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Imaging by means of Raman spectroscopy has emerged as a po-
werful technique in the study of various chemical processes occur-
ring in biology. This technique is non-invasive, label-free, capable of 
providing molecular identity and can be performed in robust condi-
tions. However, one major drawback is its inherently weak signal. 
The ways to overcome this issue is to use Raman based methods 
e.g. Resonance Raman Spectroscopy (RRS), Surface Enhanced 
Raman Spectroscopy (SERS), Tip Enhanced Raman Spectroscopy 
(TERS). In this review, we gave a brief introduction of all these me-
thods, with special emphasis on their recent advances and applica-
tions in various fields of life science. 
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nowledge of the distribution of chemical 
components is crucial in biology for monitor-
ing biochemical processes. The ultimate 

goal is to develop a tool which is highly sensitive, 
chemically specific and which brings about little or 
no damage to the sample. To date, the techniques 
that are used for this purpose are fluorescence 
spectroscopy, electron paramagnetic resonance 
spectroscopy (EPR)

1
, nuclear magnetic resonance 

spectroscopy (NMR)
2
, high frequency ultrasound

3
, 

to name a few. But none of these meet all the crite-
ria mentioned above. Of them fluorescence spec-
troscopy has been used widely, especially in in-
vivo studies, which provides a spatial resolution of 
few tens of nanometers

4,5
, but it  requires label a to 

be attached which may change the physical prop-
erties of the sample under investigation. Raman 
spectroscopy can be an alternative tool which pro-
vides ―fingerprint‖ of a molecule. It is a label-free 
technique that can be applied in liquid state, which 

is beneficial as a biological sample can be probed 
in a state similar to its natural environment. 

Raman Spectroscopy 

When a monochromatic light is incident on an ana-
lyte most of the light will be scattered elastically 
and have the same frequency as the incident one. 
Only a small fraction of the incident light will be 
inelastically scattered and will have either higher or 
lower frequency compared to the incident one. In a 
Raman experiment it is the difference which is 
measured, and this gives the information of various 
vibrational levels present in the analyte. Raman 
can provide detailed information of the chemical 
bond present which in turn gives its structural in-
formation. Not only can it provide its structural in-
formation, but also the knowledge of its environ-
ment (e.g. hydrogen bonding or any other intermo-
lecular interactions). This is important as those 
interactions play a crucial role in biology.  

K 
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In Raman imaging a pseudo-color image is gener-
ated where the color of each pixel represents the 
intensity of a particular band or range of bands. 
Since the band is a marker for a particular compo-
nent it provides the distribution of the desired com-
pound over the sample.  For biological sample the 
Raman spectra obtained are complicated and in-
terpretation of the data is not trivial; some statistic-
al analysis (e.g. Hierarchical Cluster Analysis 
(HCA), Principal Component Analysis (PCA), and 
Linear Discriminant Analysis (LDA)) is required.   

Meister et al. investigated the uptake and cellular 
distribution of water soluble, organometallic, car-
bonyl complex [Mn(tpm)(CO)3]Cl, an antitumor 
compound, in a cancer cell by 3D Raman imag-
ing

6
. They used C≡O bond stretching frequency as 

a marker to study how the compound is distributed 
over the cell with time. Guze et al.

7
 could differen-

tiate the normal and abnormal squamous cell car-
cinoma (SCC) in oral mucosa using micro-Raman 
spectroscopy. The molecular changes which oc-
curred because of disease could be identified by 
acquiring the Raman image both in normal cell and 
SSC cell. Raman images with rich information 
about structural features within the cytoplasm, cell 
membrane and cell nuclei were obtained, and 
spectral differences between normal and malignant 
squamous cells could be recognized. They could 
find a biomarker peak, believed to be originating 
from cell surface protein, greatly upregulated in 
SSC cell. Huang and co-workers

8
 monitored cell 

division, in vivo, of a single living Schizosaccharo-
myces pombe cell at the molecular level by Raman 
imaging with spatial resolution of 0.3 µm. By ana-
lyzing the modes within fingerprint region (800–
1800   cm

-1
) they found that both the concentration 

and distribution of the two major cellular compo-
nents, phospholipids and proteins, change simul-
taneously during and after the division of the 
pombe cell. 

Although it is a powerful technique in elucidating 
structural information, the challenge remains as 
this is a very weak process (only 1 photon out of 
about 10

6 
-10

8
 incidents are Raman scattered). 

One way of get out of this issue is to use Reson-
ance technique. In resonance Raman, the fre-
quency of the excitation laser used is chosen in 
such a way that it coincide with one of the excited 
state of the analyte, thus it can enhance the signal 
by a factor of 10

3
-10

7
. In resonance Raman only a 

fraction of vibrational modes are enhanced, thus 
by suitably choosing the laser wavelength one can 
enhance certain vibrations of biological interest. 
For biological sample it is preferable to use NIR 
(near infrared) laser compared to UV laser as the 

latter can produce fluorescence background mak-
ing the Raman signal hard to detect. Also another 
advantage of using NIR is the large penetration 
depth inside the tissue and less damage to the 
sample. 

Bonifacio et al.
9
 applied resonance Raman spec-

troscopy (RRS) to probe the distribution of hemog-
lobin and hemozoin (formed by parasites) within 
the parasitized cells at the molecular level. The set 
of spectra was collected from human erythrocytes 
infected with the malaria parasite Plasmodium fal-
ciparum and analyzed by statistical algorithm. This 
study would help in understanding the mechanism 
of formation of hemozoin and its interaction with 
antimalarial drugs, facilitating design of new drugs. 
Neugebauer et al.

10
 applied UV resonance Raman 

spectroscopy to study bacterial growth of a Bacillus 
pumilus batch culture. The excitation wavelength 
used specifically enhanced signal from aromatic 
amino acid residues and nucleic acid bases. At the 
beginning of the exponential growth phase a drug 
from the fluoroquinolone group was added to the 
bacterial suspension. Using multivariative analysis 
they could detect small changes in the spectra 
upon interaction of the drug with its targets—DNA 
and enzyme gyrase inside the cell. A diagnostic 
tool was proposed based on RRS by Wood et al

11
. 

A strong band at 1569 cm
-1 

was chosen as a 
marker for detection of hemozoin. With ultransensi-
tive rapid read-out CCD detectable signal could be 
acquired in 1 second. After multivariate analysis of 
the image obtained it was possible to detect the 
presence of hemozoin, indicating the possibility to 
identify low-pigmented phases of the parasite‘s life 
cycle including early trophozoites. 

As mentioned earlier, Raman process is very weak 
restricting its use in cases where sample concen-
tration is very less. Increasing laser power may be 
helpful, but there is an upper limit upto which it can 
be increased. So some alternative method is re-
quired. 

Surface Enhanced Raman Spectroscopy 
(SERS) 

In 1974 Fleischmann et al.
12

 first observed a dras-
tic increase in intensity of Raman signal from few 
molecules at the interface of metal electrodes. Lat-
er Jeanmaire and Van Duyne

13
 found that the Ra-

man signal can be greatly enhanced when a mole-
cule is adsorbed on a roughened noble metal sur-
face. Although complete understanding of the me-
chanism of enhancement is yet to be achieved, it is 
accepted that there are two mechanisms responsi-
ble for this enhancement-electromagnetic

14
 and 

chemical
15

. When light is incident on a metal nano-

42 



Kundu PP and Narayana C Raman based imaging in biological application 

  

J Med Allied Sci 2012;2(2)  

 

particle or metal nanostructure, it induces collective 
motion of the free electrons present in metal. 
These motions, known as localized surface plas-
mon resonance (LSPR), may cause strong elec-
tromagnetic field to be generated near the nano-
structure in the resonance condition, and respon-
sible for the electromagnetic enhancement in 
SERS. Chemical contribution arises due to three 
reasons: 

1. Chemical enhancement due to the chemical 
interaction of the molecule with nanoparticle 

2. Resonance Raman enhancement due to the 
resonance of the exciting source with one of 
the electronic transition of the molecule 

3. Charge-Transfer (CT) resonance enhance-
ment due to the resonance of the laser fre-
quency with the molecule-nanoparticle charge 
transfer transition. 

The total enhancement factor is around 10
6
-10

8 
on 

an average which could be up to 10
14

, if the mole-
cule is in a junction of a few nanoparticles in high 
electric field known as ―hot spot‖

16
. It is to be noted 

that the enhancement factor decays as r
-12

, r is the 
distance of the analyte from the nanoparticle sur-
face

17
. So the major contribution in SERS signal 

originates from those parts which are within a few 
nanometers from the nanoparticle. 

Large variety of SERS substrate are used  ranging 
from island films, roughened electrodes, colloidal 
nanoparticle of which colloidal nanoparticle are 
commonly used for Raman imaging in vivo. The 
advantage of using the nanoparticle, is its small 
size compared to the cell size. Also it can be incor-
porated into the cell with minimal damage to the 
cell membrane and after incorporation to the cell 
component. Their incorporation into the cell and 
distribution inside the cell can be controlled by 
functionalizing them with biological ligands or anti-
bodies

18
. After the discovery of the silver and gold 

sols used for SERS
19

, it has become most popular 
in SERS study

20
. Fabrication of nanoparticle by 

chemical reduction is inexpensive and simple. A 
metal salt is reduced by chemical agent to produce 
colloidal solution. The nanoparticle thus formed as 
different size, ranging from 10-80 nm depending 
upon the method of preparation. The plasmon re-
sonances of these nanoparticles occur at different 
positions depending upon the shape, size and di-
electric constant of the metal.  

SERS has been used to detect the cancer markers 
in live cells

21
. Oh et al. synthesized Aucore/Agshell 

bimetallic nanoparticle conjugated with anti-mouse 
IgG. Each nanoparticle is tagged with R6G as Ra-
man marker. In order to differentiate between the 

cancer cell and normal cell, PLCγ1 were used as 
the optical imaging targets inside HEK293 (human 
embryonic kidney) cells. Their results showed that 
functionalized nanoparticles attached only with the 
marker of the cancer cells by antibody-antibody 
interaction. SERS image of Raman marker in the 
cancer cell where PLCγ1 was expressed could be 
obtained. Whereas in the normal cell, no SERS 
image from the marker R6G could be obtained. All 
the results were verified by Quantum Dot (QD) la-
beled fluorescence images (Fig. 1). 

Ravindranath et al.
22

 performed SERS imaging to 
look into the intracellular bioreduction pockets of 
toxic chromate in Shewanella. In their study they 
used intracellularly grown Ag nanoisland as SERS 
substrate to detect the cellular localization of Cr(VI) 
and Cr (III). Raman bands for Cr(VI) in the 815-875 
cm

-1
 range and for Cr(III) at 510-535 cm

-1
 were 

found to be characteristic for these states. Single-
cell mapping experiments were performed using a 
6 x 6 μm

2
 area with an image resolution of ∼22.5 

x103 nm
2
. Both Cr(VI) and reduced Cr(III) were 

observed in cells grown under aerobic and anae-
robic conditions, but control samples  grown in the 
absence of Cr(VI) did not show either form of 
chromium within the cellular periphery (Fig. 2). 

These results show the capability of SERS imaging 
to probe the multiple metal reduction reaction in-
side a single cell. Ando et al.

23
 probed the time 

dependent local molecular information by dynamic 
SERS imaging. Here a gold nanoparticle is used 
as a SERS substrate which moves around the cell 
and provide enhanced Raman signal of cellular 
components. Simultaneously, the track of the par-
ticle was monitored by dark field microscope. 
Spectral features of protein and lipids could be 
found within time span of 150 S. The spatial reso-
lution of the image is ∼65 nm, which is much 
shorter than diffraction limit of the light (which limits 
the resolution with which an object can be imaged 
by optical microscopy) and temporal resolution of 
50 ms (Fig. 3). This study opens up the possibility 
of studying biological events using SERS imaging. 

Tip Enhanced Raman Spectroscopy (TERS) 

In studying biological samples it is desired to have 
a probe with high sensitivity and high lateral resolu-
tion to investigate the non-uniformity of various 
components to get insight into the system. Al-
though SERS can fulfill the first criterion, its use in 
biology is limited by its poor resolution (∼1µm). 
Also SERS substrate suffers from the fact that they 
are non-uniform in shape/size resulting in different 
enhancement to the Raman signal. Wessel

24
 first 

proposed the concept of TERS based on optical- 
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Fig 1. Fluorescence and SERS images of normal HEK293 cells and PLCγ1-expressing HEK293 cells. (a) Quantum Dot-labeled 

fluorescence images of normal cells: (left) brightfield image, (right) fluorescence image. (b) SERS images of single normal cell: (left) 

brightfield image, (right) Raman mapping image of single normal cell based on the 1650-cm
-1

 R6G peak. (c) Overlay image of 
brightfield and Raman mapping for single normal cell. (d) QD-labeled fluorescence images of cancer cells: (left) brightfield image, 
(right) fluorescence image. (e) SERS images of single cancer cell: (left) brightfield image, (right) Raman mapping image of s ingle 

cancer cell based on the 1650-cm
-1

 R6G peak. (f) Overlay image of brightfield and Raman mapping for single cancer cell. (Adapted 
with permission from ref. 21. Copyright (2007) American Chemical Society) 

 

Fig 2. (a) Raman signatures for chemical control of Cr(VI) and Cr(III) show differences in their chemical spectra. (b) SERS spectra 
point to the presence of Cr(VI) peaks within the cells .The peaks from the chemical control (red) at 841 cm

-1
 align with the Cr(VI) 

peaks detected from within the cell. (c) Bacterial SERS spectrum (red) indicates the presence of Cr(III) peaks, aligned with those of 
the chemical control, Cr(III) (black spectrum). The two peaks of Cr(III) present around 533 cm

-1
 are perfectly aligned with the intra-

cellularly reduced Cr(III). Raman intensity maps (aerobic reduction, d-f; anaerobic reduction, g-i) averaged over the phonon-plasmon 

peak (∼230 cm
-1

) showing the presence of intracellular pockets of gold nanoislands (d and g), localization of toxic hexavalent chro-
mium, Cr(VI) (e and h), and reduced nontoxic chromium, Cr(III) (f and i), within a single cell. (Adapted with permission from ref. 22. 
Copyright (2011) American Chemical Society) 
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Fig 3. (a) An image of a macrophage cell taken by dark-field microscope. (b) SERS spectra, obtained from the nanoparticle indi-
cated in panel-(a). (c) Trajectory of the nanoparticle, shown by a white arrow in panel-(a), (d) An RGB color map of the molecular 

distribution presented on the nanoparticle trajectory. Green spots show the Raman intensity distribution of 1457 cm
-1

, blue spots 
1541 cm

-1
, and red spots 977 cm

-1
. The green and blue color is highlighted during the linear paths, while the red color appears dur-

ing the confined zone random walk. (Adapted with permission from ref. 23. Copyright (2011) American Chemical Society) 

field confinement and enhancement by surface 
plasmon originating from metal nanoparticle. It has 
been shown theoretically by controlling the size of 
the nanoparticle one can achieve spatial resolution 
down to molecular level with 1nm tip apex radius. 
In a typical TERS set up a plasmonic metal nano-
particle or a sharp metallic edge is placed at the 
point of a tip. A scanning probe microscope scans 
the sample keeping the tip at a fixed position. Two 
types of scanning probes are used, scanning 
tunneling microscope (STM)

25
 and atomic force 

microscope (AFM)
26

. In STM based TERS set up, 
etched silver or gold wire is used as a probe, while 
in AFM single particle is mounted at the tip by eva-
poration or sputtering of silver or gold. Although 
silver provide better enhancement than gold, it is 
prone to oxidation losing its enhancing power. STM 
is limited by the fact that only conducting sample or 
thin layer of non-conducting sample on a conduct-
ing substrate can be scanned, therefore use of 
AFM is more general. In AFM scanning is done 
either in contact or non-contact mode, for biological 
sample non-contact mode is preferable to avoid 
any damage. A typical TERS setup is shown in 
figure 4. A laser is illuminating the tip and the sam-
ple. Enhanced signal from the sample in the pres-
ence of tip is collected by a microscope objective. 
For biological sample, in order to prevent it from 
being damaged, the laser power is kept low (< 
1mW). Typical wavelength used in for laser is 500-
800nm. Initially AFM tip provides the morphology 
of the sample. Then depending upon the problem 
of interest, enhanced Raman image is acquired on 
selected points or small area providing molecular 
fingerprinting. Since the enhanced electric field 

produced is confined very close to the apex of the 
tip, only those molecules underneath it will be en-
hanced providing resolution in the nanometer 
range. It is to be noted that in TERS experiment 
information of sample is only extracted from the 
surface, if information from deep inside is required, 
section has to be done. Enhancement attained by 
TERS ranges from 10

4
-10

6
. 

 

Fig 4. A typical tip enhanced Raman scattering setup 

Enhancement mechanism in TERS is similar to 
that of SERS. When laser is irradiated on the apex 
of the tip surface plasmon will be generated there. 
If the peak of surface plasmon coincides with the 
wavelength of the laser, strong electromagnetic 
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field is generated at the apex of the tip, and its 
magnitude depends upon refractive index of the 
sample substrate, the tip material and its geometry. 
It has been shown

27
 that materials with low refrac-

tive indices such as SiN, SiOx and AlF3 perform 
better compared to Si with high refractive index. 
The intensity can also be increased by placing the 
sample on a gold substrate, named as gap-
mode

28
. Since intensity is square of the electric 

field the enhancement in intensity due to the tip 
also is squared. Tip itself acts like an antenna 
which creates its own electric field under the influ-
ence of the enhanced electric field. So the intensity 
of electromagnetic field is again enhanced by a 
power of two. So an overall enhancement of power 
of four is achieved. This is the electromagnetic 
contribution of the enhancement. Another en-
hancement can occur due to ‗lightning rod‘ effect. 
Tip is illuminated in such a way; polarization of in-
cident wave is along the tip apex, causing accumu-
lation of electron density to increase at sharp edge. 
This cause both increase in field strength and con-
finement of field. There is also a possibility of 
chemical enhancement. When the tip is in direct 
contact with the sample, charge transfer can occur. 
This causes chemical enhancement associated 
with shift in band position

29
.  

The cell wall of Staphylococcus epidermidis was 
probed by TERS by Neugebauer et al.

30
. Contribu-

tion of TERS bands was mainly from N-acetyl glu-
cosamine (NAG), a constituent of the biopolymer 
cell surface. Spectral fluctuation was observed, 
which was explained as capturing dynamic process 
occurring on the cell surface. However, this could 
be due to change in orientation of the molecule 
near tip. Recently, Richter et al.

31
 reported for the 

first time TERS mapping of the distribution of pro-
tein and lipid on the membrane of human colon-
cancer cell. The cell was fixed with formalin which 
was shown to cause minimal change to the integri-
ty of the cell. For detection of protein amide bands 
were chosen as a marker while for lipid detection 
PO2, CH2, CH3 vibrations were used. All the data 
was analyzed by multivariate technique. Wood et 
al.

32
 performed TERS combined with AFM on sec-

tioned cell for the first time. At first the AFM image 
of Plasmodium falciparum-infected erythrocytes 
were constructed to identify hemozoin crystal de-
posits and then selectively Raman spectra were 
recorded at a resolution ca. 10 nm from the edges 
of those deposits (Fig. 5). Spectra obtained from 
these crystals showed that they were in five-
coordinate high-spin ferric state. This work would 
help to develop a label-free technique to detect 
hemozoin drug binding without isolating the hemo-

zoin crystals. All these experiments described, 
were performed on fixed cell. Recently Schmid et 
al.

33
 performed TERS in liquid state for the first 

time where both the tip and sample was immersed 
in water. The AFM tip coated with SiOx/Ag was 
protected from the contamination by encapsulating 
a self-assembled monolayer. This study would help 
to perform TERS of biological samples in liquid 
state. 

 
Fig 5. (A-C) AFM images recorded of sectioned cells before 
TERS acquisition. (A) A 30 X 30 μm AFM image recorded of a 

population of infected red blood cells. A potential cell target is 
highlighted by the blue square. (B) A high-resolution image of 
the cell highlighted in (A) depicting  hemozoin crystals aligned 

in the digestive vacuole. (C) A higher resolution AFM image of 
the digestive vacuole of the parasite illustrating single crystals 
of hemozoin (D) TERS spectrum recorded of the edge of a 

hemozoin crystal. (E) Spectrum taken after retracting the tip to 
show that contamination does not happen at the tip. (F) SERS  
recorded of β-hematin prepared using SERS active Ag-

particles. (G) Resonance Raman spectrum of β-hematin. 
(Adapted with permission from ref. 32. Copyright (2011) Ameri-
can Chemical Society) 

Conclusion 

Raman spectroscopy provides chemical informa-
tion at molecular level in a non-invasive way. With 
the improvement in instrumentation, availability of 
database for various bio-molecules, use of multiva-
riate technique to analyze complex data, Raman 
spectroscopy has become ideal bio-analytical tool. 
One of the major challenges is its intrinsic weak 
signal. Resonance Raman can increase the signal 
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by 10
4
-10

7
 times and making it possible to study 

sample at very low concentration if molecule of 
interest is a Raman active. Discovery of SERS 
made it possible to increase the signal up to 10

14
 

times, providing study of even a single molecule. 
But it suffers from the non-reproducible spectra 
because of irregular enhancement of Raman sig-
nal. Since in TERS enhancing object is a single tip 
apex, enhancement is more regular and quantita-
tive analysis is possible to some extent. Also one 
unique feature of TERS is its ability to provide la-
bel-free chemical information at nano scale level, 
which is beyond the reach of any other technique. 
Moreover, it is not restricted for liquid sample, so 
possibility of studying biological samples in-vivo is 
feasible. We believe that with the advent of new 
technology and multidisciplinary research, Raman 
and its associated techniques will be able to ad-
dress many unsolved problems in biology. 
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