the 

frequency shift with respect to the excitation line. In most applications of Raman 

spectroscopy, only the Stokes part of the Raman spectrum is considered. 
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Figure 2.4 (a) Energy diagram ofRaman scattering. (b) Exemplary Raman spectrum. 
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The intensity of Stokes Raman scattering P(vs) is a function of the Raman 

scattering cross-section cr, the intensity of the excitation laser I(vJ, and the number of 

molecules N in the sampling volume ( eq 1.) 24 

P( v s ) = N · I ( v L ) • a ( eq. 1) 

A typical Raman scattering cross-section is on the order of 1 o·30 cm2 molecule· '. This 

results in very low signal intensity. For comparison, fluorescence has the cross-

section on the order of 1 o·' 2 cm2 molecule· '. There are, however, multiple ways to 

amplify Raman scattering which will be considered next. 

2.1.4. Resonance Raman spectroscopy 

The first technique for amplification of Raman signal was proposed by a Russian 

scientist, P. P. Shorygin in 1952. 25 He demonstrated that it is possible to achieve 
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resonance conditions by exciting Raman scattering at a frequency lying within an 

electronic absorption band of the analyte material. This method has found a vast 

number of applications, particularly for the analysis of protein structure. 26
-
27 

Typically, UV lasers are used for resonance Raman spectroscopy. The use of 

powerful UV lasers allows to amplify the Raman intensity. Also, it is possible to 

reduce the fluorescence background in the Raman spectra of biological molecules in 

case when the excitation wavelengths are below 290 nm. 26 However, powerful UV 

lasers are likely to induce sample damage due to overheating. 

Figure 2.5 shows an example of using resonance Raman spectroscopy for 

differentiating between different types of hemoglobin. 28 

(a) Ferrous 

200 300 400 500 600 700 800 900 1000 1100 
Raman Shift (em"') 

Figure 2.5 Resonance Raman spectra of different types of hemoglobin: (a) 
deoxyhemoglobin, (b) hemoglobin oxygenated with 160 2, (c) hemoglobin oxygenated 
with 180 2. (d) The different between traces (b) and (c). Adapted from [28]. 
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2.1.5. Coherent Anti-Stokes Raman spectroscopy 

Coherent anti-Stokes Raman spectroscopy (CARS) is a nonlinear Raman 

technique for obtaining high resolution chemical images. 29
-
30 This method uses two 

laser beams, a pump beam at frequency OJp and a Stokes beam at frequency W s. By 

matching the frequency difference of these two beams (wp- ws) with a frequency of a 

particular Raman-active mode, it is possible to achieve the resonance condition 

resulting in a strong anti-Stokes signal at W as = 2wp - W s. Due to nonlinear nature of 

this phenomenon, the signal originates only from the focal point where the pump and 

Stokes beams are temporally and spatially coherent. This ensures a high spatial 

resolution and 3D sectioning capability of CARS similar to that of the CLSM 

described above. Chemical images are constructed using the intensity maps of a 

particular Raman spectral band. Figure 2.6 shows the example of CARS application 

for cell imaging using the aliphatic C-H vibrational band. 31 Importantly, the 

resolution of CARS image is comparable to that of a fluorescence CLSM image of 

the same cell. 

Figure 2.6 Comparison of CARS and fluorescence CLSM images of a fibroblast NIH 
3 T3 cell. Adapted from [31]. 
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2.1.6. Surface-enhanced Raman spectroscopy 

Surface-enhanced Raman spectroscopy (SERS) is the third type of the techniques 

for Raman scattering amplification. This method, however, is unique since it yields 

the strongest Raman enhancements on the order of 108-10 14 times and enables single 

molecule detection. For comparison, resonance Raman spectroscopy allows to 

achieve only about 102-104 enhancement. Another unique feature of SERS is that it 

can be realized using a standard Raman microscope equipped with visible and/or near 

IR lasers without a need for UV lasers or specialized two-laser illumination required 

in CARS. SERS has been employed for a variety ofbiological applications, including 

the differentiation between normal and cancerous cells, analysis of various types of 

bacteria, and detection of biochemical components in single cells. In the next section, 

the fundamental principles of SERS will be discussed. 

2.2 Fundamentals of SERS 

The effect of surface-enhanced Raman scattering was discovered in 1974 when 

Fleischmann reported on unusually strong Raman scattering from low concentration 

aqueous solution of pyridine on electrochemically roughened silver substrate. 32 It 

was initially assumed that the enhancement arose from the large analyzed area of the 

surface due to the high surface roughness. In 1977 Creighton and J eanmaire 

demonstrated that the signal amplification was actually due to the interaction between 

the pyridine molecules and the metal substrate. 33
•
34 Interestingly, the work of 

Creighton cited the earlier paper of Philpott 35 who had predicted already in 1975 the 
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resonance molecular behavior in the vicinity of a metallic rough surface. Table 1 

provides a brief summary of the history of Raman spectroscopy from the discovery of 

the Raman effect to the demonstration of single molecule detection capabilities of 

surface-enhanced Raman spectroscopy. The first entry in the table, the Compton 

effect, played an important role in the C. V. Raman's discovery and some researchers 

initially referred to Raman scattering as "optical Compton effect". Importantly, 

surface-enhanced Raman spectroscopy provides such a strong signal enhancement, 

that it is possible to use very short acquisition times. 

Table 1 Historic overview of Raman spectroscopy 

1923 ~iscovery of Compton effect, the inelastic scattering of X-
ays due to the energy loss/gain in the material 

1928 !Discovery of Raman effect, inelastic light scattering, "new Signal 
ype of secondary radiation" by Raman, Landsberg, and acquisition 

!Mandelstam ime 100 
Raman, C. V. Nature 121, 501-502 (1928), Landsberg, G. hours 
S. & Mandelstam, L. 1., Zeit. F. Phys. 50, 769-780 (1928). 

1952 The principle of resonance Raman scattering is proposed 
by Shogyrin. 
Shorygin, P. P. Doklady Akad. Nauk S.S.S.R. 87, 201 
(1952). 

1974 First observation of surface-enhanced Raman scattering by Concentrati 
M. Fleischmann as an unusually strong Raman scattering on of 
from pyridine molecules adsorbed on roughened silver analyzed 
substrates material 
Fleischmann, M., Hendra, P. J. & McQuillan, A. J. 5*10-2M 
Chemical Physics Letters 26, 163-166 (1974). 

1977 Creighton and Jeanmaire realize the role of the metal 
substrates for surface-enhanced Raman scattering 
phenomenon 
Jeanmaire, D. L. & VanDuyne, R. P. J. of 
Electroanaly tical Chemistry 84, 1-20 (1977), Albrecht, M. 
G. & Creighton, J. A. Journal of the American Chemical 
~ociety 99, 5215-5217, (2002). 

1997 Single molecule surface-enhanced Raman scattering Signal ~oncentrati 
Nie, S. & Emory, S. R. Science 275, 1102-1106 (1997), acquisition pn of 

IKneipp, K. eta!. Phys. Rev. Lett. 78, 1667-1670 (1997). ime 30s ~alyzed 

~aterial 
2*10-llM 
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2.2.1. Mechanisms of SERS enhancement 

According to the generally accepted theory, there are two mechanisms responsible 

for the amplification of Raman scattering observed in SERS. The first one, 

electromagnetic mechanism, is related to the resonance effects occurring due to the 

interaction of the metal nanostructure with the Raman excitation field. The second 

mechanism, so called "chemical", takes into account the interaction between the 

analyte molecule and the SERS-active metal nanostructure. 

2.2.2. Chemical mechanism 

Chemical mechanism of SERS enhancement is related to the charge transfer 

between the analyte molecule and metal nanostructure which causes the change in the 

analyte's molecular polarizability. 36
-
37 This also creates the resonance conditions for 

Raman scattering. 33
•
35 The level of SERS enhancement due to the charge transfer is 

significantly lower than that attributed to the electromagnetic mechanism, 10-100 

times versus 106
. 

24 For this reason, engineering of SERS-active substrates can mainly 

rely on the requirements dictated by electromagnetic mechanism. 

2.2.3. Electromagnetic mechanism 

Amplification of electromagnetic field on a metal nanostructure is considered the 

main contributor to SERS enhancement. 38 The enhancement provided by this 

mechanism is two-fold. First, since Raman scattering intensity is proportional to the 
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intensity of the excitation electromagnetic field, the increase in magnitude of this 

field results in the Raman enhancement. Second, it has been noted that the scattered 

Raman field undergoes the enhancement as well. 24 

2.2.3.1. Plasmon resonance 

Electromagnetic SERS enhancement is related to the effect called plasmon 

resonance, the frequency resonance between the metal electron cloud and the incident 

electromagnetic field. Experimentally, plasmon resonance exhibits itself as an 

absorbance band in the UV-vis spectrum of the metal nanostructure. Silver has 

plasmon resonance in the close to UV wavelength range and gold exhibits the 

resonance in the visible and near-infrared wavelength range (520 nm and higher). 

Typical UV-vis spectra of gold and silver nanoparticles 39 are shown in Figure 2.7. 

Ag _ _ Plasmon resonance 

1.2 wavelength 

Au / 

300 400 500 600 700 800 900 1000 II 00 
Wa\o'elength (nm) 

Figure 2. 7 Characteristic absorbance spectra of silver and gold nanoparticles 
providing the information about the plasmon resonance wavelength for these 
particular nanoparticles. Adapted from [39]. 
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According to the electrostatic theory, only the dielectric permittivity of the metal 

and its surrounding medium define the conditions of the plasmon resonance, i.e. the 

wavelength at which the electromagnetic field undergoes significant enhancement in 

the vicinity of the metal nanoparticle. 12 Let us consider a metal sphere with a 

diameter much smaller than the wavelength of the incident field (Figure 2.8). 

2a 

Figure 2.8 Schematic for finding plasmon resonance condition. 

The electric field E1 inside the sphere located at a distance r from the center of the 

sphere can be expressed as 

(eq. 2), 

where c: 1 and c:2 are the dielectric permittivities of the metal sphere and the external 

medium, respectively. The electric field E2 outside the sphere can be expressed as 

(eq. 3). 

As follows from the eqs. 2 and 3, both E 1 and E2 will become infinitely large when 

(eg. 4). 
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This corresponds to the plasmon resonance condition in view of electrostatic theory. 

However, it is also well known that the size and shape of metal nanoparticles (i.e. the 

elements of the nanostructure) affect the plasmon resonance. 404 3 By varying these 

parameters, it is possible to tune the plasmon resonance to the desired wavelength 

range and also achieve higher electromagnetic field enhancement. Figure 2.9 (a) 

shows the experimentally obtained UV -vis absorption spectra of gold nanoparticles 

with diameters ranging from 9 nm to 99 nm. 40 The plasmon resonance peak 

undergoes red shift as the size of the nanoparticles increases. Similar effect has been 

observed for the nanoparticles with the increasing aspect ratio, as shown in Figure 2.8 

(b). 41 
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Figure 2.9 (a) Absorption spectra of colloidal gold nanoparticle of different 
diameters. (b) (A) Absorption spectra of lithographically fabricated silver 
nanoparticles with variable aspect ratios. The corresponding AFM images and 
profiles are shown in panels (B)-(D). Adapted from [ 40, 41]. 
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Plasmonic enhancement of electromagnetic field on a metal nanoparticle is 

inversely proportional to the plasmon resonance bandwidth ~A . 38
•
44 

~A= y(&b + 3) (eq. 5), 

where y is a damping constant defined by the electronic scattering rate, inversely 

proportional to the metal nanoparticle size, and cb is an interband transition 

contribution to the dielectric constant of the nanoparticle. The damping constant 

imposes a limitation on the size of a metal nanoparticle which can exhibit plasmon 

resonance behavior. 38 Very small nanoparticles have a large damping since the 

electronic scattering is a dominant process for them. As a result, such particles are 

poor resonant light scatterers. The damping constant is also large for materials with 

low conductivity which explains why only highly conductive noble metals exhibit 

plasmon behavior in the visible wavelength range. Furthermore, the contribution of 

the interband transitions to the metal dielectric constant is the smallest for silver. This 

is the fundamental reason for silver being the strongest EM field enhancer and the 

most SERS-active material. The relationship between cb for gold and copper in the 

visible wavelength range is shown in eq.6. The SERS activity of these metals is 

directly related to the magnitude of cb. 

While in theory it is possible to obtain the enhancement usmg a single 

nanoparticle, usually the large numbers of nanoparticles are employed in SERS. 

Figure 2.10 shows the calculated electromagnetic field distribution 45 and 

enhancement 42 around a single spherical silver particle and a nanoparticle dimer. 

Figure 2.10 was compiled using the results from two different papers (research group 
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of G. Schatz), and the scale for the EM field distribution, shown in panels (a) and (c) 

is not shown. However, qualitatively, these results still correspond to that shown in 

the panels (b) and (d). As seen in Figure 2.10 (c) and (d), for a dimer, the strongest 

EM field is concentrated in the gap between the nanoparticles. Also, compared to a 

single nanoparticle, the EM field is enhanced more than 1 00 times. 

(a) (c) 

(b) (d) • 
• 10 

100 
100 

Figure 2.10 Electromagnetic field distribution around a single silver nanoparticle (a) 
and a dimer (c). (b) Contour of the electromagnetic field enhancement around a single 
nanoparticle. Adapted from [ 42, 45]. 

In conclusion, in order to achieve large SERS enhancement, it is preferred to use 

arrays of nanoparticles. The interparticle distance strongly affects the magnitude of 

the EM field enhancement. 



2.2.3.2. Relationship between SERS excitation wavelength and plasmon 
resonance 
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As discussed above, SERS enhancement is mainly due to the plasmon resonance 

effect. In theory, in order to achieve maximum enhancement, Raman scattering 

should be excited using a laser wavelength, which coincides with the plasmon 

resonance wavelength. However, it is well known, that experimental SERS 

measurements are usually conducted at much longer wavelengths. As an example, for 

10-20 nm gold nanoparticles exhibiting maximum UV-vis absorption at around 520 

nm, SERS is usually performed using 633 nm or even 785 nm lasers. This shows that 

the shift from the actual plasmon resonance wavelength is more than 200 nm. 

Unfortunately, there is a lack of explanations in the literature about this discrepancy 

between the theory and experiment, and, to some extent, hinders the development of 

SERS applications. Only recently, Le Ru and Etchegoin addressed this problem. 46 

They demonstrated that the UV -vis absorption spectrum of metal nanoparticles might 

not be directly related to the plasmon resonances which contribute to the SERS 

enhancement. Let us consider their reasoning in more detail. 

A silver nanoparticle dimer separated by a distanced was used as a model system 

(Figure 2.11, (a)). Using generalized Mie theory, the extinction coefficient and the 

SERS enhancement factor were calculated for different values of the interparticle 

distanced (Figure 2.11, (b)). The enhancement was calculated as 

(eq. 7), 
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where E(f) is the magnitude of electromagnetic field at a specific point Y, and E0 is 

the magnitude of the incident field. 46 
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Figure 2.11 (a) Schematic of a silver nanoparticle dimer used for calculating the 
extinction spectrum and corresponding enhancement factor shown in (b). Note that 
the scale for the extinction coefficient is linear but it is logarithmic for the 
enhancement factor. Adapted from [ 46]. 

The results shown in Figure 2.11 (b) demonstrate that the extinction coefficient does 

not vary significantly as the gap between the nanoparticles increases. However the 

enhancement factor changes by several orders of magnitude from 1012 to about 105
. 

Therefore, the extinction coefficient does not provide sufficient information about the 

resonances contributing to SERS enhancement. One of the explanations for this is 

related to the fact that the extinction coefficient and the corresponding 

extinction/absorption spectrum provide only an average, bulk characteristic of the 

metal-light interaction. 46 In order words, they provide information only about the 
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collective dipole resonances. However, given the nanoscale nature of SERS, it is 

likely that the largest EM field enhancement originates from highly localized 

resonances which do not exhibit themselves on the bulk extinction spectrum. As a 

result, the SERS enhancement factor is strongly dependent on the spatial localization 

of the plasmon resonances. This explains why the extinction spectrum of colloidal 

metal nanoparticles or other SERS-active substrates might not be useful for deducting 

the information about the wavelength of maximum plasmonic field enhancement. 

2.2.4. Typical SERS-active substrates 

A variety of SERS-active nanostructures have been developed. Electrochemically 

roughened metal electrodes were used in the original experiments of Fleischmann and 

they still remain popular in SERS sensing applications (Figure 2.12, a). 47 Island films 

is another type of widely used SERS-active substrates. A typical silver island film is 

shown in Figure 2.12, b. 48 The size of the metal islands can be changed by annealing 

the films. Since the size and the mutual orientation of the metal nanoparticles affects 

the EM field enhancement, the electrochemical SERS subtrates and island films are 

not optimal for obtaining well reproducible data. In order to overcome their 

limitations, lithographically fabricated substrates were developed. Figure 2.12, c 

shows a typical SERS-active substrate fabricated by a technique called nanosphere 

lithography, developed by VanDuyne.49 
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Figure 2.12 (a) Electrochemically roughened silver electrode. (b) Silver island film 
deposited on a LiF layer. (c) SERS-active substrate produced by nanosphere 
lithography. Adapted from [47, 48, 49]. 

Lithographically fabricated SERS susbtrates are also available commercially. Figure 

2.13 shows SEM micrographs of a typical Klarite substrate (D3 Technologies, UK). 

The substrates are fabricated using lithographically nanostructured silicon wafers 

which are coated with gold film. The design of each SERS-active well and the 

periodic spacing between the nanostructure elements ensure high repeatability of 

SERS. Figure 2.13 , b demonstrates the well-like structure of the substrate. SEM and 

SERS analysis of Klarite substrates were performed as a part of this PhD work by the 

author at Drexel University. 

Figure 2.13 Lithographically fabricated commercial SERS substrate. (a) SEM image 
taken with the substrate oriented at 90 degrees to the electron beam. (b) SEM image 
acquired with the sample was oriented at 70 degrees with respect to the electron beam 
to achieve a 3D image. 
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Figure 2.14 shows the SERS spectra of aqueous solutions of poly-L-lysine (a) and 

glycine (b) measured on a commercial SERS substrate. These results were collected 

as a part of this research. It is clearly seen from the Figure 2.14 that the SERS data 

acquired using lithographic substrates is very reproducible. 
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Figure 2.14 SERS spectra of aqueous solutions of (a) PLL and (b) glycine obtained 
on Klarite substrates. 

2.3 Probes for intracellular surface-enhanced Raman spectroscopy 

The mechanisms of SERS enhancement dictate the requirements to the metal 

nanostructures which can be SERS-active. For cellular studies, it is also necessary to 

consider the effects of interaction between the SERS probe and cell. 

Figure 2.15 shows the number of peer-reviewed papers dealing with vanous 

applications of SERS published per year from 1980 to 2009. The data was collected 

using the Scitation Index Expanded database. The general interest to SERS has risen 
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significantly after 1997 when the single molecule detection capability of this 

technique was demonstrated by two research groups. 14
'
5° Cellular applications of 

SERS, however, received a broad attention only in the last several years as shown in 

Figure 2.15. In 2004, there were only 7 papers published on this subject, whereas 

already 71 publications were available in 2009. 
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Figure 2.15 Number of peer-reviewed papers on SERS published per year from 1980 
to 2009. The graph was compiled using the Science Scitation Index Expanded 
database (lSI). 

The capabilities of SERS for single cell studies were demonstrated as early as 

1991 by Nabiev et. al. 51 This work had not received due attention until 2002 when 

Kneipp et. al. demonstrated the application of SERS to detection of various 

biochemical components in single cells, 52 thus reviving the interest to this subject. At 

the same time, the number of publications dealing with SERS for cell analysis still 

remains relatively small. Figure 2.15 clearly demonstrates that, compared to other 
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areas of SERS applications, the potential of this method for studying cells is only 

beginning to be explored. The reason for that is associated with the lack of SERS-

active nanoprobes which provide reproducible signals and do not affect the cell 

. b.l. 15- 16 
Vla 1 1ty. 

2.3.1. Colloidal SERS probes 

Gold and silver nanoparticles with close-to-spherical shapes are the most widely 

used substrates for intracellular SERS. Typical gold nanoparticles are shown in 

Figure 2.16 (a). Recently a variety of nanoparticles with different shapes, including 

nanorods, 53 nanoprisms, 54
-
5

5 and nanocubes 56 have been developed (Figure 2.16 (b)-

(d)). All of them can potentially be used inside cells and should be taken into 

consideration when a new SERS probe is designed. 

Figure 2.16 Colloidal metal nanoparticles which can be employed for intracellular 
SERS analysis . SEM micrograph of spherical gold nanoparticles (a), transmission 
electron micrographs of gold nanorods (b), gold nanoprisms (c), and silver nanocubes 
(e). Adapted from [53, 54, 56]. 
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Figure 2.17 demonstrates one of the applications of colloidal nanoparticles. Gold 

nanoparticles, functionalized with 4-mercaptobenzoic acid, were introduced into 

living cells and the SERS maps of intracellular pH levels were obtained. 57 In the next 

subsections, colloidal solutions of SERS active nanoparticles are discussed in more 

details. 
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Figure 2.17 An application of colloidal nanoparticles for intracellular analysis. SERS 
maps of intracellular pH level were obtained using spherical gold nanoparticles 
functionalized with pH-sensitive 4-mercaptobenzoic acid and incorporated in cells. 
Adapted from [57]. 

2.3.1.1. Silver nanoparticles 

The first intracellular SERS analysis was conducted usmg silver colloid by 

Nabiev et al. 51 In this work, SERS enabled the detection of an antitumor drug 

doxorubicin inside a single living cell (Figure 2.18). Incubation of erythroleukaemic 
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cells with nanoparticles allowed internationalization of colloidal particles inside cells 

by the mechanism of endocytosis. 

Figure 2.18 The first demonstration of intracellular SERS usmg silver colloid. 
Adapted from [51] . 

This technique has become the most widely used method for incorporating metal 

nanoparticles into cells. It was applied for studying the interaction between several 

antitumor drugs ( doxorubicin51 , amsacrine58) and cells. The adsorption of pre-

aggregated silver nanoparticles on the cell plasma membrane enabled the analysis of a 

cell resistance to an antitumor drug mitoxantrone. 59-60 At the same time, silver 

nanoparticles have been used for differentiation between different types of bacteria 

This was realized both by mixing the bacteria with nanoparticles 61 and by using the 

Si02 substrates coated with the nanoparticles 62 (Figure 2.19). 

Silver colloids are usually prepared by the reduction of silver nitrate AgN03 with 

either sodium citrate 63 or sodium borohydrate. 16,63-65 
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Figure 2.19 SERS spectra of different bacteria types obtained using silver 
nanoparticles (a) mixed with bacteria and (b) deposited on a Si02 wafer. Adapted 
from [61 , 62]. 
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2.3.1.2. Gold nanoparticles 

Colloidal gold nanoparticles have several advantages over silver ones for 

intacellular measurements since they are 1) chemically inert and 2) unlike silver 

colloids, allow the use of near-infrared laser excitation wavelengths for SERS. 52 The 

latter is important for reducing the heating effects on cells and minimizing the 

fluorescence background in Raman spectra. Moreover, near-infrared wavelength 

range is the most suitable for optical imaging of tissue since both water and 

haemoglobin, the main light absorbers in biological samples, are transparent in this 

range. Synthesis of gold nanoparticles largely relies on the citrate reduction of 

chloroauric acid HAuC14 proposed by Turkevitch. 66 Sodium citrate also serves as a 

stabilizer of gold colloid by providing the negative surface charge of the 

nanoparticles. By varying the amount of sodium citrate, it is possible to obtain 

nanoparticles of different sizes. 67 

Colloidal gold nanoparticles were used to analyze the distribution of various 

biochemical components inside cells. By incorporating the nanoparticles inside cells 

using endocytosis, Kneipp et al. imaged the distribution of phenylalanine and DNA 

inside intestinal epithelial cells (Figure 2. 20). 52 
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Figure 2.20 Distribution of phenylalanine (a) and DNA (b) over a 30 X 30 ~m cell 
monolayer based on the signals of the 1004 cm-1 Phe- (a) and 1120 cm-1 0-P-0 DNA 
backbone (b) line. Adapted from [52]. 

2.3.1.3. Core-shell nanoparticles 

Metal nanoshells with dielectric cores is a very promising type of nanoparticles 

for biological applications introduced by the research group of Halas. 68
-
69 By varying 

the ratio between the core radius and shell thickness, the optical properties of the 

nanoparticles, i.e. their plasmon resonance wavelength, can be tuned (Figure 2.21 ). 70 

Most importantly, this tunable plasmon wavelength range is very broad and can be 
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varied from approximately 600 run to 1 11m while the nanoparticle diameter stays 

below 200 run. 69
-
70 These parameters hold for nanoparticles having gold shells. Silver 

nanoshelles without a dielectric core exhibit plasmon resonance in the UV range. 71 

Such a variability in optical properties is unattainable with solid silver or gold 

nanoparticles. Plasmon resonance wavelength of solid nanoparticles is proportional to 

their size. Large nanoparticles or nanoparticle aggregates must be used in order to 

achieve plasmon resonance in the near-infrared wavelength range. 41
•
44

•
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Figure 2.21 Core-shell nanoparticles with tunable optical properties. Adapted from 
[70]. 

To date, core-shell nanoparticles have been mostly applied as contrast enhancing 

agents, targets for phototermal tumor ablation, and drug carriers. Figure 2.22 

demonstrates the use of core-shell nanoparticles for targeted breast tumor ablation. 73 

The nanoparticles were delivered to the tumor site inside the macrophages. 
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The reports on applications of core-shell nanoparticles for intracellular SERS are 

very limited. Nanoshells with silica core/gold shell, with average diameter of 150 nm 

have been employed for analysis of fibroblast cells. 74 Functionalization of nanoshells 

with 4-mercaptobenzoic acid (4-MBA) enables measurements of intracellular pH by 

using the calibration SERS data from 4-MBA in solution. This approach to 

intracellular pH sensing has been previously reported on 4-MBA functionalized 

silver75 and gold 57 nanoparticles and optical fibers coated with a silver film. 76 The 

work of Kneipp et al, demonstrates the spectral mapping of intracellular pH levels 

calculated using the calibration SERS spectra recorded from 4-MBA-coated 

nanoparticles in solution. 57 Overall, core-shell nanoparticles hold a great promise for 

spectroscopic applications and the full range of their capabilities is yet to be explored. 
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Figure 2.22 (a) Schematic of Trojan Horse therapeutic nanoparticle delivery into the 
hypoxic region of tumor. (b) SEM micrographs of silica core-Au shell nanoparticles. 
(c) TEM micrographs of a nanoshell-laden macrophage (left). Enlarged picture of 
aggregates of nanoshells in the macrophage (right). (d) TEM micrograph of 
nanoshell-laden monocytes. Adapted from [73]. 
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2.3.1.4. Limitations of using colloidal nanoparticles' for intracellular SERS 

The main obstacle in using colloidal nanoparticles inside cells is their aggregation 

and uncontrollable localization. 65
•
77 In addition, the nanoparticles uptake is 

irreversible. 78 Kneipp et al. have demonstrated that while the colloidal nanoparticles 

are instrumental in analyzing individual biochemical components in cells, they also 

tend to aggregate with time. 77 The schematic of this experiment is shown in Figure 

2.23. Panel (b) shows the transmission electron micrographs (TEM) of immortalized 

rat renal proximal tubule (IRPT) cells incubated with gold colloid. The size of 

aggregates clearly increases over time. SERS spectra collected at the same location in 

a cell but at different time points exhibited significant variation as seen in Figure 2.23 

(c). The reason is that the aggregation of gold colloid modifies the configuration of 

SERS active "hot spots" formed by the nanoparticles. 79 This results in the change of 

SERS spectra, i.e. their intensity and the appearance of new spectral peaks. Therefore, 

the changes in SERS data are likely to be attributed not to the change in the molecular 

composition in the vicinity of gold nanoparticles, but rather just to the rearrangement 

of the SERS-active substrate. This is a major obstacle in using colloids for 

intracellular SERS. 

Overall, colloidal nanoparticles have their own niche in intracellular SERS 

applications, especially in cases when SERS analysis is performed right after the 

introduction of nanoparticles inside cells and time-dependent studies are not the main 

goal. Otherwise, the colloid aggregation, inevitably occurring with time, results in 

data uncertainty. 
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Figure 2.23 (a) Schematic of the SERS experiment with colloidal gold. Nanoparticles 
were added to the cell medium for a time period denoted as pulse. After that, the cell 
medium was replaced with the phosphate buffered saline and the cells were incubated 
for different time periods. (b) TEM micrographs of IRPT cells incubated with gold 
nanoparticles for different time periods. The arrows point at the aggregated 
nanoparticles. The scale bar is 500 nm. (c) Corresponding SERS spectra collected 
after 60 min and 180 min of incubating cells with nanoparticles. SERS spectra 
collected at the same location in a cell but at different time points exhibited 
significant variation due to the aggregation of nanoparticles. Adapted from [77]. 

2.3.1.5. Overcoming the limitations of colloidal nanoparticles 

Functionalization of SERS active nanoparticles, which allows selective targeting 

of specific cellular subunits, is one of the ways to overcome the problems associated 

with uncontrollable aggregation of nanoparticles. 8° For example, spherical gold 

nanoparticles 8 1
-
82 and gold nanorods 83 were conjugated with nuclear localization 

peptides which enable the targeting of nanoparticles to the nucleus. Nanorods 

functionalized with a peptide through the thiolalkyl-triazole linker were applied as 

SERS-active probes in cells. 83 However, the localization of the nanoparticles inside a 

cell, was shown to be dependent on the cell type, and was different for normal and 
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cancerous cells. 82
-
83 This presents a critical limitation of this technique. In addition, it 

is important to remember that the functionalized particles will likely to be a source of 

a background SERS signal which may interfere with the cellular signal. For example, 

the SERS spectrum collected from peptide-conjugated nanorods has multiple similar 

features with the SERS spectra of the same particles inside the cells. 83 It would be 

interesting to explore the possibility of using metal nanoparticles which are 

functionalized with a molecule which serves two different purposes simultaneously. 

The first one is the targeting of the nanoparticle to a particular location inside a cell. 

The second one is to act as a SERS beacon. 84 To the best of our knowledge, no such 

particles have been reported for intracellular applications. However, it is important to 

note the recent work of Qian et al., 85 which described gold nanoparticles for tumor 

targeting. 60 nm nanoparticles were functionalized with malachite green as a Raman 

reporter, coated with a protective layer of polyethylene glycol to minimize the 

toxicity, and also conjugated with antibodies to enable selective tumor targeting. 

(Figure 2.24 (a)) The resulting SERS spectra were measured in vivo on nude mice 

bearing humand head-and-neck squamous cell carcinoma xenograft tumor. As shown 

in Figure 2.24 (b) and (c), the pegylated nanoparticles conjugated with a tumor-

specific antibody, can be delivered to a tumor site more efficiently than nontargeted 

nanoparticles. Similar silver-based nanoparticles with about 200 nm diameter 

specially designed for tumor targeting were developed earlier by Kim et al. 86 Another 

way to solve the problem of colloid aggregation is to create a nanoprobe with a fixed 

configuration of SERS-active metal nanostructure. 
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Figure 2.24 (a) Preparation and schematic structures of Raman encoded Au 
nanoparticles. SERS spectra obtained from the tumor and the liver location by using 
targeted (a) and nontargeted (b) nanoparticles. Adapted from [85]. 

2.3.2. SERS probes with the fixed controlled configuration of metal 
nanostructure 

2.3.2.1. Fiber optics-based SERS probes 

Fiber-optic tips with SERS functionality enabled by silver film or immobilized 

silver colloid provided the first alternative for colloid-based methods in single cell 

studies. 87
-
90 Scaffidi et al. have demonstrated the application of a silver coated optical 
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fiber for intracellular pH SERS sensing enabled by functionalization of the probe with 

4-mercaptobenzoic acid. 76 While the reported diameter of the probe tip is on the 

order of 100 nrn, the images presented in this work clearly demonstrate that the probe 

is also conical with a large apex angle which implies that it is likely to incur certain 

cell damage in case of prolonged insertion. The further optimization of the probe 

shape can be achieved by making longer and thinner fiber tips by means of laser 

pulling. 

2.3.2.2. Tip-enhanced Raman probes 

Tip enhanced Raman spectroscopy (TERS) is based on the electromagnetic field 

enhancement in the vicinity of a sharp metal nanoscale tip. 91 While relying on the 

same principle as SERS, this technique allows for superior spatial resolution of 10-30 

nm which is well below the optical diffraction limit. 92 The critical advantage of tip 

over surface enhancement is that the signal amplification is provided by a single 

"nanoparticle", i.e. a metal tip. This ensures the consistent electromagnetic field 

distribution thus eliminating the problem of non-uniform field enhancement 

associated with size variability of a typical SERS substrate (colloidal nanoparticles, 

island films). 9 1
-
92 However, this is also the main limitation of TERS, because the 

enhancement is caused by a single particle. In apertureless TERS, a metal tip in close 

contact with an analyte molecule is illuminated with a focused laser beam through a 

high numerical aperture objective and the scattered light is collected in the far field 

with the same objective. 92 This is shown schematically in Figure 2.25. In this setup, 
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the spatial TERS resolution is limited only by the diameter of the probe tip which 

defines the dimensions of the enhanced electromagnetic field. 93 Other TERS 

schematics involve near-field detection and/or illumination, as discussed below. 

Figure 2.25 (a) Principle of tip-enhanced Raman spectroscopy using a metallized 
cantilever tip, (b) enhancement of the electric field , and (c) atomic site-selective 
sensitivity at the apex of the tip. Adapted from [92]. 

TERS enables not only high resolution Raman spectroscopy but also allows 

collecting near-field chemical images of surfaces. This technique emerged as a result 

of near-field Raman scattering investigation. 94 By employing the principle of a near-

field scanning optical microscopy (NSOM), the first near-field Raman spectra were 

collected using a single optical fiber for sample illumination and signal collection. 

SERS spectra collected using NSOM were demonstrated on cresyl fast violet and p-

aminobenzoic acid deposited on a silver film. 95 The low collection efficiency, 

however, is known to be the major problem associated with NSOM when the signal is 

collected through an optical fiber. The use of a larger optical fiber increases the 
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amount of collected signal, however this also results m the decreased spatial 

resolution. 

One way to solve this problem is to illuminate the sample in the near field through 

a fiber and collect the scattered light with a high numerical aperture objective. 96 This 

method enabled SERS imaging of dye-labeled DNA with 100 nm spatial resolution. 

96 The more efficient approach is to use a free-space illumination and collection 

geometry. Apertureless near field SERS was first measured with a silver coated 

optical fiber for enhancing the scattered signal. 97 The excitation and signal 

acquisition were performed using a single objective. However, this was still done in 

conjunction with using a silver island film for Raman signal amplification. Finally, a 

true tip-enhanced Raman scattering was demonstrated by Stockle et al., where the 

enhancement was provided only by the metal tip. 91 

TERS has been largely implemented using silicon atomic force m1croscope 

(AFM) cantilevers coated with gold or silver films , as well as gold 93 and silver 98 tips 

produced by electrochemical etching which are similar to typical probes for scarming 

tunneling microscopy (STM). These TERS probes have been successfully applied for 

imaging single-walled carbon nanotubes, 99 aminoacids, 92 DNA components, 100 

viruses, 101
, bacteria, 102 and cells. 103 In some cases, metal island films were still used 

for enhancing the Raman scattering in conjunction with a metal tip. 97
•
104 In the 

original work of Stockle et al., TERS spectra of a thin layer of brilliant cresyl blue 

were obtained using a silver-coated AFM cantilever. 9 1 As shown in Figure 2.26 (a), 

the TERS signal was collected with the cantilever brought in contact with the 

sample.91 In case when the cantilever was retracted, only a low background signal 
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could be observed. Importantly, the TERS spectra still exhibit certain variability with 

time. Figure 2.26 (b) demonstrates the pseudocolor map of the intensity of tip-

enhanced Raman signal collected from one point of the bacterial surface at different 

time. 102 
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Figure 2.26 (a) Tip-enhanced Raman spectra of brilliant cresyl blue on a glass support 
measured with a silver-coated AFM probe. The top spectrum was measured with the 
tip in contact with the sample, while the bottom spectrum shows the background 
Raman signal collected with the tip retracted from the sample. (b) Evolution of the 
tip-enhanced Raman spectra on one spot of the bacterial surface with time. Adapted 
from [91, 102]. 

While TERS has been applied for analyzing the outer surface of a single cell 

plasma membrane, 102
-
103 no intracellular measurements using TERS have been 

reported so far. At the same time, AFM cantilever-based probes, similar to the ones 

normally used in TERS, have been previously applied to penetrate a cell and, for 

example, to introduce a fluorescent protein into a cell. 105 Several reasons for the lack 

of reports on intracellular TERS can be named. First of all, the primary application of 
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TERS for Raman mapping of surfaces is difficult to realize inside cells. Second, the 

ability of a probe to penetrate a cell does not necessarily imply the applicability of 

this probe for prolonged intracellular measurements. Typically, cell microinjection or 

AFM assisted transfection is performed in seconds in a shot-like manner. This is 

required for reducing the cell damage, although even in this case a certain number of 

cells suffer a fatal damage. 105 Intracellular measurements often require a prolonged 

monitoring of cell activity on the order of tens of minutes of even hours. This implies 

a significantly higher risk of cell damage thus calling for a more sophisticated 

intracellular probe. TERS probes which utilize AFM cantilevers are not suitable for 

this application since, although very small at the tip (tens of nanometers), their 

conical or pyramidal shape results in fatal rupture of a cell membrane in case of deep 

penetration and extended probe presence in a cell. In addition, an AFM cantilever can 

be inserted in a cell only at 90 degrees angle which is not optimal for cell 

interrogation. Typically, the penetration angle of 30 - 45 degrees is used for cell 

. . . . 106 mtcromJechon. 

In summary, TERS holds a great potential for high resolution Raman analysis. Its 

main application is the analysis of cell surface. At the same time, although it is 

problematic to do mapping inside a cell, TERS can definitely be applied for point-of-

interest as opposed to surface mapping spectroscopic analysis of cell activity and 

characterization of cell organelles. The design of intracellular TERS probes requires a 

careful consideration of the size and shape of a probe and the angle of the probe 

insertion into a cell. Intracellular mapping with TERS probes necessitates the use of 

nanometer-sized tips which can be scanned with a comparable resolution. Such a 
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setup will also require a laser scanning Raman microscope for tracking the scattered 

signal from a probe tip. 

2.4. Data analysis for intracellular SERS 

Reproducibility of SERS spectra depends on several parameters. As discussed 

above, SERS enhancement and, therefore, the SERS signal, is inherently connected to 

the configuration of the SERS-active metal nanostructure. First, it is critical to use the 

probes with uniformly distributed nanoparticles in order to obtain reproducible 

spectra. The second important factor is the orientation of analyte molecules with 

respect to the SERS substrate which can change depending on the concentration of 

the molecules. For example, it was demonstrated that the intensity of the most 

prominent spectral band of adenine, the ring breathing mode, shifts depending on the 

adenine bulk concentration in solution. 107 At 9.0 ~M, this mode corresponds to the 

735 cm- 1
, whereas after decreasing the adenine concentration to 0.75 ~M, the ring 

breathing mode shifts to 746 cm- 1
• At lower concentration adenine molecules are 

oriented more horizontally with respect to the substrate but tend to orient vertically as 

the concentration increases. Similar phenomenon has been observed on DNA 

molecules. 108 The third important factor in intracellular SERS measurements and 

potential source for data variability is cell heterogeneity. Because of cell 

heterogeneity, a SERS sensor with submicrometer resolution will inevitably produce 

different SERS spectra from different locations inside a cell. However, the difference 
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between the spectra should still be within the same range if the same cell 

compartment is being analyzed. 

Statistical data analysis is usually implemented for interpreting SERS spectra. 

Multivariate analytical techniques take into account the integrated variability of the 

SERS spectra. Principal component analysis (PCA) has been successfully applied for 

extracting information from SERS spectra. 109
-

111 PCA facilitates identification of 

hidden relationships between data sets by reducing their dimensionality and 

representing the data in the new coordinate system. 11 2 The main application of PCA 

is the differentiation between characteristic spectral signatures of various samples, for 

example, normal and cancerous cells. At the same time, PCA has been applied for 

data classification problems. 113
-
114 For this application, PCA is the most effective for 

analyzing N data sets with p data points when N > p. However, in localized 

intracellular SERS measurements, only a small number of SERS spectra collected 

from one cell might be available (N = 5-10) since, in some cases, the probe can be 

inserted in a cell a limited number of times. Since a typical SERS data set contains 

multiple data points (p?:. 1 000), it is actually preferred to use other data analytical 

methods, such as partial least squares (PLS). 114
-
115 Using a tumor classification 

problem as an example, it has been demonstrated that PLS analysis results in less 

false positives than PCA. 114 



44 

2.5. Summary and Objectives 

SERS is a powerful technique for label-free molecular recognition. The primary 

mechanism of Raman scattering enhancement is related to the plasmonic focusing of 

an electromagnetic field on metal nanostructures. 12
'
19

'
116 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 than the wavelength 

of the excitation field. Second, the wavelength of the excitation laser should 

correspond to the plasmon resonance wavelength of the SERS substrate. The latter 

can be controlled by changing the size, shape, and material of the metallic structures. 

18
•
70

•
117

-
118 Originally discovered on electrochemically roughened surfaces, SERS is 

currently conducted using many other substrates such as metal nanoparticles of 

various shapes, nanoshells with a dielectric core and metal outer surface, and highly 

ordered metal islands fabricated by lithographic techniques. 

SERS inside biological cells has been largely implemented using colloidal gold and 

silver nanoparticles introduced in cells by passive uptake from the cell medium. This 

technique was 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. 17
•
52

•
77

•
11 9

-

120 However, there is a number of unexplored applications of SERS such as the 

measurement of the intrinsic cell activity, which are hindered by the lack of SERS

active substrates which provide reproducible spectra and do not compromise cell 

viability. 
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In this work, we propose a new approach to intracellular surface-enhanced Raman 

spectroscopy using SERS-active nanopipette. The process of development of the 

nanopipette will include the following steps: 

• Development of gold nanoparticles suitable for intracellular applications 

• Optimization of nanoparticles' size and shape 

• Testing of SERS activity of gold nanoparticles for cell analysis 

• A systematic study of the effects of nanoparticle surface density on SERS 

enhancement as a function of excitation wavelength 

• Optimization of nanoparticles' surface density on glass substrates 

• Testing of SERS sensitivity of model SERS substrates for cell studies 

• Fabrication of SERS-active nanopipette 

• Testing the sensitivity of SERS-active nanopipette to its microenvironment in a 

single living cell 

• Testing the capability of SERS-active nanopipette to serve as an intracellular 

sensor for cell activity 
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3. MATERIALS AND METHODS 

In order to develop the SERS-active nanopipette, it was critical to engineer the 

metal nanostructure suitable for intracellular applications which would provide 

reproducible SERS spectra. To achieve this, a systematic study of the effects of gold 

nanoparticles' shape and size on SERS spectra of different biological samples was 

performed. This involved the optimization of synthesis conditions. Another important 

goal was to investigate the effects of substrate for nanoparticles deposition. This 

chapter describes the protocols for synthesis of gold nanoparticles and fabrication of 

various types of SERS probes, including glass-based and carbon nanotube-based 

ones. The method developed for fabrication of SERS-active nanopipettes is 

considered. 

3.1. Materials 

3.1.1. Polydisperse gold nanoparticles 

In the initial stages of this work, polydispersed polygonal gold nanoparticles were 

employed. The reason for selecting this type of nanoparticles was originally based on 

the assumption that they provide strong SERS enhancement. The nanoparticles were 

synthesized using the method proposed by Shankar et al. 54
-
55 This method relies on 

the reduction of hydrogen tetrachloroaurate (HAuC14) aqueous solution by 

lemongrass extract. 50 ml of lmM HAuC14 were mixed with 0.25 ml of the extract 

and left for 12 hours while stirring. The extract was prepared by boiling 5 g of dried 
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lemongrass leaves in 20 ml of DI water. The nanoparticles synthesized using this 

protocol have various sizes and shapes. It is believed that lemongrass is responsible 

for formation of flat polygonal nanoparticles. Here, we demonstrate that the 

nanoparticle shape depends on the synthesis temperature and polygonal nanoparticles 

can be obtained with other reducing agents, such as sodium citrate. 

3.1.2. Gold nanoparticles synthesized using sodium citrate reduction of HAuCL. 

Gold colloids were synthesized using the modified Turkevitch method. 66 In the 

standard protocol, 20rnL of 1mM aqueous solution of tetrachloroauric acid (HAuC14) 

is boiled on a hot plate and then 2rnL of 1 w/v% of aqueous solution of trisodium 

citrate (Na3C6H50 T2H20) is added with vigorous agitation. The mixture is stirred 

until it becomes deep red in color, and then removed from the heat. Figure 3.1 shows 

a chemical reaction corresponding to the reduction of HAuC14 to gold atoms. 121 This 

protocols yields spherical gold nanoparticles with average diameter of about 13 nm. 

COO Na COOH 

I I 
c~ c~ 
I - · . I 

12HA.uCI, ~ 3 NaOOC-~-OH _..,..(2Aur 8NaCI + 3 0=~ + 2CO: + NaHC03 

c~ c~ 
I - I 
COONa COOH 

Figure 3.1 Chemical reaction for gold nanoparticles' synthesis. Adapted from [121]. 
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3.1.2.1. Optimization of synthesis conditions 

In order to obtain gold nanoparticles with different shapes and sizes, the synthesis 

temperature and the amount of sodium citrate used for HAuC14 reduction were varied 

as described below. 

(1) 10 ml of 1 mM HAuC14 were mixed with 0.2 ml ofO.OOl wt% oftrisodium 

citrate (Na3C6H50 7*2H20) aqueous solution at the room temperature and left 

for 3 h stirring slowly. The final solution was light orange in color. 

(2) 10 ml of 1 mM HAuCl4 were mixed with 0.5 ml of 0.001 wt% of sodium 

citrate aqueous solution at the room temperature with slow stirring. The 

mixture turned blue 5 min after mixing and after 30 min continued stirring it 

changed the color to dark pink. 

(3) 10 ml of 1 mM HAuCl4 were brought to boiling and then 0.2 ml of 0.001 

wt% of sodium citrate aqueous solution was added with vigorous agitation. 

The mixture became red 5 minutes after the addition of the reducing agent. 

(4) 10 ml of 1 mM HAuCl4 were brought to boiling and then 0.5 ml ofO.OOl wt% 

of sodium citrate aqueous solution was added with vigorous agitation. The 

mixture became deep red in color after the addition of the reducing agent. 
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The nanoparticles obtained using the procedure ( 4) were selected for the development 

of the SERS-active nanopipette. This protocol yielded gold nanoparticles with the 

average diameter of 54 nm as confirmed by Scanning Electron Microscopy analysis. 

Zeta potential, related to the surface charge of the nanoparticles, was measured to be 

approximately -40 mV. 

3.1.3. Planar SERS active substrates 

Model SERS substrates were fabricated by coating microscope glass slides coated 

with gold nanoparticles. The schematic diagram for substrate fabrication is shown in 

Figure 3.2. The slides were cut into 1 x 1 cm2 pieces and washed by soaking in a 

mixture of 95% ethanol and 1M aqueous solution of sodium hydroxide for 1 hour. 

After washing with 15 MD deionized water, the slides were left to dry at room 

temperature. The slides were then dip-coated with the 0.001 wt % aqueous solution of 

poly-L-lysine. Polymer coating enabled the immobilization of gold nanoparticles on 

the glass due to the electrostatic interaction between the positively charged terminal 

NH2 groups of the poly-L-lysine and the negatively charged Au nanoparticles The 

surface density of the attached nanoparticles was proportional to the time the glass 

substrates were immersed in the gold colloid. For the analysis of the relationship 

between the nanoparticle density and SERS activity, the immersion time was varied 

from 30 min to 5 hours. 122
-
123 



Glass Slide 

Au coated 
glass slide 

Figure 3.2 Schematic diagram for fabrication of planar SERS substrate 

3.1.4. SERS-active nanopipettes 
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Glass nanopipettes were prepared by pulling a hollow borosilicate glass 

microcapillary 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 (BFl00-78-10). The 

dimensions of the resulting nanopipette were determined by the parameters on the 

micropipette puller (Laser-based micropipette puller P-2000, Sutter Instrument, 

USA). After pulling, the glass pipettes were soaked in a mixture of 95% ethanol and 

1M aqueous solution of sodium hydroxide for 1 hour. After washing with 15 M.O.cm 

deionized water, the pipettes were left to dry at room temperature. The pipettes were 

then dip-coated with the 0.001 wt % aqueous solution of poly-L-lysine. As in case of 
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planar SERS substrates, poly-L-lysine promotes the adsorption of the negatively 

charged gold nanoparticles on the glass surface. 

3.1.5. Carbon-based cellular probes 

3.1.5.1. Carbon nanotubes prepared by non-catalytic chemical vapor deposition 

Carbon nanotubes were synthesized usmg the non-catalytic chemical vapor 

deposition template-assisted approach. Anodized aluminum oxide membranes with 

200 nm pore diameter and thickness of about 90 J..Lm were used as templates for the 

CNT fabrication. The CNT formation is a result of carbon deposition on the walls of 

membrane pores. Chemical vapor deposition of carbon was perfonned at 670 oc for 6 

hours. Ethylene was used as a carbon precursor. The outer diameter of the resulting 

CNTs corresponds to the membrane pore size and the length is defines by the 

membrane thickness. Carbon nanotubes coated with gold nanoparticles were used as 

SERS substrates. 

The nanotubes were synthesized and kindly provided by Dr. Davide Mattia. 

Aluminum membranes for the CNT synthesis were made by Dr. Guzeliya Komeva 

and Mr. James Giammarco. All mentioned researchers were with the Nanomaterials 

Group at Drexel University at the time the experiments were performed. 
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3.1.5.2. Assembled carbon nanotube tipped pipettes 

Carbon nanotube tipped pipettes were fabricated by attaching a carbon nanotube 

on a tip of a glass pipette. 124 Non-catalytic carbon nanotubes were synthesized with 

the iron oxide nanoparticles embedded in their walls which made the nanotubes 

magnetic. 125 The assembly procedure is shown in Figure 3.3 . A glass pipette was 

filled with a CNT suspension (Figure 3.3 (a)), the CNTs would then flow to the 

pipette tip due to a capillary action. The pipette was juxtaposed to a magnetizable 

wire which is located such that the CNTs approaching the glad pipette tip would align 

in the magnetic field, as seen in Figure 3.3 (b). Finally, the CNTs were drawn out of 

the glass pipette, Figure 3.3 (c). 

Figure 3.3 Magnetic assembly of a carbon nanotube on a glass pipette tip. 

Assembled probes were kindly provided by Mr. Riju Singhal from the Nanomaterials 

Research group at Drexel University. 
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3.1.5.3. Carbon nanopipettes prepared by catalytic CVD 

Carbon nanopipettes are a special type of cellular probes which integrate a quartz 

pipette with a carbon nanotube tip. The fabrication procedure is as follows. 

First, quartz capillaries (l.Ornrn OD x 0.7mm ID, Sutter) were filled with an iron 

catalyst solution (18mg ferric nitrate dissolved in 25ml isopropyl alcohol, IPA) and 

allowed to air dry at room temperature for 24 hrs. Next, the catalyst-laden capillaries 

were pulled into fine-tipped micropipettes (Sutter P-2000). The catalyst-laden 

micropipettes were placed in a chemical vapor deposition furnace and brought up to 

the setpoint temperature (900°C) under argon flow (300 seem). Upon reaching the 

preset temperature, methane was flowed (200 seem) for 3 hrs. The furnace was 

brought back to room temperature under argon flow. The process resulted in a carbon 

film being selectively deposited on the catalyzed, inner diameter of the micropipette, 

the thickness of which was controlled by the methane's flow time. The micropipette 

tips were etched in buffered hydrofluoric acid ( 6:1 BHF) for 4 min to expose a 

hollow, carbon nanostructure at the tip. 

For the analysis of the effect of synthesis conditions on the structure of carbon 

nanopipettes, several nanopipette types were prepared by varying the amount of the 

ferric nitrate catalyst, the synthesis temperature, and the amount of the methane. The 

summary of the varied synthesis conditions is given in Table. Carbon nanopipettes 

were fabricated by Dr. Michael Schrlau who was with the Department of Mechanical 

Engineering in the University of Pennsylvania (group of Prof. Haim Bau) at the time 

experiments were performed. 



Table 2 Summary of CVD Process Conditions 

CVD 
Catalyst Carbon 

CNP Description dentifier Temperature 
iAmount (mg) Volume(%) 

(deg C) 

A lfraditional lf-CNP 18 900 ~0 

~ aried Ferric Nitrate ~-CNP-9.5 9.5 900 ~0 
B 

~atalyst Amount C-CNP-34.6 34.6 900 ~0 

IT-CNP-890 18 890 ~0 

c Varied CVD Temp IT-CNP-920 18 920 40 

T-CNP-950 18 950 40 

Varied Carbou P-CNP-20 18 900 ~0 
ro 

Precursor P-CNP-60 18 900 60 

3.1.5.4. Functionalization of catalytic carbon nanopipettes with gold 
nanoparticles 
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Precurso 

C-H containing CNPs were treated with UV irradiation (365 nm) for 60 seconds 

in air to convert the C-H groups to carboxyl groups (-COOH). Next, the carboxylated 

CNPs were dipped into 2 ml of phosphate buffer solution (pH 7.4) containing 140 mg 

of N-(3-dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDAC) for 30 

minutes to activate the carboxyl groups. The activated CNPs were then dipped into 

the aqueous solution of aminoethane thiol (AET) (100mg/ml) for 12 hrs, which 

allowed nucleophilic attack of the amine group of AET, resulting in the formation of 

an amide bond as well as a terminal thiol group on the CNPs. Next, the CNPs were 
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extensively washed with deionized water to get rid of any unreacted AET on the 

surface. These thiolated CNPs were then immersed into the colloidal solution of gold 

nanoparticles (pH 4.2) for various time span ranging from 4 hrs to 12 hrs. The 

nanoparticles were synthesized as described above. After withdrawing the CNP from 

the gold nanoparticles colloid, the functionalized tips were extensively washed with 

deionized water to remove physisorbed nanoparticles and then dried at 80°C under 

vacuum. 

The functionalization procedure was performed by Dr. Sanjib Bhattacharyya at 

the Bioengineering Laboratory, University of Pennsylvania. 

3.1.5.5. Glass nanopipettes coated with non-catalytic CVD carbon 

Quartz pipettes were prepared using laser-based micropipette puller, placed inside 

a quartz tube in a furnace under an argon flow and brought to a 875 oc at a rate of 20 

oc min- 1
• At the elevated temperature, a methane/argon mixture (2:3) was injected at a 

new flow rate of 500 seem for a period of 0.1-1 h. The furnace was then cooled under 

argon and the pipettes coated with carbon were recovered. The nanopipettes were 

fabricated by Mr. Riju Singhal at the Nanomaterials lab at Drexel University. 

3.1.5.6. Plasma deposition of gold nanoparticles on carbon coated glass 
nanopipettes 

Glass nanopipettes coated with non-catalytic CVD carbon were employed for 

plasma-assisted deposition of gold nanoparticles. Different concentrations (0.1-1 M) 
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of aqueous HAuCkxH20 solution were used. The CNP tip was immersed into the 

solution at varying immersion lengths and the CNP was attached to the voltage source 

with negative polarity. A thin Cu wire was inserted inside the CNP to provide 

electrical connection till the sharp tip of the CNP. The Au NPs were synthesized with 

750 V - 2 kV single negative voltage pulse of 5-12 ns in duration. The pulse duration 

was determined from the full width at half maximum (FWHM) of the voltage pulse 

with an oscilloscope connected to the setup. After the reaction, the CNP was detached 

and dipped into distilled water for 5 min, to wash away any metal salt solution 

adhering to the CNP surface. The plasma deposition of gold nanoparticles was 

performed by Dr. Sayan Bhattacharyya at Drexel Nanotechnology Institute. 

3.2 Biological samples 

Biological samples involved in this work included different kinds of intact cells, 

isolated cell organelles, and bacteria. The suspensions of intact HeLa cells and cell 

organelles were used for testing the sensitivity of planar SERS substrates. The use of 

isolated organelles allowed us to simulate the experimental conditions inside intact 

cells. After the SERS nanopipette was developed, single adherent intact HeLa cells 

were studied. 

Another application of planar SERS substrates was the analysis of various 

biomolecules called second calcium messengers. These molecules are involved in the 

cell calcium signaling which is one of the fundamental cellular processes playing 

critical role in any cell metabolic and physiologic activity. 126 Here, we studied three 
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types of second calcium messengers: inositol trisphosphate (IP3), cyclic adenine 

dinucleotide ribose ( cADPR), and nicotinic acid-adenine dinucleotide phosphate 

(NAADP). 

In this work, for the first time, SERS sensors were demonstrated to be efficient for 

differentiation between different calcium messengers and, most importantly, SERS 

was employed for studying the expression of second calcium messengers in cell 

extracts. This section describes the cell culture protocols, methods for analyzing the 

purity of biological samples, and preparation of cell extracts. 

3.2.1. Cell culture for analyzing intact cells and isolated organelles 

HeLa human cervical carcinoma cells were chosen for this work as it is one of the 

best studied cell lines. In addition, HeLa cells are relatively large (1 0-20 !liD in 

diameter) and they are very convenient subjects for nanopipette insertion given their 

height(~ 2 !liD) in the monolayer form (Figure 3.4 (a)). For comparison, hepatocyte 

liver cells, shown in Figure 3.4 (b), are significantly thinner which makes it more 

problematic to insert a pipette in them. 

Monolayer cultures of HeLa cells were grown to 85% confluence in Dulbecco's 

modified Eagle's medium, supplemented with 10% donor horse serum, 100 U/rnl 

Penicillin, 100 !lg/ml Streptomicin, and 1 mM L-Glutamine. Cells were maintained at 

37 °C in a humidified, 5 % carbon dioxide atmosphere. 
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Figure 3.4 DIC Image of (a) HeLa cell monolayer, (b) pnmary rat hepatocyte 
monolayer 

3.2.2. Fluorescent cell labeling for imaging Ca2
+ in living cells 

Intracellular Ca2
+ level is one of the fundamental cell characteristics. Application 

of any kind of disturbance to a cell results in a change of intracellular 

Ca2
+ concentration. By monitoring this parameter, it is possible to judge about the 

magnitude of cell response to the external stimulus. Here, the changes in Ca2
+ were 

used to analyze the effect of nanopipette insertion on cell viability. Labeling cells 

with fluorescent dyes is a standard way to evaluate the level of intracellular 

Ca2
+ concentration. 127

-
128 In this work, Fluo-4AM fluorescent dye was employed. 20 

The dye molecules bind to the free intracellular Ca2
+ and emit fluorescence signal, 

proportional to the calcium concentration, when excited with a laser. 

Cells seeded on glass-bottom dishes the day before the experiment were washed 

with HEPES buffer (20 mM HEPES, pH 7.4, 137 mM NaCI, 5 mM KCl, 1 mM 
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KH 2P04 , 1 mM MgCh, 2 mM CaCb, 10 mM Glucose) and loaded with 2 J..LM Fluo-

4AM in the same buffer with 2.5 mM probenecide for 20 min at room temperature. 

After incubation, cell s were washed at least twice and kept in working buffer with 

probenecide for additional 15 minutes for stabilization. Cell examination showed 

unifonned distribution of Fluo-4AM throughout the cells, suggesting no 

compartmentalization of Fluo-4 in the organelles other than nucleus. To detect 

changes in [Ca2+]i, the average fluorescence intensity was measured over the each 

tested cell in sequential image acquisition mode. 12-bit images were acquired every 

5-10 sec with the Olympus Fluoview 1000 confocal laser scanning microscope. 

3.2.3. Isolated cells organelles 

3.2.3.1. Mitochondria isolation and purification by continuous Percoll density 
gradient centrifugation 

Mitochondria from about 7x 107 HeLa cells were isolated with the Pierce 

mitochondria isolation kit according to the manufacturer' s protocol. Briefly, cells 

were harvested by trypsinization, washed with PBS, incubated in swelling buffer 

supplemented with protease inhibitors cocktail, followed by homogenization with a 

Dounce homogenizer. Unbroken cells, nuclei, and cell debris were removed by two 

centrifugations at 1000 g for 10 min at 4 °C. Mitochondria sample was obtained from 

the supernatant by centrifugation at 6000 g for 15 min at 4 °C. 

Mitochondria prepared by differential centrifugation were further purified in 

Percoll gradient. Pellet was suspended in Mannitol buffer, layered on 30% Percoll 
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gradient and centrifuged at 95000 gmax for 30 min in 70.1 Ti Backman rotor at 4°C. 

Fractions of 0.25 ml number 1 to 9 from the bottom of the centrifuge tube were 

collected and subjected to Western blotting. The mitochondria enriched fractions, 

which were free from other cell contaminants were suspended in mitochondria 

storage buffer (250mM Sucrose, 10mM Tris-base, pH 7.4) and used for SERS 

analysis. Integrity of the mitochondrial outer membrane as an indicator of metabolic 

functionality of the purified organelles was detected with the Cytochrome c Oxidase 

Assay Kit (Sigma). 75 % cytochrome c oxidase activity was observed demonstrating 

isolation of a high level of functionally intact mitochondria. The organelle isolation 

and purification was conducted by Dr. Zulfiya Orynbayeva at Drexel Nanotechnology 

Institute. 

3.2.3.2. Preparation of isolated nuclei from adherent HeLa cells 

The procedure for cell nuclei isolation was based on cells lysis in hypotonic 

buffer with a low concentration of the non-ionic detergent NP-40. All subsequent 

manipulations were performed on ice. Cells from one 100 mm plate were grown up to 

85 % confluence, rinsed with cold PBS, and one time with cold nuclei buffer (NB) 

containing 10 mM HEPES, pH 7.4, 10 mM KCl, 2 mM MgCh. Just before use, 1 mM 

DTT, 0.75m M Spermidine, 0.15 mM Spermine, and Protease inhibitors cocktail were 

added to this buffer. 2 ml of cold NB with 0.2 % NP-40 was added to the cultured 

cells. Cells were scraped and held on ice for 30 minutes to facilitate cell-swelling. 

Cell suspensions were then homogenized by 60 strokes in a Dounce homogenizer 
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with a loose pestle. Cell lysate was transferred into microfuge tubes and centrifuged 

twice at 1 OOOg, 4 oc for 5 min to wash out detergent solution. The pelleted nuclei 

were resuspended in 100 ).ll of Nuclei storage buffer containing 10 mM HEPES, pH 

7.4, 80 mM KCl, 20 mM NaCl, 1 mM MgCb, 250 mM Sucrose. Just before use, 1 

mM DTT, 0.75 mM Spermidine, 0.15 mM Spermine, and Protease inhibitors cocktail 

were added. Phase microscopy analysis showed the nuclei to be free of any 

observable cellular membrane fragments, as seen in Figure 3.5 (b). 

3.2.3.3. Western blotting 

Western blotting is an analytical technique for protein detection and 

identification. The method is based on the separation of multiple proteins using gel 

electrophoresis and visualization of protein fractures by labeling them with antibodies 

which are then conjugated with chemiluminescent reagents. 129
-

131 

The organelle fractions were subjected to SDS-polyacrylamide gel electrophoresis 

performed following the method of Laemmli. 131 Samples solubilized in Laemmli 

sample buffer containing ~-mercaptoethanol were heated to 1 02°C for 3 min and 

loaded onto 10% gel. The resolved proteins were transferred to nitrocellulose 

membrane (Bio-Rad). The membrane was blocked in 5% nonfat milk in TBST 

(lOmM Tris-base, pH 7.5, lOOmM NaCl, and 0.1 % Tween20) for 2 hours at room 

temperature, slightly rinsed and incubated with primary antibodies overnight at 4°C. 

Extensively washed membrane was incubated with secondary antibodies conjugated 

to horseradish peroxidase for 1 h at room temperature. Membrane was washed and 
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exposed to enhanced chemiluminescence substrate, immunoblot bands were scanned, 

and analysed using Image J software. 

The results of Western blot analysis for isolated HeLa cell nuclei are shown in 

Figure 3.5 (a). 

(a) (b) 

Nuclear [C23) 
... 

ER [Calnexin] .iii•L -"""" 

Peroxisomes ...,._ 

[PMP70] 

Lysosome 
[Cathepsin] 101J.m 

Mitochondria 
[GRP75] 

Figure 3.5 (a) Western blot analysis of isolated HeLa cell nuclei. (b) Optical image of 
isolated and purified nuclei. 

Western blot analysis was also employed to analyze the purity of isolated HeLa 

cell mitochondria. The results shown in Figure 3.5 (a) demonstrate that while the 

isolated mitochondria fraction is free from most of the proteins present in the whole 

cell lysate, it cannot be separated from the endoplasmic reticulum (ER) fraction. This 

is expected given that the mitochondria and ER are physically connected within a 

cell. 132 Therefore, the SERS measurements on isolated mitochondria would also 

provide a signal from ER. This brings the experimental conditions for SERS 

measurements on model planar SERS substrates closer to that for the intracellular 
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measurements. At the same time, comparison of the mitochondria fraction intensity 

with that for the whole cell lysate shows that the main amount of mitochondria 

survives the isolation process. 
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Figure 3.6 (a) Western blot analysis of isolated HeLa cell mitochondria. (b) 
Densitometry gel analysis ofthe purity of isolated mitochondria. 

3.2.4. Cytoskeleton labeling for analyzing the effect of the SERS nanopipette 
insertion on cell integrity 

The effect of SERS-active nanopipette insertion on cell integrity was also studied 

by analyzing the structure of cytoskeleton actin filament fibers. HeLa cells were 

transfected with eDNA encoding for EYFP-~-actin using GenDrill™ DNA In Vitro 

Transfection Reagent (BamaGen BioScience LLC, Gaithersburg) according to the 

manufacturer's instructions. Experiments were performed 24 hours after transfection. 

Live images of cells expressing enhanced yellow fluorescence EYFP protein were 

collected with Olympus IX-81 confocal microscope using 525-605 nm band pass 

emission filter, 488 nm laser was used for excitation. 



3.2.5. Cell culture for studying the release of second calcium messengers in cell 
extracts 
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Breast cancer SkBr3 cells were grown in McCoy's SA modified media, supplemented 

with 10% fetal serum, streptomycin, and penicillin. Cells were purchased from 

ATCC. 

3.2.6. Preparation of NAADP extracts from cells 

For the extraction of NAADP we used the protocol reported by Lewis et al. 133 

Briefly, SkBr3 cells were treated with tripsin and suspended in the cell medium. 

Before treatment with the agonists, cells were preincubated for 30 min with BAPTA-

AM. Then, in the presence ofBAPTA-AM, cells were stimulated for 20 min with the 

agonists, according with the technique described in ref. 133 This technique has been 

shown to trigger the prolonged NAADP synthesis for at least 20 min during the 

agonist stimulation. This results in the highly amplified NAADP production. Here we 

used histamine, adenine triphosphate (A TP), and acetyl choline, all at 5 )lM 

concentrations. The reaction was stopped by adding 0.75 Mice-cold HC104. Next, the 

cells were disrupted by sonication and then kept on ice for 10 min. The disrupted cells 

were centrifuged at 9000g for 10 min. Supernatant was neutralized with 1 M KHC03 

and vortexed. The resulting KC104 precipitate was removed by centrifugation at 

9000g for 10 min. Samples were stored at - 80 °C for later analysis. Cells and 

NAADP extracts were prepared and provided by Prof. Eugen Brailoiu from Temple 

University. 
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3.2. 7. Bacterial culture 

Echerichia coli, K-12 strain, (E.coli) and Staphylococcus aureus (S. aureus) were 

purchased from American Type Culture Collection (ATCC, Manassas, VA). For 

SERS measurements, the bacteria were suspended in 0.25 ml of phosphate buffer 

saline. 

3.3. Methods 

Raman spectroscopy was used to analyze the structure of carbon nanopipettes, 

carbon nanotubes, and a variety of biological samples. The latter were mainly studied 

using surface-enhanced Raman spectroscopy. Scanning electron microscopy was 

employed for studying the size and shape of gold nanoparticles, distribution of 

nanoparticles on the substrates, including glass and carbon, and the wall structure of 

carbon nanopipettes. UV -vis spectroscopy was employed for characterization of 

colloidal gold nanoparticles and planar glass substrates coated with gold 

nanoparticles. The surface potential of the gold nanoparticles was measured using a 

Zetasizer. Confocal fluorescence laser scanning microscopy was utilized for imaging 

and characterization of living cells. 

3.3.1. Raman spectroscopy 

Raman spectroscopy analysis was performed using a micro-Raman spectrometer 

(RM 1000, Renishaw, UK) equipped with a 514.4 nm Ar+ laser (1800 lines/mm 



66 

grating), 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 an objective and the scattered signal was acquired through the same 

objective. The signal was collected with high sensitivity ultra-low noise RenCam 

CCD detectors. The acquisition time varied for different samples. Data analysis was 

performed using the Renishaw WiRe 2.0 software. 

3.3.2. Scanning electron microscopy 

SEM images were collected with the field emission scanning electron microscope 

Zeiss Supra 50VP (Carl Zeiss SMT AG, Germany). The nominal resolution of the 

instrument is 1.7 nm. The microscope was operated in high vacuum mode. Before 

imaging, the gold-functionalized glass slides were sputter-coated with 2 nm of Pt/Pd. 

The images were collected at 5 kV accelerating voltage. SEM images of the SERS

active nanopipette and carbon nanopipettes were acquired at 0.7-2 kV accelerating 

voltage without any conductive coating. The use of low voltage allows to eliminate 

the problem of sample charging. The instrument was provided by the Centralized 

Research Facilities at Drexel University. 

3.3.3. UV-VIS Spectroscopy 

UV-VIS absorption spectra were acquired usmg a UV-VIS spectrophotometer 

(Thermo Scientific, Evolution 600) at the research laboratory of Prof. Yury Gogotsi, 
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Department of Materials Science and Engineering. The absorption spectra of model 

gold coated glass substrates were recorded using a fiber-optic system in the laboratory 

of Prof. Adam Fontecchio at the Department of Electrical and Computer Engineering, 

Drexel University. 

3.3.4. Zetasizer characterization of gold nanoparticles 

The zeta potential of gold nanoparticles was measured using a Zetaziser Nano ZS 

(Malvern Instruments, UK). The instrument works in the particles size range from 

0.6nm to 51Jm and uses a 4mW He-Ne (633nm) laser. The size measurments 

employed the non-invasive backscattering technology. The Zetasizer measures zeta 

potential by measuring the velocity of the charged particles moving toward the 

electrode of the opposite sign under the applied potential. The zeta potential is 

proportional to the velocity of the particles. All measurements were made using 

disposable sample cells. The author is very grateful to Dr. Vadym Mochalin for 

assistance with using the zetasizer. 

3.3.5. Confocal fluorescence laser scanning microscopy 

Confocal fluorescence microscopy of living cells was carried out usmg the 

Olympus FluoView 1000 microscope, comprised of an Olympus IX 81 inverted 

microscope equipped with a laser scanning confocal system. 134 The principle of a 

typical confocal laser scanning microscope is shown in Figure 3.7. Briefly, the 
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monochromatic light from the laser excitation source passes though a pinhole 

aperture and then falls on the dichromatic mirror. The reflected light is then focused 

by the objective lens on the specimen. By moving the dichromatic mirror, the laser 

beam is scanned across the specimen thus exciting the fluorescence from different 

parts of the specimen. Upon the interaction with the specimen, the fluorescence 

emiSSion IS directed towards the photomultiplier detector through the detector 

pinhole. The main function of the pinhole is to block the fluorescence signal emitted 

from out-of-focal plane parts of the specimen. This ensures high spatial resolution of 

the images in contrast to a conventional fluorescence microscope where the resolution 

is greatly reduced by the presence of extraneous out-of-focus light. 
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Figure 3.7 Inverted optical microscope IX 81. Principle of a laser scanning confocal 
microscope operation. 
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3.3.6. Instruments for nanopipette fabrication and manipulation 

3.3.6.1. Micropipette puller 

Laser based micropipette puller (P-2000, Sutter Instrument, USA) was used for 

making glass nanopipettes. The instrument heats a glass capillary to a preset 

temperature for a controlled period of time and then applies a tangential force to a 

capillary which results in two separate pipettes with a controlled tip diameter, length, 

and conicity. 

3.3.6.2. Micropipette manipulator 

The Eppendorf lnjectMan NI2 micromanipulator was used for navigating the 

glass pipettes into a cell. This micromanipulator allows precise control over the 

nanopipette movement. A stepper motor resolution is approximately 40 nm per step, 

while the maximum movement for each axes is approximately 20 mrn, according to 

the manufacturer. The significant advantage of this instrument is that in addition to 

operating in rectangular coordinate system, it can also operate in the axial mode when 

the pipette is moved at a 30-60 degrees angle. This regime is optimal for interrogating 

cells since it minimizes the effect of the probe insertion of cell viability. 
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3.3.6.3. Microinjector 

The Eppendorf FemtoJet microinjector was employed for injecting fluid into 

adherent HeLa cells. The microinjector connects through the tubing to the back of the 

nanopipette and allows controlled pressure delivery using the built-in compressor. 

Figure shows the typical setup for cell injection using an inverted optical microscope 

equipped with an Eppendorf InjectMan NI2 micromanipulator and FemtoJet 

microinj ector. 
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Figure 3.8 (a) Typical setup for cell injection. (b) Close up vtew of the 
micromanipulator and pipette holder. 

3.3.7. Experimental setup for SERS measurements using SERS-active 
nanopipette 

To perform the SERS measurements with the SERS-active nanopipette, the 

custom experimental setup was built. A special mount for the InjectMan NI2 

micromanipulator arm was constructed using a magnetic base and mounting posts, 

purchased from Siskiyou Corporation. The challenge in using the micromanipulator 
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in conjunction with the Renishaw RM 1000 microspectrometer was mainly due to the 

fact that this microspectrometer uses an upright optical microscope. This poses a 

certain limitation on the available working distance. 

Figure 3.9 Setup for nanopipette insertion. (a) Renishaw Raman microspectrometer 
RM 1000. (b) close up view of the micromanipulator arm, (c) close up view of the 
glass nanopipette interrogating cells plated in a Petri dish under the upright Raman 
microscope. 



4. RESULTS AND DISCUSSION 

4.1 Colloidal SERS-active nanoparticles 

4.1.1. Optimization of the gold nanoparticle size and shape for intracellular 
applications 
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In order to develop SERS-active nanopipettes for cell probing, it was necessary to 

engineer the gold nanoparticles suitable for intracellular applications. Several 

requirements had to be fulfilled. First, the nanoparticles had to be small enough for 

being incorporated inside cells without compromising their viability. Second, the 

nanoparticles had to provide the required SERS sensitivity, selectivity for cellular 

organelles and data repeatability. Therefore, the size and shape of the nanoparticles 

had to be optimized. 

4.1.1.1. Polydisperse gold nanoparticles 

In the initial stages of this work, gold nanoparticles synthesized using lemongrass 

extract reduction-based protocol were employed. The reason for choosing this type of 

nanoparticles was based on the assumption that they provide strong SERS signals due 

to the presence of polygonal nanoparticles with sharp edges. As seen in Figure 4.1, 

these nanoparticles are highly polydisperse in terms of shape and size. 

Using the polydisperse nanoparticles as SERS substrates, the spectra of aqueous 

solution of glycine were measured (Figure 4.2). Glycine, the simplest aminoacid, was 

selected as a test material due to its simple chemical structure and abundance in the 

cells, including DNA and various types of proteins. SERS spectra were recorded by 
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placing 2 J.!L of glycine solution on the SERS-active substrate. The latter was 

prepared beforehand by depositing a 2 J.!L drop of nanoparticle colloid of a cleaned 

silicon wafer and drying it at the room temperature. The results demonstrate that the 

SERS spectra measured at different points of the SERS-active substrate exhibit high 

variability. This can be attributed to the wide size and shape distribution of the gold 

nanoparticles which corresponds to the non-uniform SERS enhancement. 

Figure 4.1 (a) SEM micrographs of polydisperse polygonal gold nanoparticles 
synthesized using lemongrass reduction of tetrachloroauric acid. Close up view is 
shown in panel (b). 



>. 
~ 
C/) 

c 
Q) 

+-' c 
c 
co 
E 
co 

0::: 

734 908 971 
1238 

68i I I I 

734 

600 800 1000 1200 1400 160( 
-1 Raman Shift (em ) 

74 

Figure 4.2 SERS spectra of lmM aqueous solution of glycine measured on as
produced polydisperse gold nanoparticles 

4.1.1.2. Filtered polydisperse gold nanoparticles 

To increase the repeatability of the SERS data, the as-produced nanoparticles 

were filtered using a Millex syringe filter with 450 nm membrane pore size. SEM 

micrographs of the resulting nanoparticle colloid are shown in Figure 4.3. SEM 

analysis reveals the absence of large nanoparticles. Two images are shown (Figure 

4.3 (a, b) to confirm this. Testing of the SERS activity of the filtered nanoparticles 

was performed using the same experiment as discussed in the previous section. The 

resulting SERS spectra of lmM glycine solution show much better repeatability 

compared to the case of as-produced nanoparticles (Figure 4.4 ). 



75 

Figure 4.3 Filtered polydisperse nanoparticles (450 run filter pore size). 

Filtration using a filter with a smaller pore size (1 00 run) allowed to obtain gold 

colloid with nanoparticles having only close-to-spherical shape, as seen in Figure 4.5. 

While the diameter of these nanoparticles (85-90 run) and their shape, make them 

suitable candidates for intracellular applications, the filtration reduces their 
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concentration significantly which hinders their use for SERS measurements (Figure 

4.5). 
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Figure 4.4 SERS spectra of lmM aqueous solution of glycine measured on filtered 
polydisperse gold nanoparticles (450 nm filter pore size) 

Figure 4.5 Filtered polydisperse nanoparticles (1 00 nm filter pore size). 
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Additionally, usmg lemongrass extract as a HAuC14 reducing agent yields the 

significant contamination of the nanoparticle surface with the reaction products. 

Therefore, the nanoparticles synthesized using this method, require not only filtration 

but also further purification. In order to avoid these steps, we decided to choose a 

different path for the nanoparticle synthesis. 

4.1.1.3. Gold nanoparticles synthesized using sodium citrate reduction of 
HAuC4 

Sodium citrate reduction based protocol was employed in order to synthesize the 

gold nanoparticles with the desired size and uniform shape. The original protocol 

yields the spherical nanoparticles with - 13 nm diameter. Such nanoparticles can be 

used as SERS substrates only in the aggregated form with the aggregates size ranging 

from 1 J.lm to tens of microns. For intracellular applications, it is preferred to use 

nanoparticles with larger diameter (30-70 nm). On the one hand, such particles allow 

to achieve SERS enhancement even in the non-aggregated form or when only several 

nanoparticles are forming a cluster. On the other hand, they are still small enough to 

be used inside cells, assuming the average cell size to be 15-20 J.lm. 

Here, we studied the effect of the synthesis conditions of the size and shape of 

gold nanoparticles using the sodium citrate-based protocol. The variable synthesis 

parameters included the temperature and the amount of sodium citrate. 

Figure 4.6 shows the SEM micrographs of gold nanoparticles obtained using 

different synthesis protocols. The corresponding photographs of the nanoparticle 

colloids and their absorption spectra are shown in Figure 4.7. 
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In case of lemongrass-based synthesis protocol, it is believed that the formation of 

-
the flat polygonal nanoparticles is due to the presence of Cl ions in the lemongrass 

extract. 54 However, in this work we show that flat polygonal gold nanoparticles can 

be synthesized even using the sodium citrate-based procedure. This type of 

nanoparticles is shown in Figure 4.6 (1 ), (2), the samples correspond to the 

procedures (1) and (2) described in Chapter 3. We hypothesize that the temperature is 

the critical synthesis parameter which affects the shape of nanoparticles. Also, the 

number of nanopolygons, with respect to more spherical particles, is higher at lower 

sodium citrate concentrations. 

Figure 4.6 SEM micrographs of the gold nanoparticles synthesized using sodium 
citrate reduction protocol with variable temperature and sodium citrate amount. 
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Figure 4.7 Photographs and the absorbance spectra of the gold nanoparticle colloids 
synthesize using sodium citrate reduction protocol with variable temperature and 
sodium citrate amount. 

The nanoparticles obtained using the procedure ( 4) have the average diameter of 54 

nm and their shapes are very uniform. Given these characteristics, this type of 

nanoparticles was selected for the development of the SERS-active nanopipette. 

4.1.1.4. Differentiation between cellular organelles using colloidal gold 
nanoparticles 

Gold nanoparticles with close-to-spherical shapes, synthesized using modified 

sodium citrate reduction method, were tested as SERS-active substrates. The 

sensitivity of these particles was tested using intact HeLa cells and isolated HeLa cell 

nuclei and mitochondria. The isolated organelles were used to model the intracellular 

environment which will later be studied using the SERS-active nanopipette. 

For SERS measurements, the samples were incubated with the nanoparticle 

colloid for 1 0 minutes. Figure 4.8 demonstrates the resulting SERS spectra. It is 
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clearly shown that the colloidal nanoparticles enable the differentiation between intact 

cells and cell organelles. This confirms the desired level of SERS sensitivity provided 

by these nanoparticles. 
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Figure 4.8 SERS fingerprints of intact HeLa cells, isolated nuclei and mitochondria 
measured using colloidal spherical gold nanoparticles. 

4.2 Planar SERS substrates 

Planar SERS-active substrates represent the intermediate step between the 

synthesis of gold nanoparticles and the fabrication of the SERS-active nanopipette. 

These substrates were used as a model system for finding the optimal surface density 
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of gold nanoparticles, studying the effect of laser excitation wavelength, and testing 

of various anal ytes. 

4.2.1. Analysis of the relationship between nanoparticle surface density and 
SERS enhancement at different excitation wavelength 

Prior to fabricating the SERS nanopipette, the relationship between the surface 

density of gold nanoparticles on a glass substrate and the corresponding SERS 

enhancement was studied. Model system was constructed using planar glass slides 

coated with gold nanoparticles. SEM images of these substrates with different 

nanoparticle surface densities are shown in Figure 4.9 (A). UV-VIS absorption 

spectra of all 4 substrates, shown in Figure 4.9 (B) are similar to that of the 

nanoparticle colloid with the maximum absorption at about 540 nm (Figure 4. 7). The 

corresponding SERS spectra, collected with 633 nm and 785 nm excitation lasers, are 

demonstrated in Figure 4.1 0. 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). Interestingly, at the highest particle density, 

the SERS signal obtained with 633nm excitation laser becomes weaker as concluded 

from the increased spectral noise (spectrum 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 stipulates the red shift of the plasmon resonance, 

responsible for electromagnetic SERS enhancement. 18
'
11 8

'
135

-
136 Therefore, the 633nm 

laser is not sufficient for exciting the plasmon resonance at the given nanoparticle 
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density and s1ze. The results suggest that the average distance between the 

nanoparticles has to be smaller than their diameter in order to achieve good SERS 

enhancement with a 633 nm excitation laser. When the surface density of the 

nanoparticles 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. 
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Figure 4.9 (A) SEM micrographs of the planar glass substrates coated with gold 
nanoparticles. (B) UV -vis extinction spectra of the planar SERS substrates coated 
with different amounts of the gold nanoparticles. Spectrum (a) corresponds to the 
glass substrate with the lowest nanoparticle surface density. 



{A) 

(IJ -
~ .(i) 
c 
Q) 

c 

400 800 1200 

Raman Shift (cm.1) 

1600 

83 

(B) 633nm 

d -:::1 
<ti ->. 

c 
..... 
• (i) 
c 
Q) 

b c 
a 

400 800 1200 1600 

Figure 4.10 SERS spectra of poly-L-lysine on gold coated planar substrates with 
different surface density of the nanoparticles collected with 633 run and 785 run 
excitation laser. The (a)- (d) graphs correspond to the samples shown in Figure 4.9 
(A), (a) - (d). 

4.2.2. SERS differentiation between cellular organelles on planar substrates 

A proof-of-concept experiment was conducted with the planar substrates to check 

their capability of providing distinct SERS fingerprints of cells and cell organelles. 

This crucial characterization of the substrate is required for creating a SERS-active 

nanoprobe for intracellular analysis. SERS spectra of intact HeLa cells, isolated 

nuclei, and mitochondria are shown in Figure 4.11. The results clearly show that the 

characteristic SERS spectra of the cell organelles can be measured with the given 

SERS-active system. 
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Figure 4.11 SERS fingerprints of intact HeLa cells in suspension (top), isolated HeLa 
mitochondria (middle), and isolated HeLa nuclei (bottom) obtained on a planar 
substrate. Each sample has been shown to have the characteristic SERS features . 

4.2.3. Differentiation between various bacteria types 

Planar SERS substrates were also tested for their sensitivity to different bacteria 

types. Here, the Escherichia Coli and Staphylococcus Aureus were analyzed. The 

SERS spectra were acquired using the 785 nm excitation laser and the substrates with 

45 % nanoparticle surface coverage (Figure 4.12). The results demonstrate that the 

planar substrates allow for bacteria fingerprinting. Importantly, the SERS data is well 

reproducible which can be explained by a controlled and fixed configuration of the 

gold nanoparticles on the substrate surface. 
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Figure 4.12 SERS fingerprints of (a) E.Coli and (b) Staphylococcus aureus bacteria 
strains measured on planar SERS substrates. 

4.2.4 SERS of cell organelles in complex buffers 

In surface-enhanced Raman spectroscopy, the effect of sample environment is a 

very significant problem. While according to the commonly accepted theory of 
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SERS, the enhanced electromagnetic field is localized in the closest vicinity of a 

metal nanoparticle, it is known that the nanoparticle can "sense" the molecules which 

are located at a distance larger than one radius of the nanoparticle. To study the effect 

of the organelle medium in a suspension, we measured the SERS spectra of isolated 

HeLa cell nuclei in a standard complex buffer and a simplified, protein-free buffer. 

The goal of this experiment was to check whether it is possible to obtain consistent 

information about nuclear spectral fingerprints measured in two different 

environments (buffers). Principal component analysis results are shown in Figure 

4.13. 
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Figure 4.13 (a) PCA of SERS data obtained on simple and complex buffers, cluster 
A, and isolated HeLa cell nuclei suspended in these buffers, cluster B. (b) Pareto 
chart showing the variance explained by the 1st and 2"d principal components 
corresponding to (a). 

Principal component analysis is a technique which minimizes the dimensionality 

of the analyzed data array and permits assessment of the degree of correlation 

between large data sets. It is one of the most widely used methods in chemometrics 
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and it has been demonstrated to be efficient for analyzing SERS data. 109
-

11 0
•
137 PCA 

is discussed in more details in Appendix B. 

PCA results clearly demonstrate that there is a strong correlation between the 

SERS spectra of nuclei measured in a complex and a protein-free buffer, as seen in 

cluster B, Figure 4.13 (a). SERS data of the buffers forms a separate cluster B. As 

expected, the SERS spectra of nuclei in a complex buffer and the spectra of this 

buffer itself, exhibit larger spread over the first principal component. The variation of 

this component is much more significant than that of the second component, 

according to the results shown in Figure 4.13 (b). 

Furthermore, we analyzed the effect of the buffer on the measured SERS-spectra 

of single He La cells and isolated mitochondria. Figure 4.14 (a) compares the results 

of PCA performed on as-acquired SERS spectra of HeLa cells with that of a buffer 

used as cell medium. One can see that there is a significant overlap between the data. 

However, by subtracting the spectrum of the buffer from as-acquired spectrum of the 

nuclei, it is possible to separate the contribution of the nuclei. This is demonstrated in 

Figure 4.14 (b). Similar results were obtained by studying the SERS data from 

isolated HeLa cell mitochondria (Figure 4.15). 
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Figure 4.14 PCA of SERS data obtained from HeLa cells suspended in a buffer. (a) 
Comparison of unprocessed cellular data with the SERS data from the buffer. (b) 
PCA analysis of the cellular data with the buffer contribution subtracted. 
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Figure 4.15 PCA of SERS data obtained from HeLa cell mitochondria suspended in a 
buffer. (a) Comparison of unprocessed mitochondria data with the SERS data from 
the buffer. (b) PCA analysis of the mitochondria data with the buffer contribution 
subtracted. 

In conclusion, the contribution of the buffer may be very significant and should 

always be taken into account, otherwise it might even obscure the true data from the 
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analyte material. The results of this work confirm that the planar SERS substrates 

provide sufficient sensitivity for discerning between different buffers and deducing 

the true contribution of cell nuclei. 

4.2.5. Sensing second calcium messengers in cells (NAADP, cADPR, IP3) 

Calcium signaling is one of the fundamental cellular processes involved in any 

cell metabolic and physiologic activity. 126 Calcium signals convey information from 

cell plasma membrane to intracellular targets. The mechanism of calcium 

concentration modulations is a complex problem associated with calcium influx from 

extracellular matrix and release from intracellular stores mobilized by calcium 

messengers. Calcium signaling pathways of two calcium messengers, inositol 

trisphosphate (IP3) 
138

-
139 and cyclic adenine dinucleotide ribose (cADPR) 140

, have 

been studied extensively in different types of cells. Nicotinic acid-adenine 

dinucleotide phosphate (NAADP) has a unique physiological role in cells 141 releasing 

Ca2
+ from acid-filled calcium stores through two-pore channels 1 and 2.142

-
143 

NAADP is the least investigated Ca2
+ mobilizing second messenger, because of the 

lack of widely accessible and efficient techniques for detecting and quantifying its 

concentration in cells. Enzymatic bioassays and radioreceptor binding assays are the 

primary methods which have been used for detecting NAADP in cell extracts. 133
•
144 

The enzymatic assay 144 requires NAADP to be first converted to nicotinamide 

adenine dinucleotide phosphate (NADP) using cyclic adenine dinucleotide ribose 

( cADPR) which IS followed by two enzymatic cycling reactions of 
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oxidation/reoxidation ofNADP. 145 Diaphorase, the enzyme for reoxidation ofNADP 

to nicotinamide adenine dinucleotide phosphate (NADPH), also serves as a catalyst 

for conversion of the reaction indicator resazurin to a highly fluorescent resorufin. 

The latter is then used for fluorimetric assessment of NAADP concentration. 

Importantly, the described assay requires a very high purity of all of the components 

and takes more than 12 hours. 145 The radioreceptor binding assay is less time 

consuming and can be conducted without extensive sample purification, 133 but due to 

the need for unique specialized equipment, the availability of this method is 

extremely limited. 

Here we present an alternative, label free technique for the detection of NAADP 

enabled by SERS. 12
'
14

'
51 Planar SERS substrates were employed in this work. The 

present work can be viewed as a proof-of-concept for future intracellular 

measurements with SERS-enabled nanopipettes. 

4.2.5.1. Testing SERS sensor for distinguishing between different secondary Ca2+ 

mobilizing messengers: NAADP, cADPR, and IP3 

Figure 4.16 (a) shows the SEM image of the SERS substrate with the close-up 

view presented in panel (b). A schematic representation of SERS-based NAADP 

measurement is demonstrated in Figure 4.16 ( c, d). 

The selectivity of the SERS sensor for calcium messengers was studied with 3 

different samples with 10 !lM concentration: NAADP, inositol trisphosphate (IP3), 

and cADPR. The mixture of all three messengers was also analyzed. 
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Figure 4.16 (a) Scanning electron micrograph of the SERS sensor, (b) close-up view 
of the gold nanoparticles on the SERS sensor, (c) schematic of the SERS 
measurement, (d) SERS spectrum of NAADP and a background spectrum from the 
substrate. 

Figure 4.17 shows that each messenger has its characteristic SERS spectrum. 

Moreover, the analysis of the mixture of all three messengers (bottom spectrum in 

Figure 4.17) shows that it is possible to distinguish the features of each component. 

For example, the adenine moiety of NAADP represents itself in the spectrum of 

the mixture with the 733 cm-1 peak, similar to that observed in the spectrum of the 

control NAADP solution. The contribution from cADPR and IP3 to the mixture 

spectrum is confirmed by the presence of 898 cm-1
, 1257 cm-1 (amide II), and 1416 

cm-1 (C-H stretch) peaks, which are present in the spectra collected from pure 

solutions. The 898 cm-1 peak in the spectrum of cADPR can be attributed to 

ribose. 84,146 
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Figure 4.17 SERS spectra of aqueous solutions of NAADP, cADPR, and IP3. The 
bottom spectrum was collected from the mixture of all three Ca2

+ mobilizing second 
messengers (3 J..LM concentration each). Excitation laser wavelength is 633 nm. Data 
acquisition time is 10 s. The data was collected immediately after placing 1 J..LL of the 
sample on the SERS sensor. The spectra are normalized and offset for clarity. 

Interestingly, although cADPR contains adenine, it shows only as a weak signal at 

733 cm- 1
• This is likely due to the circular structure of cADPR molecule, where 

adenine is located between two ribose groups. Further analysis of the Raman spectra 

is beyond the scope of this work. The key result demonstrated above is that detection 

of a specific analyte (NAADP in our case) is clearly possible using spectral signatures 

as a whole obtained from SERS-enabled substrates. 

It is important to note that, for the enzymatic cycling assay samples must be 

purified from NADP which interferes with NAADP detection. SERS, however, 

makes it possible to distinguish between NAADP and its metabolites, such as NAD, 

NADP, and cADPR. Such specificity to the molecular structure is unattainable, as far 
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as we know, by any other technique previously applied for NAADP detection. Figure 

3 illustrates the difference between the SERS spectra of NAD, NADP, and NAADP 

at 100 f.!M concentration. Furthermore, SERS substrates employed in this work can be 

utilized in a wide range of the excitation wavelengths. Figures 4.17 and 4.18 clearly 

illustrate that SERS signals obtained with 633 nm and 785 nm excitations have good 

signal-to-noise ratios. Therefore, the substrates can be used in conjunction with 

different lasers, depending on availability and on demands of a particular application. 

Multiwavelegth spectroscopy can also be employed to further improve differentiation 

ofNAADP spectral signatures using appropriate pattern recognition. 
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Figure 4.18 SERS spectra of aqueous solutions of nicotinamide adenine dinucleotide 
NAD, nicotinamide adenine dinucleotide phosphate NADP, and NAADP at 100 f.!M 
concentration. The data was collected using the 785 nm excitation laser; signal 
acquisition time was 10 s. 
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4.2.5.2. SERS detection of agonist-induced NAADP release in cells 

Next, we studied an agonist-induced NAADP release in breast cancer SkBr3 cells 

using the SERS sensor. NAADP expression was triggered by treating cells with 3 

different agonists with 5 j.lM concentration: adenosine triphosphate (ATP), 

acetylcholine, and histamine. The protocol for inducing NAADP release results in a 

final NAADP concentration that is significantly increased as compared to its basal 

level. 133
•
145 The latter has been estimated to be on the order of tens of nanomolars. 

Acid extraction protocol established in ref. 133 was used to obtain NAADP samples. 

Figure 4.19 (a) shows the SERS spectra collected from the untreated cell extracts, 

denoted as control, and that of the treated cells (Figure 4.19, b-d). Sample volume 

used in this experiment was on the order of 2 IlL Each graph contains 12 spectra 

collected at different locations on the SERS sensor for each sample to demonstrate 

the data reproducibility. The latter is expected given the fixed configuration of the 

gold nanoparticles on the sensor's surface. 42
•
78 

In order to quantify the NAADP concentration in treated cells, we compare their 

SERS spectra with the reference NAADP spectra collected from the pure NAADP 

aqueous solution. Concentration dependent SERS spectra of NAADP are presented in 

Figure 4.20 (a). As is often the case in SERS, the spectral signature changes with 

concentration. 147 The 733 cm- 1 peak of adenine, for example, dominates the spectrum 

at higher concentrations. The reduction in relative peak intensity for lower 

concentrations can be caused by reorientation of NAADP molecules with respect to 

the gold nanoparticles' surfaces in the SERS sensor. 147
-
148 The correlation between 
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the SERS spectra of cells treated with acetyl choline and that of pure NAADP was 

conducted using principal component analysis (PCA). 11 2 
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Figure 4.19 SERS analysis ofNAADP release in cell extracts. (a) SERS spectrum of 
the untreated cells. SERS spectra of cell extracts with induced NAADP release by 
treating cells with (b) histamine, (c) A TP, and (d) acetyl choline. Data acquisition 
time was 10 s. 785 nm excitation laser was used. The spectra are normalized and 
offset for clarity. 

According to the PCA results (Figure 4.20, b), the control data acquired on 

untreated cells forms a cluster which is denoted as (A), away from the treated cells, 

denoted as (B). This confirms that the SERS sensor employed here distinguishes 
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between the cells producing different amounts of NAADP. Furthermore, there is a 

clear correlation between the SERS spectra of the treated cells and that of the aqueous 

solution of 100 J.!M NAADP. This concentration is within the range of the expected 

induced NAADP release, according to the protocol that was used in this work. While 

this concentration is higher than the one which can be detected with enzymatic and 

radioreceptor binding assays, there is a significant advantage of time efficiency and 

accessibility of the SERS-based method. 

In conclusion, label free NAADP detection and quantification in cell extracts is 

enabled by SERS, which pennits the rapid detection ofNAADP release with 100 J.!M 

concentration without any special sample purification or labeling. Importantly, this 

concentration does not represent a limit for SERS sensing of second calcium 

messengers. We were able to successfully detect 10 nM concentrations ofNAADP in 

aqueous solution which is on the order of basal levels ofNAADP in cells, suggesting 

that intracellular SERS detection of the calcium messengers is possible. 
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Figure 4.20 (a) Concentration dependant SERS spectra of aqueous solution of 
NAADP. The bottom spectrum represents the background signal from the SERS 
sensor. (b) PCA of SERS data collected on cells treated with acetyl choline, aqueous 
solution of 100 ).!M NAADP, and untreated control cells. 
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4.2.6. Analysis of protein-protein interaction 

Planar SERS substrates were employed for studying the protein-protein 

interaction. Heat shock proteins Hsp 70 and Hsp 40 were used in this work. 149
-
150 The 

choice of this type of proteins is related to the importance of interaction between Hsp 

40 and Hsp 70 for a number of cellular processes, including protein folding, assembly 

and degradation. 150 SERS fingerprints of native Hsp70, Hsp 40, and their complex 

are shown in Figure 4.21. The fingerprint of the protein complex, which forms due to 

their interaction through the C-terminal domain lid, is clearly distinct from that of the 

individual proteins. The unique spectral features of the protein complex are indicated 

on the graph. In contrast, deactivation of proteins by denaturation, caused by heating 

the proteins to 50 °C for 5 minutes, prevents supramolecular structure formation. As 

can be seen in the resulting SERS spectra in Figure 4.22, the fingerprint of the protein 

mixture represents a superposition of the characteristic spectral features of each 

individual denaturated proteins. This confirms that SERS enables the detection of 

protein-protein interaction. 
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Figure 4.21 SERS fingerprints of native Hsp 70, Hsp 40, and their complex. 
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Figure 4.22 SERS fingerprints of denaturated Hsp70, Hsp 40, and their mixture. 
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4.3 SERS-active nanopipettes 

Optimization of gold nanoparticles for intracellular applications, establishing the 

optimal interparticle distance for nanoparticles deposited on a glass surface, and 

confirming the desired level of selectivity for cellular analysis prepared the required 

background for the development of the SERS-active nanopipette. 

The nanopipette was fabricated using a pulled hollow glass capillary as a carrier for 

gold nanoparticles. The tip diameter of the capillary is set to be in the range of 150-

200 nm, and the overall length of the capillary is on the order of 10 em and the outer 

diameter is 1 mm. Glass pipettes with such dimensions can be fitted into a standard 

micromanipulator and fluid injector, which are used for cell microinjection. 

Therefore, the SERS-active nanopipette does not require any specialized equipment 

and essentially 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 4.23 shows the scanning electron micrograph (SEM) of the SERS-active 

nanopipette. As shown in Figure 4.23 (a) and (b), the coverage of the gold 

nanoparticles is uniform. It is critical to emphasize that the nanoparticles are fixed on 

the nanopipette tip and the interparticle distance can be controlled by the nanopipette 

assembly conditions. The surface density of gold nanoparticles determines the 

characteristics of the SERS-activity of the nanopipette, according to the studied 

conducted using planar substrates. 
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Figure 4.23 Scanning electron micrographs (SEM) of the SERS-active nanopipette. a) 
Close-up view of the nanopipette tip covered with gold nanoparticles; b) magnified 
view of the nanoparticles coverage of the nanopipette about 10 f.llil away from the tip; 
c) bare glass surface of the nanopipette. 

4.3.1 Effect of the nanopipette insertion on cytoskeleton integrity 

Before applying the SERS-active nanopipettes for cell analysis, we analyzed the 

effect of the SERS-active nanopipette in ertion on the cytoskeleton network 

configuration in a living HeLa cell. It was critical to confirm that the cell does not get 

negatively affected by the insertion of the nanopipette. 

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 4.24 (a). Insertion of the SERS-active nanopipette causes only a localized 

perforation of the actin network without damaging the rest of the cytoskeleton (Figure 

4.24, b). As a result, the probe insertion should not have a ignificant effect on the 

cell. Moreover, SEM analysis showed that the nanoparticles are strongly attached to 
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the glass surface, so none of the particles peel off and remain inside a cell during the 

nanopipene insertion and after its removal from a cell. Microscopic analysis showed 

that the cell remain viable after the nanopipette withdrawal. 

Figure 4.24 Confocal fluorescent images of the live HeLa cell cytoskeleton actin 
before (a) and after (c) insertion of the SERS-active nanopipette. The corresponding 
differential contrast image are shown in panels (b) and (d), respectively. The arrow 
shows the place of the probe's entrance in the cell. 

4.3.2. Cellular Ca2+ response to nanopipette insertion 

As shown in the previous section, the localized deformation of the cytoskeleton 

upon the probe insertion occurs. It is, therefore, expected that certain Ca2
+ signaling 
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mechanism will be triggered leading to a change in the intracellular Ca2
+ 

concentration. To confirm this, living HeLa cells were treated with Fluo4 fluorescent 

dye which binds to the free cytosolic and nuclear calcium. The intensity of the 

fluorescence probe, which is proportional to the intracellular calcium concentration, 

was monitored by a confocal laser scanning microscope inside the cell cytoplasm and 

the nucleus, separately. Figure 4.25 shows the cell Ca2
+ response when the 

nanopipette is inserted in the cytoplasmic region. 
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Figure 4.25 (a) DIC image of a nanopipette interrogating a cell, (b) corresponding 
fluorescent image showing the intracellular calcium response. (c) Calcium response 
to the nanopipette insertion in the cytoplasm. 
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It is important to note that the probe insertion triggers different response in the 

nucleus and the cytoplasm due to the existence of the separate calcium signaling 

networks in both parts of a cell. 151 Nuclear Ca2
+ concentration increase is larger and 

takes longer time to return to the basal level when the cell metabolic activity adjusts 

to the presence of the nanopipette ( 10 min). In case when the nanopipette is inserted 

inside the nucleus, the recovery time becomes on the order of 15-20 min. 

4.3.3. Comparison of SERS-active nanopipette with other SERS probes 

Figure 4.26 (a-c) compares the tip geometry of a SERS nanopipette, 152 fiber 

optic-based SERS probe, 89 and a typical TERS probe. 153 SERS nanopipette shown in 

Figure 4.26 (a) has almost cylindrical tip which is optimal for cell probing. Fiber 

optic probe described in ref 89 has not only a very large tip but is also highly conical 

(Figure 4.26 (b)). With these dimensions, this probe is not suitable for cell probing 

and further shape optimization is required. TERS probe shown in Figure 4.26 (c) has 

very fine tip which ensures high spatial resolution. However, compared to SERS 

nanopipette, this probe has a large apex angle which would be an obstacle in using it 

for cell probing. Furthermore, the nanopipette compatibility with standard 

micromanipulators allows for more freedom in navigating the probe into a cell, in 

comparison to AFM-based TERS probes. Figure 4.26 (d-e) illustrates this 

fundamental difference between SERS nanopipettes and TERS probes. 
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Figure 4.26 Comparison of the tip geometry (a-c) and navigation schematics for cell 
interrogation (d-e) for different SERS probe . SEM of (a) SERS-active nanopipette, 
(b) fiber optic probe coated with silver nanoparticles, (c) TERS silver probe prepared 
by electrochemical etching. Panel (d) hows a SERS-active nanopipette interrogating 
a cell. The nanopipette allow for controlled insertion at different angle , whereas 
AFM-based TERS probe (e) permits cell penetration only at one angle. 

4.3.4. Injecting fluid into a cell using the SERS nanopipette 

In order to demonstrate that the tip of the SERS-active nanopipette remains open 

after functionalization of the probe with gold nanoparticles, the fluid transfer 

capability of the nanopipette was tested. Monolayer HeLa cell were used for this 

experiment. The cell mitochondria were labeled with the MitoTracker Orange dye 

which delineates the spatial cell localization. The nanopipette was backloaded with a 
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Fluo-4 fluorescent dye and then inserted in a HeLa cell (Figure 4.27 a, c). The dye 

injection into the cell was performed by applying the pressure inside the nanopipette 

using a microinjector. Fluorescent cell images before and after the dye injection are 

shown in Figure 4.27 (b, d). Before the injection, only the labeled cell mitochondria 

can be observed in the fluorescence regime. The localization of the injected dye is 

clearly visible as a green fluorescence. This demonstrates that the nanopipette can be 

used for fluid transfer to the cell. 

Figure 4.27 DIC image of a HeLa cell with the SERS nanopipette inserted in a cell (a) 
before and (c) after the dye injection. Panel (b) shows the corresponding fluorescent 
images ofthe cell before (b) and after (d) the injection of the dye. 

4.3.5. Localized cell probing with 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 

insetted into a cell following a standard procedure used in cell biology for 
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interrogating adherent cell cultures with glass pipettes. The nanopipette was fixed 

inside the pipette holder of the Eppendorf InjectMan NI2 micromanipulator. This 

micromanipulator allows precise control over the nanopipette movement. A stepper 

motor resolution 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 directed towards the cells at a 45• angle. This was continuously monitored under 

the Raman microscope with a SOx long working distance objective. Detailed 

requirements for minimally damaging pipette insertion can be found elsewhere. 106 

During the data acquisition, the excitation 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 cytoplasm (Figure 4.28). The data 

presented in Figure 4.28 represents the averages of at least 5 different experiments, 

conducted on multiple cells with SERS-active nanopipettes. It is important to note 

that the SERS spectra measured from the same location inside a cell demon trate 

certain variability in terms of the intensity (1 0-15 %) 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. 
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Figure 4.28 SERS spectra from the cell nucleus (upper spectrum) 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. 785nrn excitation laser was used. The spectra are 
offset for clarity. 

The nuclear spectrum has feature that are primarily attributable to its high protein 

and amino acid content (1076 em-', 1222 cm-1
, 1264 cm-1

, 1328 em-', 1361 cm-1
), and 

to DNA (660 cm-1
, 722cm-1

). 
77

'
154 The cytoplasmic SERS spectrum does not show 

the DNA bands. However, it still contains the peaks related to the protein constituents 

of the cytoplasm (1128 cm-1
, 1540 cm-1

, 1355 cm-1
). At the same time, the 1004 em-' 

and 1198 cm-1 peaks are most likely associated with the phenylalanine. A expected, 

the cytoplasmic phenylalanine signal is stronger than that of the nucleus. 52
•
155 It is 
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important to tres again that nanopipette insertion does not cause fatal damage to a 

cell. 

4.3.6. Data reproducibility 

Irregularities of the SERS substrate considered to be the major reason for the poor 

reproducibility of SERS spectra apart from spectral blinking. 156 The irreproducibility 

problem can be solved by creating SERS substrates with highly uniform metal 

nanostructures. One of the examples is the nanosphere lithography technique which 

has been successfully applied for creating SERS active substrates and obtaining 

highly reproducible spectra of variou materials. 157 However, in the case of 

biological and especially cellular SERS tudies, pecia1 consideration has to be given 

to the problem of spectral reproducibility. On one hand, it is important to have a 

SERS sub trate 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 control. On the other hand, it is critical to 

understand that a highly sensitive SERS sensor that allow detection of compositional 

changes in the intracellular environment with a submicrometer resolution will 

inevitably provide different SERS spectra from different locations inside 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. 
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To test the performance of the SERS-active nanopipette, we compare the data 

obtained with the SERS-active nanopipette from a pure chemical (poly-L-lysine) and 

the heterogeneous HeLa cell cytoplasm. The spectra were collected from multiple 

cells. The results are presented in the principal components space in Figure 4.29 (a). 
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Figure 4.29 (a) PCA of the data obtained with SERS-active nanopipette with poly-L
lysine (squares) and HeLa cells (triangles). The data was collected with the 633 nm 
excitation laser. To provide a reference, the inset graph shows the SERS spectra 
corresponding to two data points in the principal component space. (b) Pareto chart 
showing the percentage of information about the original data corresponding to each 
principal component. 

Principal component analysis is a multivariate data analysis technique that is 

widely used in spectroscopy for facilitating data interpretation by reducing its 

dimensionality and calculating the degree of correlation (similarity) between the 

spectra 158 (Appendix B). The data presented in Figure 4.29 (a) shows the original 

SERS spectra mapped into the new coordinate system defined by the principal 

components. Here the principal components represent a coordinate system rather than 
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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. 

Moreover, a Pareto chart shown in Figure 4.29 (b), demonstrates that the fir t 

principal component provides about 83% of information about the variability of the 

original data. The econd principal component corresponds to only 7.6 % of the 

original data variability. As a result, the variation of the second principal component 

observed is Figure 4.29 (a) is less significant than that of the first principal 

component. 

In conclusion, 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 u ing SERS-active 

nanopipettes. 159 In addition, according to the results obtained in multiple 

experiments, repeatability of the data obtained with different nanopipettes is within 

the range observed for different cells. Therefore, the slight variation in the 

interparticle distance for different probes does not cause a significant signal variation. 

4.3. 7. SERS monitoring of intracellular protein expression in a single living cell 

The possibility of monitoring cell activity by SERS-active nanopipettes upon the 

application of the external stimulus was studied in this work. Previously, SERS has 
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been applied for monitoring the uptake of dilute solution of doxorubicin (antitumor 

drug) by a living cancer cell. 17 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 response to the treatment with aqueous 

solution ofKCl. 

The nanopipette was inserted into the cytoplasmic region of a living adherent cell, 

and the background spectrum was collected (Figure 4.30 (b)). After that, an aqueous 

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 

4.30 (d)). It is important to emphasize that KCl was used to trigger cell activity by 

providing the external cell stimulus. The configuration of the gold nanoparticles was 

not affected by KCl since the nanoparticles 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 

comparing Figures 4.30 (b) and Figure 4.30 (d). The maximum intensity amplitude of 

SERS spectra before and after KCl treatment was about 4000 and 20000 CCD counts, 

respectively (Figure 4.30 (b), (d)). Due to this fact, the SERS pectrum collected from 

the nanopipette tip inserted in the HeLa cell cytoplasmic region appears almost 

featureless compared to the spectra collected after the treatment with KCl solution 

(Figure 4.30 (d)), when plotted without intensity normalization. 
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Figure 4.30 Schematic of measuring cell response to the change in o motic pressure 
with SERS-active nanopipette before (a) and after (c) treating cells with aqueous 
solution of KCl. Panel (b) shows the SERS spectrum collected from the nanopipette 
tip inserted in the HeLa cell cytoplasm. The representative time-resolved spectra 
showing HeLa cell response to treatment with aqueous solution of KCI measured with 
the SERS-active nanopipette are depicted in panel (c). Time-dependent variation of 
the cytoplasmic signal has been observed. The dynamic changes in the SERS spectra 
represent the cell activity in response to the osmotic changes. The pectra in (c) are 
offset for clarity. 

The dynamic modulations of SERS spectra observed in a treated cell signify the 

changes in the intracellular protein conformations which were a result of increased 

environmental osmolarity and cell plasma membrane depolarization. 
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From a biological point of view, increased levels of extracellular pota sium ions 

cause depolarization of the cell membrane potential due to the decrease in the 

equilibrium potential for this ion. 160 The loss of cytosolic water, resulting from an 

increase in environmental osmolarity and plasma membrane depolarization, can lead 

to alteration in the cyto olic concentration of cellular colloids, such as proteins and 

organic phosphates, and the hydration level of proteins. 161
-
162 The hydration state of 

cellular components and the resulting conformational modifications of proteins are 

the likely cause of the observed SERS signal modulation. This is indicated by the 

appearance of high intensity peaks in the 1200-1500 cm-1 region (Figure 4.30 (d)). It 

is important to note that the inten ities of certain spectral peaks exhibited a dynamic 

behavior after the KCl treatment. The reason for the appearance of 1319 em-', 1260 

cm-1
, 1515 em-', and 1526 em-' SERS peaks at different time points can be associated 

with the induced expression of various types of stress proteins. 163 The change in 

environmental osmolarity triggers the cellular adaptive mechanism, which leads not 

only to the induction but also to the suppression of specific proteins. Thi process 

occurs primarily in the fir t several minutes after the addition of KCl to the cell 

medium. The dynamics of this complex mechanism manifests itself in the recorded 

SERS spectra. Alterations of the peak profile at different time points reflect dynamic 

cellular processes in response to perturbations of extracellular environment. After 6 

minutes, 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 KCI. 
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These results demonstrate that the SERS-active nanopipette works as a real time 

sen or of local intracellular biochemical processes. It is critical to emphasize that this 

experiment was performed without adding any labels 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 biological techniques. These results can be 

further extended to combining the basic nanopipette fluid delivery function with the 

SERS sensing. By carefully controlling the injection pressure and time, it should be 

possible to deliver femtoliters of fluid into a cell and simultaneously assess the cell 

response in real time; a recently introduced technique which uses "electrostatic 

driving force" for navigating specific molecules to the SERS substrate could further 

improve the performance of the SERS-active nanopipette. 164 Combination of this 

method with the nanopipette would allow one to electively target 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 chemical , which i of a great 

importance for micro-analytical chemistry, environmental and forensic studies. 

4.4 Carbon nanotube-based cellular probes 

Nanopipettes with the tip diameters on the order of 200-500 nrn are largely 

suitable for probing cell nucleus and cytoplasm. Further development of SERS-active 

nanopipettes can be directed towards minimization of their tip size. Smaller 

nanopipettes with the tip diameter below 200 nrn have several advantages: 1) they 
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have a minimal effect on cell integrity, 2) they enable more localized intracellular 

probing and potentially enable the analysis of smaller cell organelles, such as 

mitochondria. 

Carbon nanotube-based cellular probes offer an attractive alternative to the glass-

based ones. 165
-
167 Their major advantages are superior mechanical propertie at high 

aspect ratios and cylindrical shape which, in conjunction with small diameter below 

200 nm, should minimize the potential cell damage. Attaching a single carbon 

nanotube to an AFM cantilever tip i a way for creating a small, cylindrical cellular 

probe. 165
-
166 One potential difficulty of using such probe for intracellular SERS is the 

90 degrees insertion geometry which has been discussed in the previous section. A 

more versatile probe was developed by attaching a single carbon nanotube to a glass 

. . 124 .(: .(: mtcroptpette. Another suitable plahorm tOr intracellular SERS is carbon 

nanopipettes. 168 

In this work, we investigated two types of carbon-based probes as potential 

SERS-active tools for cellular studies. The first type was represented by carbon 

nanotube- tipped glass micropipettes developed at Drexel University. 169 The second 

type is the so called carbon nanopipettes originally developed in the University of 

Pennsylvania. 168 

4.4.1. Carbon nanotubes functionalized with gold nanoparticles 

Before proceeding with the studies of carbon-based cellular probes, we analyzed 

the possibility of using single carbon nanotubes functionalized with gold 
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nanoparticles, developed in this work, as SERS-active substrates. Figure 4.31 shows 

an SEM image of the non-catalytic CVD carbon nanotubes synthesized using alumina 

membrane templates and drop-coated with gold nanoparticles. 

Figure 4.31 Non-catalytic CNTs coated with spherical gold nanoparticles 

SERS activity of gold coated CNTs was tested using aqueous solution of 1mM 

glycine. CNTs were deposited on a clean silicon wafer, then a drop of glycine 

solution was placed on a CNT, and the Raman spectra were collected. For these 

experiments, the 633 nm excitation laser was used. The concentration of glycine was 

chosen to be so low that it would not provide a normal Raman signal, as seen in 

Figure 4.32 (b). For a reference, the Raman spectrum of pure silicon is provided in 

Figure 4.32 (a). As shown in Figure 4.32 (c), gold functionalized CNTs enable SERS 

detection of 1mM glycine. These results serve as a proof-of-concept for using carbon 

based substrates for fabrication of SERS-active probes. 
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Figure 4.32 (a) Raman spectrum of a silicon wafer used as a substrate for SERS 
measurements. (b) Raman spectrum of lmM aqueous solution of glycine on a carbon 
nanotube. (c) SERS spectrum of lmM glycine on a carbon nanotube coated with gold 
nanoparticles. 

4.4.2. Carbon nanotube-tipped SERS-active probes 

Glass pipettes with a carbon nanotube attached to its tip were previously 

developed. 124 The assembly of such probes relies on the use of magnetic field for 

pulling a magnetic carbon nanotube out of a glass pipette and the fixation of the 

nanotube on the pipette tip. 

Figure 4.33 (a) shows an SEM micrograph of a -produced probe. In thi work, we 

functionalized the e probes with gold nanoparticles in order to enable SERS 

functionality. The same colloidal gold nanoparticles with uniform size and shape 

which were u ed for designing glass-ba ed SERS-active nanopipettes were employed 

in this work. There ulting CNT-tipped probe coated with gold nanoparticles is shown 

in Figure 4.33 (b). SERS spectrum of HeLa cell homogenate measured using this 
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probe is hown in Figure 4.33 (c). It is clearly demonstrated that CNT-tipped 

nanoprobes functionalized with gold nanoparticles enable ensing of cell biochemical 

components. 
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Figure 4.33 (a) As-produced CNT-tipped cellular probe. (b) SERS-active CNT-tipped 
pipette functionalized with gold nanoparticles. (c) SERS spectra of HeLa cell 
homogenate on a SERS-active CNT-tipped pipette. 



4.4.3. Integrated carbon nanopipettes. Effect of synthesis conditions on wall 
structure and chemistry of carbon nanopipettes 

120 

·carbon nanotube-tipped cellular probes, described in the previous section, require 

a time consuming one-by-one assembly. An alternative solution of this problem has 

been recently demonstrated using the integrated fabrication protocol 168
•
170

-
172

. Carbon 

nanopipettes (CNPs) integrate nanoscale carbon pipes into the tips of pulled quartz 

capillaries using the catalytic chemical vapor deposition of carbon. The carbon pipes 

are exposed by etching away the quartz at the tip. CNPs have desirable mechanical 

and electrical properties for cell probing. They have been successfully applied for 

fluid injections into cells without causing cell damage or death and measured the 

electrical response of cells to extracellular stimuli [8-
101

. However, no study of the 

carbon structure and its dependence on synthesis parameters has been reported. 

Previous studies of carbon nanotubes and nanopipes synthesized by chemical vapor 

deposition in aluminum oxide membrane templates showed that the electric 

conductivity, the graphitization, and the wettability of the nanotubes increased after 

annealing at high temperatures 173
. These findings open the possibility of designing 

the nanotube-based probes with the desired properties by controlling the structure and 

properties of nanotube walls. Here, we report on how the structure and surface 

chemistry of CNPs are affected by synthesis parameters. In particular, we 

demonstrate how tuning the surface chemistry of carbon during the CNP fabrication 

process facilitates surface functionalization with gold nanoparticles. 

SEM micrograph of a typical CNP is shown in Figure 4.34 (a). For these studies, 

all CNPs were etched such that 50 llm long carbon tips were exposed. Figure 4.34 (b) 
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shows the interface between the carbon pipe and the quartz pipette. Figure 4.34 (c) is 

a magnified view of the carbon tip. The nearly conical sub-micron carbon tip 

facilitates minimally invasive cell probing. 

Quartz Exposed Carbon 
' I 
~ . ----- ·----· .........----- - -

101Jm -

~ ······ --- -- · 21Jm -
Figure 4.34 SEM micrographs of the carbon nanopipette (a), the interface between 
quartz and carbon (b), and the carbon tip (c). The smooth outer and rough inner walls 
of a fractured CNP are shown in (d) and (e), respectively. 

On the scale of the figure, the outer wall of the carbon tip (Figure 4.34 (d)) was 

smooth and minimized damage to the cell membrane during intracellular injection 

and electrical recording168
'
170

-
171

. In contrast, as shown in Figure 4.34 (e), the inner 

wall was relatively rough. As previously shown with carbon nanotubes grown in 

aluminum membranes 174
, this surface roughness develops when catalyst particles 

embed into nanotube walls during the carbon film formation. 
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4.4.3.1 Effect of synthesis temperature 

Raman spectroscopy provides information about the chemical composition and 

the crystalline structure of the material. The latter characteristic largely controls 

mechanical electrical and chemical properties of carbon materiaL Raman spectrum of 

a multiwall carbon nanotube contains two first-order bands. The G band, located 

around 1590cm-' · is attributed to the tangential in-plane vibrations of the single 

carbon-carbon bonds in graphite 175
-
177

• The second band with a peak around 1350cm-

1 (D band) corresponds to the graphite disorders and defects. The ratio of peak 

intensities IoiiG, also called R ratio, indicates carbon ordering (graphitization) [' 31 . 

Raman spectra of the CNPs produced at several different temperatures are shown 

m Figure 4.35. The R ratio is depicted in the inset as a function of synthesis 

temperature. 
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Figure 4.35 Raman spectra of CNPs produced at different temperatures. The inset 
shows the R ratio of the D and G band intensities. 
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As the temperature increases, the R ratio decreases indicating that the CNPs 

become more graphitic when synthesized at higher temperatures (Figure 4.35, inset). 

This is in agreement with the behavior of non-catalytically grown carbon nanotubes 

174
• However, the equal widths at mid height of the D and G bands indicate the 

relatively low graphitization of the carbon. Additionally, low graphitization is 

observed by the shift of the G band to the higher frequencies (1588-1592 cm-1
) 

compared to the G band position for pure graphite (1580 cm-1
) 

175
• 

Figure 4.36 shows SEM images of fractured CNPs processed at 89o·c for 3 

hours (a) and at 950°C for 1.5h (b) . The thicknesses of the carbon films produced at 

890°C and 950°C are 100 nm and 150 nm, respectively. Therefore, the carbon 

deposition rate at 950°C is about 3 times faster than at 890°C. This can be explained 

by faster catalytic methane cracking at higher temperatures 178
• 

Figure 4.36 SEM micrographs the CNP manufactured at (a) 890°C, 3h deposition and 
(b) 950°C, 1.5h deposition. Although the synthesis time was different in both cases, 
the SEM analysis demonstrates that the deposition occurs much faster at the higher 
temperature. 
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4.4.3.2. Effect of carbon precursor 

The dependence of CNP structure on the methane concentration in the CVD gas 

mixture was investigated (Figure 4.37). The increase in R ratio is indicative of the 

growth of carbon disordering at higher methane concentrations (Figure 4.3 7, inset) . 
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Figure 4.37 Raman spectra of CNPs produced with different methane concentrations. 
The inset shows the intensity of the 3077cm-l peak as a function of methane 
concentration. This peak signifies the number of free C-H functional groups on the 
carbon surface. 

Another parameter, which depends on the carbon graphitization level, is the 

intensity of the second order peaks (2D, 2700cm-1 and D+G, 2940cm-1
)

177
• As seen in 

Figure 4.37, the secondary peaks almost disappear for the CNP synthesized with the 

largest methane concentration. This shows that carbon becomes more amorphous at 

these conditions. Considering the CVD mechanism, increasing the amount of carbon 

precursor resulted in faster saturation of carbon atoms from the gas phase. At the 
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same time, the carbon precipitation pattern became more random which led to the 

formation of a highly amorphous structure. Comparing the range of R ratio variability 

as a function of temperature (Figure 4.35, inset) and methane amount in CVD gas 

mixture (Figure 4.37, inset), the effect of temperature on the carbon graphitization is 

dominant. 

It is important to note the presence of the 3077cm-1 band on the Raman spectra of 

the amorphous CNPs, Figure 4.37, inset. This mode can be attributed to the stretching 

of dangling C-H bonds on the CNP surface. The position of the band indicates that 

the hydrogen is attached to the sp2 hybridized carbon 179
• According to the Raman 

spectra, Figure 4.37, inset, the intensity of the 3077cm-1 band is proportional to the 

concentration of methane. Therefore, by changing the amount of carbon precursor, 

one can control the number of dangling hydrogen atoms on the CNP surface. In the 

following section, it is shown how this finding can be used for CNP functionalization. 

At the same time, the increased number of hydrogen atoms is another sign of 

amorphous carbon which is closer to a polymer in terms of mechanical properties. 

Indeed, as observed in cell injection applications, the flexible carbon tips of CNPs 

break less often than the rigid and more brittle tips of their glass counterparts 170
• 

4.4.3.3. Effect of catalyst kind and amount 

The last investigated CNP synthesis parameter was the amount of the ferric nitrite 

catalyst, which assists in carbon nucleation on the silica surface. In terms of 

graphitization, no significant changes in carbon structure were observed, as Raman 
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spectroscopy results demonstrated (Figure 4.38). Within the scatter of the 

experimental data, the IoiiG ratio (inset) was independent of the catalyst 

concentration. This phenomenon is most likely related to the mechanism of CVD. 

The graphitization level of CVD carbon is not affected by the number of catalytic 

sites for carbon precipitation during the deposition. However, it should be noted that 

the 3077cm-1 Raman band, which is related to the amount of free hydrogen on the 

carbon surface, almost disappeared for the CNPs produced with the highest amount of 

catalyst (Figure 4.38). Therefore, although the CNP graphitization was not affected, 

the number of the hydrogen atoms on the CNP surface reduced when a large amount 

of catalyst was used for carbon deposition. 
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Figure 4.38 Raman spectra of CNPs produced with different amounts of the ferric 
nitrite catalyst. The corresponding R ratios are shown in the inset. According to the R 
ratio variability, the change in the catalyst concentration does not significantly affect 
the carbon structure. 
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To investigate the effect of the catalyst material, ferric nitrate catalyst was 

replaced with ethanol solution of HAuC4 (3.75mg/ml concentration) and CNPs were 

synthesized at 910°C for 3h. Figure 4.39 compares the Raman spectra of CNPs 

produced with ferric nitrite and with gold catalysts. The carbon structure produced 

with the gold catalyst is similar to the one produced with the ferric nitrite catalyst. 

According to the previously reported mechanism of gold nanoparticle catalyzed 

carbon growth 180
-
181

, when the diameter of the gold nanoparticles lies between 10-

30nm (15nm in this study) carbon nanowires or multiwall carbon nanotubes are 

formed. The carbon structure was independent of the metal type and concentration, as 

well as the absence of CNT growth 174
. Therefore, we conclude the role of the metal 

was, in all cases, to assist in the formation of the initial carbon coating on quartz thus 

only affecting nucleation of carbon, not the structure of the tube walls. 

-
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Figure 4.39 HAuC14 solution in ethanol was used as a catalyst for CNPs synthesis. 
Raman analysis shows that the resulting carbon structure is similar to that obtained 
with a ferric nitrite catalyst. 



128 

4.4.3.4 Functionalization of carbon nanopipette with gold nanoparticles 

For functionalization of the pristine CNPs it is necessary to create oxygen

containing groups on their surface. This process involves harsh treatment with heat or 

strong acids (nitric or sulphuric acid) which is very detrimental to carbon structures 

since the functional groups attach to the carbon through breakage of the surface 

double bonds 182
. We explored the possibility of a soft functionalization procedure 

with the CNPs containing the high amount of C-H groups. UV irradiation was used to 

convert the C-H groups to the carboxyl groups. Compared to the acid treatment, this 

procedure is significantly less damaging to the CNPs because the UV irradiation does 

not react with the CNP surface but rather with the dangling hydrogen bonds. 

Raman analysis showed that the density of C-H groups on the CNPs surface 

can be controlled by the CVD methane concentration. As the methane concentration 

increases, the number of free hydrogen atoms on the carbon surface increases, 

according to the increasing intensity of the 3077cm-1 Raman band (Figure 4.3, inset). 

The abundance of C-H groups on the carbon surface of CNPs was directly linked to 

the gold coverage on the CNP surface. To illustrate, traditionally fabricated (40% 

methane) CNPs, with relatively low concentration ofC-H groups, were functionalized 

both with and without thermal air oxidation at 400°C. SEM analysis of these 

traditional CNPs showed that without prior oxidation, very few gold nanoparticles 

covalently attached to the surface (Figure 4.40 (a), (b)). However, the gold coverage 

of CNPs which were air oxidized at 400°C was very dense (Figure 4.40 (c)). 

Unfortunately, only the carbon tips of 1 out of 5 CNPs sustained the heat treatment 

surface activation. 
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Figure 4.40 (a) SEM micrograph of the CNP manufactured with 40% of methane and 
functionalized with gold nanoparticles without the heat treatment, (b) the same CNP 
imaged in the back-scattering regime to show the distribution of Au nanoparticles, (c) 
CNP manufactured with 40% methane and functionalized with gold nanoparticles 
through the heat treatment, (d) CNP manufactured with 60% methane, nanoparticle 
attachment was done without heat treatment. 

In contrast, the carbon surface of CNPs fabricated with increased methane 

concentration (60% methane) had an abundance of C-H groups without the need for 

air oxidation at 400°C. The Raman spectrum of such CNPs is shown in Figure 4.37, 

top graph. As observed in the SEM, the surface of these CNPs was laden with 

attached gold nanoparticles (Figure 4.40 (d)) similar to traditional CNPs that went 

through the oxidative surface activation (Figure 4.40 (c)). Additionally, all the CNP 

tips survived the functionalization process when the oxidation at high temperature 

was avoided. The difference in the density of gold nanoparticles in both cases is most 

likely due to the fact that the oxidation activated carbon contained more surface 

functional groups which participated in nanoparticle attachment. In the case of 

synthesis-defined carbon chemistry, the number of the functional groups is lower but 
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still sufficient to form a uniform and dense nanoparticle layer on the CNP surface. By 

controlling the carbon surface chemistry of CNPs through the synthesis parameters, 

we essentially facilitate the mass production of CNPs ready for surface 

functionalization. 

The robustness of gold-functionalized CNPs as cellular probes was tested. It is 

important to note that the electronic structure of gold nanoparticles can be affected by 

their interaction with carbon nanotube surface. This reflects on the binding energy 

and optical properties of the nanoparticles. 183
-
186 The binding energy between the 

nanoparticles and the CNP surface was qualitatively estimated by imaging the CNP 

before and after inserting it into a living cell (HeLa human cancerous cell line). SEM 

analysis has shown that the nanoparticles remain on the CNP surface. 

4.4.4. Carbon nanopipettes coated with gold nanoparticles using nanoscale 
corona discharge 

SERS activity of carbon nanopipettes functionalized with gold nanoparticles 

using nanoscale corona discharge was analyzed. 

Before proceeding to the SERS results, it is important to briefly overview the 

process of the nanoparticle formation. With the ultra-sharp CNP tip connected to the 

negative pole of the power supply, non-thermal plasma of nanosecond duration was 

created at the tip of the electrode by applying voltage pulses. Negative corona was 

observed even with voltages < 1 kV, which correspond to an electric field of ~ 109 

V /m. This field is comparable to the field of 4 x 1 09 V /m needed for electron 

emission from carbon. Figure 4.41 shows the optical micrograph of a typical non-
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thennal corona in 0.01 M HAuCkxH20 solution with 1 kV applied negative voltage. 

With a single nanosecond pulse, plasma reduces Au3
+ to Au. This results in Au NPs 

deposition onto the tip of the CNP electrode. The largest concentration of Au NPs 

was observed at the very tip. The concentration of attached NPs decreased away from 

the tip. The fact that Au NPs concentrate around the tip is natural given the fact that 

the NPs are likely to nucleate in the plasma surrounding the electrode tip. 

CNP- (b) 

10)1m -

Figure 4.41 Schematic diagram showing the mechanism of Au NP formation and 
deposition at the tip of the CNP. Panels i-iii show the concentration gradient from the 
CNP tip. Insets: (a) Optical micrograph of a typical corona in HAuCl4.xH20 solution, 
and (b) CNP tip with deposited Au NPs. 

A typical SERS spectrum of the glycine on the gold functionalized plasma CNPis 

shown in Figure 4.42. A Raman spectrum of the same glycine solution collected on a 

plain glass slide (Figure 4.40 (d)) was featureless. The results demonstrate that the 

CNP, decorated with gold nanoparticles using plasma, provides a high SERS signal. 

Two major advantages of using plasma-deposited Au CNPs for SERS applications 
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can be noted. First, chemical methods of surface functionalization with Au NPs 

always employ a binding compound, such as thiol, organosilane, or amine, which 

might result in the background signal from the binding agent (Figure 4.42 (b)). The 

plasma-assisted functionalization eliminates this problem (Figure 4.42 (c)). Raman 

spectrum of a plasma pipette coated with gold represents only the characteristic bands 

of graphite. Second, the plasma-assisted functionalization allows to selectively coat 

the tip of the probe with NPs which might be problematic to achieve with wet 

chemistry methods. This can be crucial when high spatial resolution is required and 

when the SERS nanopipettes are used for analyzing nanoscale volumes around the 

very tip of the probe. 
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Figure 4.42 SERS spectrum of (a) the lmM aqueous solution of glycine on plasma 
CNP, (b) glass nanopipette chemically functionalized with Au NPs using poly-L
lysine, (c) CNP coated with gold nanoparticles using plasma, (d) lmM glycine. 
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4.5 Guidelines for designing a SERS-active probe for intracellular applications 

This section presents a summary on the most critical aspects of designing a SERS 

nanoprobe for intracellular analysis for a particular application. The decision process 

is outlined in Figure 4.43. 

First, it is necessary to consider the ultimate application of the probe and evaluate 

the potential implications of using a particular probe (Figure 4.43 (A)). For example, 

if the main goal is to obtain general cytoplasmic signatures of cancerous versus 

normal cells, colloidal SERS probes can be selected. In case when a more localized 

analysis is required and/or long-term, time-dependent study will be performed, it is 

recommended to use a probe with a controllable configuration of nanoparticles. Fiber

optic probes with optimized tip geometries (small apex angle, tip diameter below 200 

nm) can be used as cellular probes when no injection in a cell is needed. Nanopipette

based SERS probes, have the advantage of smaller tips and they allow fluid injection 

in a cell. This might be important for studying cell response to drugs and analyzing 

biologically active molecules. Furthermore, tip-enhanced nanoprobes can also be 

employed for highly localized cell analysis. Currently available TERS probes 

implemented on the basis of AFM or STM cantilevers are difficult to use for cell 

probing. However, these probes could also be realized by using nanopipettes or 

optical fibers which will facilitate the control over their navigation inside cells and 

will reduce their effect on cell integrity. 

Second, the choice of material of the SERS-acti ve metal nanostructure is based on 

several considerations. This applies both to colloidal and nanopipette-based probes. In 

terms of SERS enhancement, silver is known to provide stronger signals compared to 
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gold. However, for intracellular applications gold is preferred At the same time, the 

important practical limitation in selecting the metal for a SERS probe is the available 

laser wavelength. (Figure 4.43 (B)) In case only a green Ar+ (A. = 514 nm) or UV 

lasers are available for SERS, silver is the only choice. Gold-based SERS substrates 

can be employed when the lasers with A. > 520 nm are accessible. This is dictated by 

the plasmon resonance of gold nanostructure which occurs at the wavelengths larger 

than 520 nm thus necessitating the use of corresponding lasers for Raman scattering 

excitation. The most widely used laser wavelengths are 633 nm, 785 nm, and 830 nm. 

In addition to the material of the SERS-active part of the probe, it is important to 

evaluate the material of the metal-carrying substrate, i.e. the nanopipette. Although to 

date only glass-based nanopipettes have been developed, 152 it is possible to use 

carbon nanotube-based probes as well. The latter might be more advantageous for 

probing cells with a stiff plasma membrane. Moreover, these probes can potentially 

be used for probing individual cell organelles, such as mitochondria. 
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Figure 4.43 Guidelines for designing a SERS probe for intracellular applications. 
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5. CONCLUSIONS 

5.1. Contributions of this dissertation 

• For the first time, nanopipettes for intracellular surface-enhanced Raman 

spectroscopy were developed. 

• SERS-active anopipettes were designed on the basis of a hollow glass capillary 

with a ~ 150 nm tip which was coated with gold nanoparticles. The interparticle 

distance was optimized to ensure the probe sensitivity for intracellular 

applications. The overall length of the capillary was on the order of 10 em and the 

outer diameter was I mm. Glass pipettes with such dimensions can be fitted into a 

standard micromanipulator and fluid injector, which are used for cell 

microinjection. Importantly, the tip of the nanopipette remains open after the 

functionalization with gold nanoparticles. This implies that SERS-active 

nanopipette can be used for concurrent drug injection and monitoring of cell 

response. 

• For the first time, surface-enhanced Raman spectroscopy was employed for 

intracellular in situ monitoring of cell response to an external stimulus using 

SERS-active nanopipettes. The SERS-active nanopipette enabled the detection of 

intracellular protein expression. 
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• SERS-active nanopipette was demonstrated to be sensitive to its 

microenvironment inside a cell. It was shown that the localization of the 

nanopipette tip inside a living cell can be tracked by monitoring its SERS 

spectrum. The characteristic nuclear and cytoplasmic SERS fingerprints were 

obtained. It was shown that the SERS-active nanopipette allows for high SERS 

data reproducibility, as confirmed by principal component analysis. This 

demonstrates one of the main advantages of the nanopipette over colloidal SERS 

probes. 

• In order to design the SERS-active nanopipette, gold nanoparticles suitable for 

intracellular applications were engineered. A systematic study of the nanoparticle 

size as a function of synthesis conditions was performed. As-produced polygonal 

gold nanoparticles were demonstrated to provide SERS spectra with low 

reproducibility. Spherical nanoparticles with uniform size and shape, synthesized 

using the sodium citrate reduction-based protocol , were shown to be suitable for 

intracellular studies. The nanoparticles were tested on intact HeLa cells and 

isolated HeLa cell mitochondria and nuclei. 

• A systematic study of the effects of nanoparticle surface density on SERS 

enhancement as a function of excitation wavelength was performed. Model planar 

substrates, glass slides coated with gold nanoparticles, were employed for this 

study. It was demonstrated that the substrates with ~ 45 % surface density provide 

the optimal SERS signal. For the nanoparticles with average diameter of 54 nm, 
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this corresponds to the average interparticle distance of 12 run. The SERS activity 

of the model substrates was tested using intact HeLa cells and isolated cell 

organelles. The latter were employed for modeling the intracellular environment. 

• For the first time, surface-enhanced Raman spectroscopy was employed for 

studying second calcium messengers, the biomolecules which play the crucial role 

in calcium signaling, the fundamental cellular process involved in any cell 

metabolic and physiologic activity. Label free NAADP detection and 

quantification in cell extracts was enabled by SERS, which permits the rapid 

detection of NAADP release with 100 )..LM concentration without any special 

sample purification or labeling. Importantly, this concentration does not represent 

a limit for SERS sensing of second calcium messengers. In this work, 10 nM 

concentrations of NAADP in aqueous solution were successfully detected. This 

suggests that intracellular SERS detection of the calcium messengers is possible. 

• For the first time, surface-enhanced Raman spectroscopy was used to study the 

effects of protein conformational changes on the protein-protein interaction. Heat 

shock protein Hsp 70 and its co-chaperone Hsp 40 were employed in this study. 

• Carbon nanopipettes, which integrate an exposed carbon tip with a quartz pipette, 

were studied using Raman spectroscopy. A systematic study of the effect of 

synthesis conditions of carbon nanopipettes on their wall structure and surface 

chemistry was performed. It was shown, that increasing the fabrication 
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temperature results in the formation of more ordered, graphitic carbon. The same 

effect is observed when the carbon precursor content in the gas mixture for CVD 

is lowered. The relationship between the concentration of the carbon precursor 

and the number of C-H bonds on the carbon surface was established. The 

presence of C-H groups on as-produced CNPs facilitates the carbon 

functionalization with gold nanoparticles by eliminating the necessity for carbon 

oxidation which is highly damaging for CNPs. This demonstrates that the fast and 

easy fabrication protocol allows one to obtain the carbon nanopipettes with highly 

advantageous surface chemistry. 

• Carbon nanopipettes functionalized with gold nanoparticles usmg nanoscale 

corona discharge were shown to provide SERS spectra with less background than 

the glass-based SERS-nanopipettes. Plasma-based deposition of the nanoparticles 

eliminates the need for a binding agent which might be a source of the 

background signal. 

5.2. Suggestions for future research 

• Development of SERS-active nanopipettes with lower apex angles and sub 100 

nm tip diameters could enable more localized cellular probing and analysis of 

smaller cell organelles, such as mitochondria. 1n addition, the effect of 

nanopipette insertion on cell viability could be further reduced. For SERS 

applications, the main obstacle in designing very small probes is the metal particle 
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stze limitation. Nanoparticles smaller than 10 nm have very small scattering 

cross-sections and do not provide sufficient SERS enhancement. Micron sized 

aggregates of such nanoparticles could provide SERS hot spots, however this is 

not suitable for intracellular applications due to the size limitations. Possible 

solutions can be found by using nanorods and nanowires with high aspect ratios. 

• Different approaches to functionalizing carbon nanopipettes with gold 

nanoparticles could be investigated. Instead of attaching nanoparticles to the outer 

surface of the nanopipette, it is possible to either fill the nanopipettes with 

nanoparticles or embed the nanoparticles in the walls. In order to realize these 

approaches, it will be necessary to produce carbon nanopipettes with walls which 

are transparent to Raman scattering. 
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APPENDIX B: PRINCIPAL COMPONENT ANALYSIS 

Principal component analysis (PCA) is one of the most widely used methods for 

interpretation of multivariate datasets in the. PCA allows to reduce a large number of 

variables to a much smaller number while retaining as much of the information about 

the original variables as possible. 11 2
'
187 The reduction procedure involves the scaling 

and rotation of the original coordinate system and re-expression of the data in new 

coordinates, called principal components. 188 Using PCA, it is also possible to 

reconstruct the original data which corresponds to each principal component. In other 

words, PCA may be used for decomposing the original data into different parts 

according to their contribution to the variability of the overall data set. 

To demonstrate the principles of PCA, let us consider the simplest case when the 

data is only represented by two variables, Figure B 1 (a). The first principal 

component, denoted as PC1 , corresponds to the direction in which the original data 

exhibits the largest variation. It is, therefore, possible to find the projection of the 

original data on a new coordinate axis, represented by PC 1, as shown in Figure B 1 

(b). 



(a) 
y 

X 

(b) 

- --------- -• ----• PC 1 

Figure B1 Example ofusing PCA for a dataset with 2 variables 
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A more complex situation of a multivariate data is shown in Figure B2. In this 

case, one principal component is not sufficient for describing the data variability. The 

first principal component always contents the maximum of information about the data 

variability (corresponds to the largest data spread), as seen in Figure B2, (b). The 

second principal component (PC2) is orthogonal to the PC 1, and represents another 

independent direction in which the original data exhibits the largest variation. 

(a ) y PC2 ... 
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Figure B2 Example of using PCA for a multivariate dataset 
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In this work, PCA of various types of SERS data was performed using Matlab 

(MathWorks, Inc). Calculation of principal components was performed using the 

following routine. Let the original spectral data X be an n x p matrix. A built-in 

Matlab function princomp allows to calculate the loadings, the coefficients of the 

linear combinations of the original variables and scores, the coordinates of the 

original data in the new principal component coordinate. To begin the calculations, it 

is necessary to center X by subtracting off column means which converts X~ X 0 • 

After that the principal component coefficients coeff are calculated as the 

eigenvectors of S, the covariance matrix of X0 

The coordinates of X 0 in the principal component space, scores, are calculated by 

projectingX0 onto the principal component axes: 

scores = X 0 · coeff 

PCA graphs shown in Figures 4.13-4.15 and Figure 4.20 were plotted using the 

calculated scores values. 
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