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Abstract

This paper reviews and compares the different optofluidic techniques for enhancing the retrieved

Raman signal in liquids with a focus on aqueous solutions. Recent progress in characterizing

different nanostructures and biological molecules utilizing optofluidic fibers such as photonic crystal

fibers (PCFs) in Raman spectroscopy are discussed. Techniques and applications to combine surface

enhanced Raman spectroscopy (SERS) with optofluidic-assisted Raman spectroscopy are further

reviewed. Finally, challenges and future opportunities to advance Raman spectroscopy combined

with optofluidics are presented.
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1. Introduction

Raman spectroscopy has witnessed significant advances in its applicability since the
discovery of the Raman effect by Sir C. V. Raman in 1928, and has established itself as a
valuable analytical technique in a large number of different fields. It is currently being applied
but not limited to the fields of art and archeology [1–5], pharmaceuticals [6–8], chemistry
[9–12], biology [8,12–14], diagnostics [14–16], material science [17], forensics [18–20], and
environmental monitoring [21–23]. Raman spectroscopy is known for its ability to rapidly and
non-destructively provide information on the molecular vibrations of materials with
exceptional specificity. Since molecular vibrations are specific to the molecular bonds and
their symmetries, they are unique to every type of material at the molecular level. Therefore,
spectra obtained from Raman spectroscopy, namely the Raman scattering, can also be
described as the ‘fingerprint’ of materials. The collection of Raman spectra can be used to
identify materials, as well as their properties such as stress/strain, doping, and crystallinity.
However, the Raman effect is also an extremely weak process in which only one in 10 million
photons are Raman scattered [24]. This low probability of the Raman scattering effect
is responsible for the low sensitivity of Raman spectroscopy. As a result, this technique
suffers from the background superimposed on the Raman modes by other stronger optical
phenomena such as fluorescence. In the past two decades, advances in optical technologies and
instrumentation have greatly improved the sensitivity of Raman spectroscopy. Until this
present day, the sensitivity of Raman spectroscopy remains to be one of the challenges that is
being improved through research in both academia and industry.
Moreover, owing to the weak sensitivity of Raman spectroscopy, its applications

have been, and still are, largely limited to solid samples. In the liquid and gas state of
materials, the density of the molecules is much lower than that in the solid state. In Raman
spectroscopy, this means that there are fewer molecules to interact with the pump laser or
excitation source to generate the Raman scattered signal. Thus, the Raman scattering
effect is weaker in liquids, and it is even lower in weakly concentrated solutions and gases.
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There are many variations of Raman spectroscopy developed with the aim of improving
its sensitivity for samples in the liquid and gaseous state. For example, resonant Raman
(RR) spectroscopy can be used to enhance the intensity of the Raman signal by tuning the
pump laser frequency to match the excited electronic state of the molecules in question.
This technique can enhance the Raman intensity by 2–6 orders of magnitude [25].
However, only a small number of Raman modes can be enhanced at any given time due to
the frequency-matching condition. Moreover, a tunable laser with high power is usually
required which is costly and often leads to photo-degradation of the sample.

Surface enhanced Raman spectroscopy (SERS) and tip-enhanced Raman spectroscopy
(TERS) are two other techniques in which metallic nanostructures in close proximity, or
adsorbed, to the analyte can improve the Raman signal through electromagnetic and
chemical enhancement. In particular, SERS has demonstrated enhancement factors up to
9–10 orders of magnitude which enabled the detection of a single molecule [26–29].
However, metallic nanostructures are required to be mixed with the analyte to achieve this
enhancement, which could alter the structure, chemical environment, or chemical
properties of the analyte from its as-synthesized state due to conformational changes
when interacting with metallic nanostructure. For example, hotspots created from metallic
nanostructures could exert physical stress on the analyte, causing molecular reorientations
[30]. Consequently, SERS often gives different Raman modes than normal Raman
spectroscopy [31]. The positions and full width at half maximums (FWHMs) of the Raman
modes, as well as the relative intensities between Raman modes could also be different
between SERS spectra and normal Raman spectra. These differences further vary
depending on the metallic structure used in the SERS measurement which makes analysis
and interpretation of the spectra more difficult [32]. In addition, SERS only enhances some
Raman modes of the analyte while suppressing the others depending on the orientation of
the analyte relative to the metallic nanostructure [33,34]. Enhancements are also often not
reproducible due to instability of the hotspots created [35]. In addition, the maximal
enhancement factor could only be obtained through careful design of the metallic
nanoparticles and tailored for a specific target analyte [36]. Furthermore, the metallic
nanostructure might create additional background signal in the Raman spectrum, which
would further complicate the analysis and interpretation of the Raman spectra [32].

For the aforementioned techniques, the efficiency in the process of generating and
collecting Raman scatters in the practical scheme is not addressed, especially for liquid and
gas samples. In conventional Raman spectroscopy, RR and SERS, the pump laser or
excitation source is focused directly into the analyte to generate Raman scattering (Fig. 1).
Most of the Raman signal retrieved at the detector is scattered from the beam waist of the
pump laser at which the pump laser is most intense and the power density is the highest. In
this case, the pump laser and the analytes are only interacting in the volume limited by the
spot size of the pump laser in the lateral direction and the depth of field in the axial
direction. Since Raman signals are scattered in omni-directions, only a fraction of the
scattered signal is collected by the objective and detected by the detector due to the limited
numerical aperture (NA) of the objective lens. In the case of a solution, the amount of
Raman scattering detected from the small quantity of analyte dispersed in the buffer
solution is minimal.

An alternative to increasing the sensitivity of Raman spectroscopy (not just for a few
Raman modes of the analyte, but for all the Raman modes generated) while not altering
the native state of the analyte is to incorporate optofluidic devices into the Raman



Fig. 2. Setup of Raman spectroscopy utilizing an optofluidic fiber as the medium for light–matter interactions.

Fig. 1. Conventional Raman spectroscopy setup.
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spectroscopy setup as the interaction medium. Optofluidic devices enable the confinement
of both the laser light and the liquid of interest into the same cavity, enabling a strong
and efficient process of light–matter interaction. Fig. 2 shows an example of a Raman
spectroscopy setup utilizing an optofluidic fiber as the light–matter interaction medium in
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the backscattering configuration. In this example, the analyte is filled into the central core
of the optofluidic fiber from the bottom end through capillary action. At the other end the
pump laser light is focused into the same central core through the objective to generate
Raman scattering signals from the analyte. Due to the strong confinement of the pump
laser light in the optofluidic fiber, the pump laser light maintains a strong power density in
the central core. As both the pump laser light and the analyte are confined within the same
central core of the optofluidic fiber, the strongly confined pump laser can interact with the
analyte throughout the entire fiber length. Thus, Raman signals are scattered throughout
the entire length of the fiber as opposed to just the depth of field of the objective in the
conventional scheme. Since Raman signals are mostly shifted by less than several tens of
nanometers from the wavelength of the pump laser, they will also be confined inside the
liquid core and collected throughout the fiber. As a result, the output signal from the fiber
end will be collected more efficiently by the objective for detection; thus an enhanced
Raman scattering signal could be retrieved at the detector.

An advantage to this technique is that prior knowledge of the analyte’s electronic
structure and surface chemistry is not required to enhance the retrieved Raman signal
assuming that the pump laser light is within the guidance band of the optofluidic fiber after
the liquid is injected. In RR and SERS, prior knowledge of the electronic structure and
surface chemistry of the analyte is required to achieve Raman enhancement, respectively,
which is not possible in applications where the exact composition of the sample is not
known (e.g. forensic analysis).

In addition, most optofluidic fibers have core diameters on the order of a few microns.
This means that only nano-liters to micro-liters of sample volumes are required for
analysis. Furthermore, the advantage of long interaction length in optofluidic fibers can be
extended through simply increasing the length of the optofluidic fiber. A longer interaction
length can further enhance the retrieved Raman signal up to a certain length at which the
enhancement factor will saturate due to large propagation losses. The relationship between
the enhancement factor and the length of the optofluidic fiber will be discussed in detail in
Section 2.5.

It is also important to note that the pump laser is confined inside the liquid core of the
optofluidic fiber; thus, interactions between the pump laser light and the sidewall of the
fiber are minimal. Therefore, the resulting interference due to the fiber material is limited in
the presence of stronger Raman scattering signal from the analyte and any background.
Furthermore, the use of optofluidic fiber does not increase the scattering cross-section,
since optofluidic-assisted Raman spectroscopy enhances the ‘retrieved Raman signal’
(i.e. the Raman scattering signal retrieved at the detector). This is in contrast to techniques
such as SERS or TERS where the Raman scattering cross-section is increased to achieve
the enhancement in the Raman signal. Optofluidic devices described here are not limited to
the fiber form. However, in this review, we will focus on optofluidic devices in the fiber
form as the benefit of increased light–matter interaction could be obtained with fibers with
centimeters in length. More importantly, further enhancement can be easily achieved with
fiber length extended to meters without significant increases in complexity.

In this review, we will first describe and compare the different optofluidic devices used to
enhance the retrieved Raman signal of liquid samples. Then, applications and recent
progress in utilizing optofluidic-assisted Raman spectroscopy for characterizing nano-
structures and biological molecules are reviewed. Finally, different techniques to combine
SERS with optofluidic devices to achieve an ultimate sensitivity in Raman spectroscopy
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are discussed, followed by a discussion of the outstanding challenges and opportunities for
this platform.

2. Raman spectroscopy using different optofluidic devices

2.1. Capillary tubes

A capillary tube is the simplest form of optofluidic devices that provides a long path-
length (i.e. centimeters to meters) for light–matter interaction. Capillary tubes are usually
composed of a cladding made out of a solid material and a hollow core in which the liquid
of interest is filled into for Raman analysis. When a liquid with a refractive index that is
higher than that of the cladding is filled into the core of the capillary tube, the pump laser
light can be guided through and interact with the liquid core of the capillary tube through
total internal reflection (TIR). As the frequencies of the Raman scattered light generated in
the liquid core are close to that of the pump laser light, this means they too can be guided
in the liquid core onto the detector through TIR.
Traditionally, fused silica (or fused quartz) was used to form the cladding of most

capillary tubes [37–39]. The first demonstration of enhancing the retrieved Raman signal
with fused silica capillary tube was reported by Walrafen and Stone [37]. Raman signals of
benzene and tetrachloroethylene were enhanced by a factor of 102–103 using a 20 m long
fused silica capillary tube. However, as the refractive index of fused silica is �1.46 at room
temperature, this limits the liquids which can be tested because a refractive index of 1.46 is
higher than most of the refractive indices of liquids common in life sciences such as
aqueous solutions. As such, the application of fused silica capillary tube is limited to
liquids that have high refractive indices [37–41].
Cladding materials that have indices of refraction lower than that of water (n ¼1.33)

were not available until Teflon-AF was manufactured by Dupont Corporation. Teflon-AF
has a low refractive index of 1.29. Moreover, it is mechanically strong, thermally stable and
transparent from the deep ultraviolet (UV) range to the near infrared (NIR) which make
teflon capillary tubes (TCT) a suitable medium for light–matter interactions in Raman
spectroscopy studies [42,43]. The use of TCT was demonstrated to enhance the retrieved
Raman signals in various chemicals and biological analytes including aqueous carbonate
solutions [43], isopropyl alcohol [44], creatinine in deionized water and urine [45], and
b-carotene [46].
One main advantage of employing an optofluidic fiber is its enhancement of the light–

matter interaction throughout the length of the fiber. Altkorn et al. compared the
enhancement of the retrieved Raman signal using different lengths of TCT as well as
different core and cladding dimensions [47]. By using methanol as a reference, a 532 nm
excitation source, and a TCT with core diameter of 150 mm, a maximum enhancement
factor of �120 was achieved. This was a result of the improved coupling efficiency between
the 150 mm core fiber and the objective used in the experiment through NA matching.
The enhancement in the retrieved Raman signal with an extended TCT length in the
backscattering geometry was also found to increase linearly for a short strand of TCT
(i.e.o1 m) and thereafter reached a plateau for a long TCT strand due to increased fiber
losses. We will discuss and compare the performance of TCT with another type of
optofluidic devices; namely photonic crystal fiber (PCF) for different fiber lengths in
Section 2.5.
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There are a few limitations to inherent with the use of TCTs for Raman spectroscopy.
First, TCT emits photobleachable florescence that peaks at �1500 cm�1 when excited by a
532 nm source, which may contribute to the background of the retrieved Raman spectrum
[47]. Second, many molecules in their gas phase can permeate through Teflon-AF surfaces
leading to leaks which would affect subsequent measurements [43]. The Teflon-AF surface
is also hydrophobic, which makes it easier to trap air bubbles than glass capillary tubes
and decrease its performance [43]. Although Teflon-AF has a lower refractive index than
silica, it still has a higher refractive index than gases which limited its application to liquid
analysis. The limited range of core diameters that is commercially available for TCT
(i.e. greater than 50 mm) and the small refractive index contrast between Teflon-AF and
most liquids also limit the guidance of the pump laser light in a highly multimode scheme.
The higher power loss in multimode guidance of the pump laser light results in a less
efficient operation. Furthermore, the small index contrast between Teflon-AF and aqueous
solutions limits the collection angle of the fiber at each segment. The collection angle of
TCT compared to PCF will be discussed in Section 2.4.

2.2. Solid core photonic crystal fibers

PCFs, also named microstructured optical fibers, photonic bandgap fibers, and holey
fibers, are optical fibers where light confinement and guidance is carried out using a
periodic array of air holes (i.e. photonic crystals) instead of a solid cladding. The periodic
array of air holes creates an optical bandgap in the cladding that prevents selected bands of
frequencies to propagate and escape from the core; thus confining light within the fiber
core. In this case, light is said to be confined by the photonic bandgap effect. This scheme
for confinement in PCF has been demonstrated for applications in telecommunications
[48], supercontinuum generation [48,49], high power delivery [50,51], non-linear optics [52],
comb generation [53], and optical sensing [49,54–57] since PCF’s first practical demon-
stration in 1998 by Russell et al. [58,59].

Solid Core-PCF (SC-PCF) is a sub-class of PCF in which the core of the PCF is solid
silica. When the liquid of interest is infiltrated into the air cladding holes of SC-PCF,
Raman scattering can be obtained through interactions with the evanescent field of the
pump laser light guided in the solid core of the fiber. Since the bandgap of the photonic
crystal cladding is tunable through its geometry, SC-PCF enables propagation of the pump
laser light throughout the fiber length while confining liquids or gases with low refractive
indices in the air cladding holes of the fiber. In addition, proper design of the PCF
structure (i.e. size and shape of the solid core, and ratios of cladding hole diameter to
spacing) enables single mode guidance of light at any optical frequency, known as endless
single mode guidance property [60–62].

Pristinski et al. demonstrated the use of SC-PCF, with lengths ranging from 34 to 60 cm,
to enhance the retrieved Raman signal of acetonitrile solutions using a 50 mW Ar-ion laser
(wavelength of 488 nm) [63]. In addition, it was shown that the ratio of the background
Raman signal from the silica core of SC-PCF to the acetonitrile solution remained
constant with varying fiber length and laser power. This demonstrated that the Raman
signal of silica could be used as an internal reference in which quantitative Raman
measurements could be obtained using SC-PCF. Other workers have also demonstrated
enhancement in the retrieved Raman signal of 4-mercaptobenzoic acid [64] and R6G
[65,66] using evanescent fields in SC-PCF.
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The main drawbacks of SC-PCF for Raman spectroscopy lie in the solid core of the
PCF. First, as the pump laser light is guided through the solid core of the PCF,
unavoidable Raman response of the solid core could be very strong and may overlap with
Raman signals of the liquid in the cladding. As most PCFs are fabricated from silica, the
strong Raman response of silica below 1100 cm�1 (Fig. 3) could interfere strongly with the
Raman modes of the liquids under analysis. Second, Raman scattering of the liquid
examined is generated through light–matter interaction with the evanescent field of the
pump laser. This limits the pump available for Raman scattering. Furthermore, Raman
scattering generated in the air holes at the outer regions of the SC-PCF is less confined due
to leakage, than what is generated at the inner rings resulting in an additional loss of the
retrieved Raman signal. The small air cladding holes of the PCF (i.e. typically on the order
of a few microns) also limit the size of the analytes that could be used for Raman analysis.
Controllable uptake of analyte solutions into such small air cladding holes also remains
a difficult task for long fiber strands.
Fig. 3. Raman response of silica.

Fig. 4. Scanning electron microscope (SEM) image of a HC-PCF.
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2.3. Liquid filled hollow core photonic crystal fibers

Hollow Core-PCF (HC-PCF) is another sub-class of PCF where the core of the PCF is
air-filled (Fig. 4). The air core of HC-PCF is usually formed by removing seven or 19 air
holes from the cladding of the PCF during the ‘‘stack-and-draw’ procedure of the fiber
fabrication process [67]. The simplest way to utilize HC-PCF for Raman analysis is to fill
liquid of interest into both the central air core and the air cladding holes of the HC-PCF.
Then, focus the pump laser light into the liquid core of the PCF to generate Raman signals
emanating from the liquid.

Recently, Yang et al. have demonstrated for the first time quantitative determination of
glucose in the physiological concentration range (0–25 mM) using Raman spectroscopy
with liquid filled HC-PCF [68]. Using an 8-cm-long HC-PCF filled with glucose Raman
spectra were obtained using a 633 nm excitation source with �2 mW of laser power and
30 s of integration time. The major Raman peaks of glucose at 1065, 1127, and 1459 cm�1

were observed at concentration as low as 1 mM. Naji et al. have also demonstrated
efficient Raman scattering in HC-PCF, with lengths ranging from 3 to 9.5 cm, filled with
ethanol [69]. A syringe needle with the bottom sealed with a glass cover slip was used as a
reservoir for ethanol. HC-PCF was inserted into the needle hole of the syringe needle and
dipped into ethanol for filling of the PCF holes through capillary action. The reservoir
ensured that ethanol was replenished when ethanol was evaporated. With 100 mW of a
785 nm excitation source, a clear ethanol spectrum was obtained from HC-PCF strands as
short as 3 cm. The enhancement factor of the retrieved ethanol Raman signals was 40 times
using the maximum HC-PCF length of 9.5 cm [69].

Using liquid-filled HC-PCF over SC-PCF is more advantageous because the former
enables direct interaction between the analyte(s) and the pump laser light, which is a
stronger and more efficient interaction process than using the evanescent field. Moreover,
a larger pump-liquid overlap is achieved as the liquid is confined in the central air core of
the HC-PCF where the pump laser is also confined and guided through the fiber.
Enhancement of the retrieved Raman signal could be observed for PCF lengths as short as
2 mm where no post-processing of the PCF is required to couple light and fill liquid into
the PCF [70]. Furthermore, the advantage of the tunability of the bandgap with the PCF
geometry and the possibility of utilizing the endless single mode of operation are also
applicable to HC-PCFs [71].

However, as both the central air core and the cladding air holes of the PCF are filled
with the liquid of interest, the refractive index contrast between the central core and the
average index of the cladding is reduced. Thus, light confinement through TIR could be
diminished in this configuration. Moreover, when the index contrast between the liquid
and the silica sidewalls of the PCF cladding is small, the bandgap in the PCF cladding also
narrows or even disappears [72]. Therefore, light guidance with photonic bandgap effect
could also be reduced in this configuration. Furthermore, the bandgap of the HC-PCF
is also shifted when the air cladding holes are filled with liquid. Xuan et al. and
Antonopoulos et al. demonstrated experimentally the frequency shift of the HC-PCF’s
bandgap when liquids of different refractive indices were filled in both the central core and
cladding holes of a HC-PCF [73,74]. Antonopoulos et al. also derived an equation in which
the shift of the PCF’s bandgap could be predicted by knowing the refractive index of the
liquid filled into the PCF. Further, de Matos et al. demonstrated a novel technique in
which different liquids could be used to fill in the central core and the air cladding holes to
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obtain the required core-cladding index contrast for TIR operation [75]. Single-mode
guidance was also demonstrated for a proper choice of liquids [75].

2.4. Liquid core photonic crystal fibers

Another method to utilize HC-PCF for Raman spectroscopy is to selectively fill the
liquid of interest into only the central air core of the HC-PCF. By leaving the cladding air
holes intact, the photonic bandgap of the cladding is preserved. The index contrast
between the central core and the PCF cladding is also maximized as the average refractive
index of the PCF cladding maintained close to 1 due to the high air-filling fraction of the
PCF, which enables a strong TIR mode of light confinement. Therefore, selectively filled
HC-PCF effectively enables light confinement with both TIR and photonic bandgap effect,
which is the distinguishing feature of this technique. By utilizing both light confinement
mechanisms, a stronger confinement of the pump laser light and the Raman scattering
signal is achieved. In addition, the coupling efficiency of the pump laser light and the
Raman scattering signals in TIR modes are improved with a larger collection angle (NA)
for the scattered signal.
The acceptance angle of a liquid-core waveguide (LCW) operating in the TIR mode can

be described as follows according to [76]

Ocone ¼ p n2
core�n2

eff

� �
ð1Þ

where ncore and neff are the refractive indices of the liquid inside the PCF core and the
effective index of the PCF cladding, respectively. Table 1 shows an example of the
collection angle for TCT and HC-PCF selectively filled with water. The acceptance angle
of HC-PCF is nearly five times of that in TCT; thus, HC-PCF provides a stronger
confinement of light than TCT.
With liquid core HC-PCF, Han et al. were able to detect a 1% aqueous solution of

ethanol (v/v) using a 30-cm-long HC-PCF with 2.1 mW of a 633 nm laser and an
acquisition time of 20 s [78]. Huo et al. also reported a 20 times enhancement of Raman
signals for glycerol solutions selectively filled into a 2.5-cm-long HC-PCF and detected
with an Argon ion laser (514 nm) with 1 mW power and 10 s of integration time [79].
Recently, we have also successfully characterized different nanostructures and biological
molecules with liquid-core-HC-PCF-assisted Raman spectroscopy. These included ZnO
nanoparticles [54], CdTe nanoparticles [56,80], gold nanoparticles, and DNA fray wires
[55,81]. Experimental details and results will be discussed further in Sections 3 and 4.
The main challenge in producing a liquid core HC-PCF is to selectively fill the analyte(s)

in question into only the central air core of the PCF. There are two methods to achieve
this. One technique is to submerge the HC-PCF into the UV curable gel where the gel
can fill both the central air core and the cladding holes of the PCF through capillary
Table 1

Acceptance angle of TCT and HC-PCF selectively filled with water.

Fiber ncore (Water) neff Xcone

TCT 1.33 1.29 (Telfon) 0.33

HC-PCF 1.33 �1.14 (HC-800 model) [77] 1.47
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action [82]. However, since the cladding holes are much smaller than the central air core
in the HC-PCF, the gel will fill deeper into the PCF cladding than the central air core.
The difference in the filling depth then provides a length in which only the cladding holes
are blocked with the gel when it is cut after the gel is UV-cured. The challenge in this
technique is that it is difficult to ensure the UV gel is filled into all the cladding holes and to
determine the length in which the UV gel is filled.

A faster and more controllable technique is to use a fusion splicer [54]. With the proper
parameters, the heat gradients generated from the electrodes in a fusion splicer can collapse the
cladding holes of the HC-PCF at its tip while leaving the central core open. Fig. 5 shows the
optical image of a HC-PCF before and after its cladding holes were collapsed with a fusion
splicer. The optical image shows that the cladding holes can be completely closed while leaving
the central core open. Cordeiro et al. have also demonstrated the use of a fusion splicer to
create a lateral access to cladding holes in SC-PCF and the central air core in HC-PCF for the
practical need in sensing applications including Raman spectroscopy [83].

For both SC-PCF and HC-PCF, cleaning the central core and/or the cladding holes to
reuse the fiber also remains a challenge. We found that HC-PCF filled with methanol or
IPA could be cleaned by flushing water through the PCF with a miniature diaphragm
Fig. 5. Optical image of HC-PCF before (left) and after (right) its cladding structure was collapsed using a fusion

splicer.

Fig. 6. Optical image of HC-PCF clogged with nanoparticles in the central core.
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vacuum pump or a syringe pump [77]. However, for HC-PCF filled with nanoparticles,
PCF could not be cleaned due to aggregation of the particles in the pores, likely due to
electrostatic charges between the particles and the PCF sidewalls (Fig. 6). It is worth noting
that this aggregation was only seen near the top facet of the HC-PCF. The PCF appears
clean under a microscope when the tip of the HC-PCF (i.e. �8 mm) was removed.
Nevertheless, refilling the PCF core with capillary action after it was used was difficult to
achieve.

2.5. Experimental comparison of optofluidic devices for Raman spectroscopy

In this section, the performance and constraints of Raman spectroscopy will be
compared between conventional techniques (i.e. cover slide) and some of the different
optofluidic platforms described in the previous sections; including TCT and HC-PCF.
By using a simple liquid such as water as a reference, the Raman spectra were obtained
using the different techniques for comparison (Fig. 7). Namely, a cuvette, a 20-cm-long
TCT (Biogeneral Inc., model AF-2400, core diameter ¼�120 mm) and a 4-cm-long
HC-PCF (NKT Photonics, modeled HC-800, core diameter ¼�10 mm) with selective (liquid
core PCF) and non-selective filling technique (liquid filled PCF) were utilized to obtain
Raman spectra of water. Table 2 compares the experimental parameters used in each Raman
measurements as well as the amount of sample volume used for each technique and the
intensity of the OH stretching mode at �3400 cm�1 from the obtained water spectra.
As shown in Fig. 7 and Table 2, the use of TCT or HC-PCF enables stronger OH stretch

modes to be obtained with up to 25,000 times lower sampling volume than the use of a
cover slide as used in conventional techniques. If a cuvette (i.e. 3 mL) was used instead,
sampling volume would be 750,000 times greater than that in HC-PCF with selective
filling. This demonstrated that the use of optofluidic devices enhanced the retrieved Raman
Fig. 7. Raman spectra of water obtained using a cuvette, a 20-cm-long TCT, and a 4-cm-long HC-PCF with

selective and non-selective filling.



Table 2

Performance of Raman spectroscopy using a cuvette, TCT, and HC-PCF and their corresponding sample

volumes used.

Technique Length

(cm)

Sample Volume

(lL)
Pump

power (mW)

Laser exposure

time (s)

OH stretch mode

intensity at

3400 cm�1 (Counts)

Cover slide – �100 0.17 2 41

TCT 20 �2 8.5 10 4273

Liquid filled PCF 4 �0.004 0.17 2 71

Liquid core PCF 4 �0.224 0.17 2 4026
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signal and minimized the required sample volume through strong confinement of both the
pump laser light and the analyte(s) in the same fluidic channel.

To compare the performance of different optofluidic devices for Raman spectroscopy, the
enhancement factor can be calculated as a figure of merit extracted from the Raman spectra.
The enhancement factor can be easily calculated by determining the intensity ratio of a
Raman mode obtained using the different techniques. However, a few factors must be
normalized between the different measurements or techniques for the enhancement factor to
be comparable. These factors include power, or power density, of the pump laser, exposure
time of the measurement, and active volume of the measurement, which is defined to be
the volume in which there is an overlap between the pump laser and the analyte. A general
equation of enhancement factor between different optofluidic techniques in Raman spectro-
scopy is shown in the following equation:

Enhancement Factor¼
Normalized Intensity of Raman Mode obtained with Technique A

Normalized Intensity of Raman Mode obtained with Technique B

ð2Þ

From the intensity counts of the OH stretch mode obtained from water using the
different techniques as shown in Table 2, the strongest (i.e. most intense) OH stretch modes
were obtained with TCT and HC-PCF selectively filled with water. Although the intensity
counts of the two OH stretch modes are similar, the length and the core diameter of the
HC-PCF are five and 12 times less than that of the TCT, respectively (i.e. the sample
volume in HC-PCF was �1389 times less than that in TCT). The pump laser power and
exposure time used in the HC-PCF measurement were also 50 times lower and five times
shorter, respectively, than that in the TCT measurement. This gives liquid core PCF an
enhancement factor (OH mode intensity from HC-PCF/ OH mode intensity from TCT
normalized with the same power, exposure time and volume) of �327,178 times greater
than TCT. Therefore, selectively filled HC-PCF gave the largest enhancement of the
retrieved Raman signal of water overall.

This large enhancement from liquid core-filled PCF is expected for two main reasons.
First, the core diameter of HC-PCF is only �10 mm, which is 12 times smaller than that of
TCT (�120 mM). The smaller core size provides a stronger (i.e. more intense) fundamental
mode at its designed guiding wavelength than the highly multimode guided TCT, enabling
a stronger light–matter interaction. Second, a stronger light confinement and a larger
collection angle in PCF were achieved with selective-filling due to the presence of two
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different light guiding mechanisms TIR and the photonic bandgap effect as discussed
earlier in Section 2.4.
The reduction in the efficacy of both guiding mechanisms is the reason why non-

selectively liquid filled PCF provided much weaker OH stretch modes than selectively
liquid filled core PCF. As water was also filled into the cladding holes of the HC-PCF, the
average refractive index of the cladding was lowered towards the water refractive index
(i.e. 1.33) due to the high air-filling fraction of the HC-PCF. With water filled into the core
of the HC-PCF, the guidance of TIR was significantly weakened due to the small index
contrast between the core and cladding of the PCF. In addition, the filling of water into the
cladding holes had shifted and narrowed the photonic bandgap of the PCF. Therefore, the
photonic bandgap guiding strength of the HC-PCF was also reduced. As a result, a very
weak confinement and collection of the pump laser and scattering photons were achieved
with non-selective filling. A stronger confinement and collection efficiency in liquid core
PCF enables a larger enhancement factor of the Raman signals to be obtained as we
demonstrated. This large enhancement enables us to observe many more clear and strong
Raman modes from simple chemicals, such as methanol (Fig. 8) [77], as well as more
complicated materials, such as nanostructures and biological molecules which will be
discussed in Sections 3 and 4. Furthermore, HC-PCF significantly reduces the limit of
detection in Raman spectroscopy. For example, we demonstrated that with a strand of
30-cm-long TCT, the limit of detection for 1-naphthalenethiol (NPT) in methanol was
500 mM [77]. However, with a 15-cm-long HC-PCF selectively filled with nanoparticles,
the limit of detection was significantly reduced to only 10 mM.
One advantage of utilizing fiber-based optofluidic mechanisms for enhancing the

retrieved Raman signal is that the interaction length can be increased with increasing fiber
length. Recently, we have demonstrated and compared experimentally the increasing
enhancement with extended fiber length for TCT and HC-PCF [77]. The red dots in Fig. 9
show the normalized intensity of the OH stretch mode (at �3400 cm�1) from water at
Fig. 8. Raman spectra of methanol obtained using TCT, and HC-PCF with selective filling.



Fig. 9. Normalized OH stretching mode intensity at �3400 cm�1 with varying length of HC-PCF and TCT. Blue

line shows the result fitting Eq. (3) to the experimental data. The intensities are normalized with respect to the

intensity obtained with a cuvette. Insets: predicted plateau of intensity for the LCW over fiber length of 500 cm.

(For interpretation of the references to color in this figure caption, the reader is referred to the web version of

this article.)
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different fiber lengths up to 25 and 50 cm long for HC-PCF and TCT, respectively.
The intensity in the figure was normalized to the intensity obtained from a cuvette.
As shown in Fig. 9, the normalized intensity for both HC-PCF and TCT increases with
increasing fiber length for the practical range of fiber length utilized. The increases in
Raman signal with fiber length were due to increased light–matter interaction inside the
prolonged fiber. However, due to attenuation within the fiber (i.e. absorptions from
the fiber and the sample), the increase of Raman signal will gradually reduce and
eventually plateau. This suggests that there is a maximum length in which we can utilize an
optofluidic fiber to enhance the retrieved Raman signal.

Utilizing the model from LCW with backscattering configuration [84], we were able to fit
the OH stretching mode intensity obtained experimentally from different fiber lengths and
predict the length of fiber at which the maximum enhancement is achieved. In the LCW
model, the intensity of the Raman signal in the backscattering configuration is

ILCW ¼
k
2

1�e�2aL
� �

ð3Þ
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where a is the loss coefficient of the fiber and L is the length of the fiber used for Raman
measurement. k is a defined parameter in which k ¼PorspNA, where Po is the pump laser
power coupled into the fiber, r is the Raman cross-section of the solution, s is the number
of scattering center per sample volume and NA is the numerical aperture of the fiber. Using
two parameters a and k, we were able to fit the experimental results closely with the model
as shown in the blue line in Fig. 9. If we extend the fitted line to fiber length of 500 cm
(as shown in inset of Fig. 9), we determined that the intensity of the Raman signal reaches
a plateau at �500 cm in HC-PCF and �300 cm in TCT. This shows that HC-PCF not only
provides a greater enhancement of the retrieved Raman signal than TCT with a short fiber
length as shown in Figs. 7 and 8, it can potentially provide a greater maximum enhance-
ment than TCT through a longer length of fiber. The greater maximum enhancement can
be understood through a longer propagation length of the HC-PCF. It was found from
the fitted result that the propagation length, a�1, was 144 cm for TCT and 267 cm for
HC-PCF. The propagation length of HC-PCF was almost twice that of TCT which
implied that HC-PCF has much lower losses within the fiber; therefore, enabling more
light–matter interactions with a prolonged fiber strand. Thus, a greater maximum
enhancement could be achieved with HC-PCF.
3. Characterizing colloidal nanostructures

In the last two decades, there has been a tremendous interest in synthesizing nano-
meter-sized semiconductor and metallic structures suspended in solution [85–89]. These
novel colloidal nanostructures possess intriguing optical properties of quantum-confined
particles as well as practical advantages of solution-based processing. Advancements in
synthesis techniques have enabled simple and cost-effective ways of synthesizing small,
monodisperse and water-soluble nanostructures with different shapes for a wide range
of novel applications including optoelectronics [90], photovoltaics [91], bio-sensing [92],
bio-imaging [93], as well as cancer treatments [94].
The current challenge in developing more advanced and complex nanostructures is a

cost-effective, reliable and sensitive technique to monitor and control the physical,
chemical, shape and size-dependent properties of nanostructures before, during, and after
their fabrication on a nanometer scale. Although there are many analytical techniques which
are currently available and more which are currently being deployed to characterize the
different properties of nanostructures, these techniques provide information only on the
composition and certain macroscopic properties of the nanostructure. For example,
photoluminescence (PL), electroluminescence (EL), ultraviolet-visible (UV–vis) spectro-
scopies provide the optical and electrical characteristics of the nanostructure. Transmission
electron microscope (TEM) or high resolution TEM (HR-TEM) provides the physical image
of the nanostructure. Capillary zone electrophoresis (CZE), X-ray diffraction (XRD), and
X-ray photoelectron spectroscopies (XPS) provide information on the ions, crystalline and
composition of the nanostructures, respectively. Nevertheless, these techniques do not
describe how the core of the nanostructures interact with the stabilizers and ligands adsorbed
or conjugated on the surface of the structures. The impact of the interactions on the overall
molecular structure, molecular complex and different properties of the nanostructures also
remained unclear which limits our ability to improve the performance and functionalities of
the different nanostructures for the different applications.
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With the novel development of optofluidic technology in recent years, resolving detailed
structural information of the nanoparticles became permissible through measuring their
native Raman modes. In this section, we discuss examples of such optofluidic systems
that enable the measurement of native Raman modes of semiconductor and metal
nanoparticles.

3.1. Semiconductor nanoparticles

Colloidal semiconductor nanoparticles are a type of material characterized by a
semiconductor core that has a diameter on the nanometer scale, and is capped or stabilized
by a surrounding material (often a ligand, polymer, or organic molecule). Semiconductor
nanoparticles are of keen interest in a wide variety of optical, electrical, magnetic, and
biomedical applications. What distinguishes them from more traditional bulk semi-
conductors is their capability to selectively tune the electronic bandgap energy levels and
colors based on the size of the nanoparticles alone. The nanoparticle characteristics and
size are based on the growth conditions and recipe of the wet chemistry synthesis. Not only
is the semiconductor core important to the characteristics of the nanoparticle, but so is the
capping material that can be tuned for various applications as well. It is therefore critical to
be able to characterize both the core and capping material, and if desired, manipulate the
synthesis process in order to develop precisely tuned nanoparticles for a specific application.

We have recently demonstrated the capabilities of Raman spectroscopy to investigate
the structural changes of ZnO nanoparticles during their growth process [54]. Aliquots of
ZnO solutions were sampled and studied at four key steps in the fabrication procedures.
Obtaining information at different phases in the growth process allows for more in-depth
analysis of the specific growth mechanics of the nanoparticles. While over 99% of the
sample is composed of water, with the use of a hollow core waveguide to enhance the
light–matter interaction, Raman vibrations from the chemicals used were clearly
identifiable on the millimolar level. Fig. 10 is an overlay of the Raman spectra obtained
at each shift and highlights modes that correspond to important Raman modes.
By assigning the changes in spectra to associated modes of the capping polymer, the
specific effects that the UV radiation has on the nanoparticle growth process can be
explored and improved.
Fig. 10. Overlay of Raman spectra obtained at different stages throughout the nanoparticle growth.
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This investigation involved using several aliquoted samples to be investigated during the
growth process itself to demonstrate the effectiveness of Raman spectroscopy in analyzing
the growth mechanisms of ZnO nanoparticles. This study demonstrated the potential to
provide real-time feedback as to the status of the nanoparticles when sampling is
implemented in situ during the growth process in effect. This provides immediate feedback
and allows for growth parameters to be adjusted in order to create the desired final
product.
In addition to the Raman analysis of ZnO nanoparticles, HC-PCF-assisted Raman

spectroscopy was used to analyze the effects of post-growth annealing on CdTe nano-
particles [80]. It was immediately evident that rapid thermal annealing was affecting
the CdTe nanoparticles by the observed changes in the collected Raman spectra, as shown
in Fig. 11.
The grossly changing modes in the sample were determined to be from the semi-

conductor core of the nanoparticles rather than from the capping ligand and were assigned
to both desired CdTe modes at �140 cm�1 and 165 cm�1, and undesired Te defect modes
at �127 cm�1 and �141 cm�1. By plotting a ratio of the modes emanating from the Te
defects to the CdTe mode at 165 cm�1 as shown in Fig. 12, it is clear that a significant
transition of crystal structure occurs above 300 1C which results in the reduction of the
amount of Te defects in the core.
These changes were verified through the use of XRD, a commonly used technique to

analyze crystal orientations of semiconductors. The XRD results obtained are shown
in Fig. 13. From the XRD results, it can be determined that both unannealed CdTe and
CdTe annealed at low temperature, the semiconductor core possesses both wurzite and
zincblende forms of CdTe. The narrowing peak with annealing at 400 1C confirms what
was suspected from the Raman analysis: the CdTe core coalesces into a single wurzite
crystal form, with fewer Te defects across grain boundaries of different crystal structures.
What is of key importance in this study is the enhanced Raman signal, which enables

more accurate analysis of the Raman modes required to detect this change in crystallinity.
Fig. 11. Overlay of Raman spectra obtained of the CdTe nanoparticles with respect to rapid thermal annealing

temperature changes.



Fig. 12. Ratio of Te defect modes to the desired CdTe mode at 165 cm�1.

Fig. 13. XRD data indicating the change in crystalline structure of the nanoparticles due to rapid thermal

annealing.
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Conventional Raman spectroscopy does not provide the required sensitivity to resolve the
nanoparticle modes due to the small size of the individual nanoparticles (on the scale of
3–5 nm) and that their core is surrounded by a polymer encapsulation. Moreover, these
nanoparticles are diluted in aqueous solutions. With the enhancement in the retrieved
Raman signal through HC-PCF-assisted Raman spectroscopy, the required sensitivity
was demonstrated to enable the detection of the nanoparticle modes. An alternative
method to analyze changes in the crystal structure of nanoparticles is XRD, which is time
consuming, incompatible with materials in their as-grown solution form, and ultimately
destructive as well. With the use of HC-PCF, the effectiveness of Raman spectroscopy for
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characterization of semiconductor nanoparticles and their capping material has been
demonstrated and can operate both as a supplement to traditional characterization and,
in some cases, as a facile alternative.
Recently, we have also successfully obtained, for the first time, clear Raman spectra of

colloidal CdTe quantum dots (QDs) stabilized with different thiol ligands using liquid
filled HC-PCF [56]. Strong and clear Raman modes of the CdTe semiconductor core,
capping ligands, and their interfacial structures were successfully observed at a QD con-
centration similar to that during the synthesis process without any metallic nanoparticles
integrated for enhancement. The obtained Raman modes were further correlated to
and compared with different properties of the QDs including photoluminescence (PL)
efficiency, stability, solubility, and capability for bioconjugation [56].
CdTe QDs with sizes of �3–4 nm were stabilized with thioglycolic acid (TGA),

3-mercaptopropionic acid (MPA), or 1-thioglycerol (TG) and gave a PL peak between 525
and 560 nm after synthesis. The structure of the three thiol agents is shown in Fig. 14.
By selectively filling the aqueous QD solutions into the central core of a HC-PCF, Raman
spectra with peak correlated to the different parts of the QD structure were obtained
(Fig. 15).
In the lower Raman shift region, between 100 and 200 cm�1, Raman modes correspond-

ing to the QD core were obtained. The peaks at �120, �140 and �160 cm�1 are attributed
to the Te A1, Te E and CdTe TO, and CdTe LO modes of the QDs, respectively [95–99].
Fig. 14. Three thiol agents for CdTe QD stabilization.



Fig. 15. Raman spectra of aqueous CdTe QDs stabilized with TGA, MPA or TG. The Raman spectra were

divided into three regimes (a) 100–200, (b) 200–310, and (c) 310–1750 cm�1 in which the Raman modes of the QD

core, core–thiol interface, and thiol agents of the QDs were observed, respectively.
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Similar to our previous study on CdTe nanoparticles that were processed with RTA, these
modes indicated that both the crystalline CdTe core and Te defects were present in the QDs.
Moreover, as these three modes were obtained in all three spectra of the QDs with different
thiol agents, they showed that crystalline CdTe core and Te defects were present in the QDs
regardless of the type and structure of the capping agent used.

To compare the crystallinity of QDs stabilized with different thiol agents, the intensity
ratio of the Te A1 mode to the CdTe LO mode was calculated (Table 3). Table 3 suggests
that crystallinity improved from TGA-capped QDs to TG-capped QDs and is greatest with
MPA-capped QDs. The improved crystallinity contributes to a greater PL efficiency with
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fewer trap states that led to non-radiative processes; thus, a brighter QD was synthesized
with MPA.
In the mid-Raman shift region, between 200 and 310 cm�1, Raman modes correspond-

ing to the interactions between the QD core and the thiol capping agents were observed.
The two peaks at �291 and �260 cm�1 shown in this region are ascribed to the surface
optical phonon (SO) mode of the CdS compound [100,101] and CdS-like LO phonon mode
of the ternary CdSxTe1�x compound, respectively [102,103]. The two CdS-related modes
suggested that Cd ions on the surface of the QD core were bonded with the S ions in the
thiol terminus of the capping agents, after breaking the S–H bonds in the thiol group, for
stabilization. Several other studies have also proposed the same interaction between the
thiol group and the core of the QDs [89,104,105].
Since no visible CdS LO mode at �300 cm�1 is observed in the spectra, the CdS shell

had not formed around the CdTe cores in the three QD solutions. Instead, the Raman
mode at �260 cm�1 indicated that CdS0.7Te0.3 was formed in all three QD samples with
the different thiol stabilizing agents. The rich S content in the alloys indicated that many
thiolates were coupled with the CdTe cores and formed a CdS shell-like system, which
showed that thiolates were strongly passivating the surface of the QDs and stabilizing the
QD core. Strong surface passivation also eliminated surface defect states which
contributed to a greater PL efficiency. In addition, since the three thiol agents have
different chain lengths, the formation of the CdS0.7Te0.3 in the three QD solutions also
suggested that the degree of surface passivation could be unrelated to the length of the
thiol chain bonded to the QD surface.
No S–S vibrational modes were observed between 480 and 510 cm�1 which indicated

that QDs were not photo-oxidized. This is because photo-oxidation of the surface thiol
agents could catalyze the formation of disulfides through breaking the Cd–S bonds and
reacting with a neighboring thiol group [106,107]. The strong surface passivation and the
absence of photo-oxidization observed from the mid-Raman shift region demonstrated
that the CdTe QDs capped with TGA, MPA and TG are all highly stable in their native
aqueous environment.
In the high-Raman shift region, between 310 and 1750 cm�1, Raman modes corre-

sponding to the different thiol agents were observed. In particular, Raman modes in this
region showed that the carboxylate terminal of the thiol agent (i.e. the opposite end to the
thiol terminal) were also interacting with the CdTe core and provided further stability to
the QDs. These modes are the symmetric and asymmetric stretching modes of the
carboxylates observed between 1330 and 1500 cm�1 and between 1570 and 1580 cm�1 in
TGA and MPA-capped QDs, respectively [89,105,108]. These modes indicated that the
carboxylic acid groups were adsorbed onto the QD surfaces as carboxylates, most likely by
forming bonds with the Cd ions on the CdTe core.
Table 3

Intensity ratios of the Te A1 mode to CdTe LO mode for CdTe QDs stabilized with

different thiol agents.

Intensity ratio TGA TG MPA

Te A1 / CdTe LO 2.949 0.901 0.499
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Carboxylate ions may coordinate to a metal in three modes, namely, unidentate,
bridging bidentate and chelating bidentate [108, 109] [108,109] . Through calculating
the wavenumber separation between the symmetric and asymmetric stretches of the
carboxylate mode, it was found that both TGA and MPA-capped QDs showed the
formation of chelating bidentate complexes. In addition, TGA formed the bridging
bidentate complexes while MPA formed the unidentate complexes.

Table 4 shows the calculated intensity ratios of the COO� symmetric stretches to the
CdS 2SO mode. The large ratio in MPA-capped QDs implied that a large quantity of
carboxylate ions are coordinated with the Cd ions. This is not only suggesting that the
formation of carboxylate–metal complexes is much more favorable with MPA than TGA,
probably due to the longer chain length of MPA than TGA, but also that the surface of
the QD is more passivated by carboxylates in the MPA chain [110,111]. As a result, MPA-
capped QDs contained fewer defects and higher PL quantum efficiencies, with potentially
lower solubility and bioconjugation capabilities since fewer free carboxylate ions are
available. Since the chelating bidentate interactions of the carboxylate–metal complexes
are stronger than the unidentate interactions of the thiolates–metal complexes, the larger
quantity of chelating bidentate complexes formed in MPA-capped makes it more stable
than the TGA-capped ones.

With enhancement in the retrieved Raman signal from HC-PCF-assisted Raman
spectroscopy, strong and clear Raman modes from thiol-capped CdTe QDs were obtained
for the first time. With these strong Raman modes, it was confirmed that CdTe QDs were
formed. Moreover, MPA and TGA interacted and stabilized the QD core through both
terminals of its molecular chain while TG only bonded with the QD core through its thiol
end. MPA-capped QDs were also found to have more carboxylate–metal complexes
formed than TGA-capped QDs which provided a stronger QD stability but potentially
lower solubility and capability for bio-conjugations.

3.2. Gold nanoparticles

With advancements in colloidal synthesis and nanofabrication techniques in the past few
decades, there has been tremendous interest in synthesizing nanometer-sized probes using
metallic nanoparticles for biological and medical applications such as drug and gene
delivery [112–114], bio-sensing [115], bio-diagnostics [116], and bio-imaging [117]. Metallic
nanoparticles, such as copper, silver, and gold are known to provide significant
enhancements in the local electromagnetic (EM) field around the particle due to excitation
of surface plasmon polariton (i.e. the oscillation of electron clouds induced by photon
energy) [118,119]. In the case of metallic particles at the nanometer scale, electrons are
Table 4

Intensity ratios of the symmetric carboxylate stretch to CdS 2SO mode for different carboxylate–metal complexes.

Capping agent Intensity ratio

ns(COO)1/CdS 2SO ns(COO)2/CdS 2SO

TGA 0.205 (bridging bidentate) 0.547 (chelating bidentate)

MPA 12.803 (unidentate) 5.390 (chelating bidentate)

1 Symmetric stretches between 1300 and 1400 cm�1, 2 Symmetric stretches between 1400 and 1500 cm�1
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strongly confined in all three dimensions. As a result, upon excitation of the surface
plasmon polariton, the EM field induced by the electrons’ oscillation around the particle
can be much larger than that from the incident EM field; thus, giving an enhanced
localized EM field.
In Raman spectroscopy, metallic nanoparticles have been greatly utilized to enhance the

Raman scattering signal. The use of metallic nanoparticles to enhance Raman scattering is
known as SERS. It has been demonstrated that metallic nanoparticles can provide an
enhancement of the Raman signal by up to 109–1010 times which enables the detection
of a single molecule [26,27,120–123]. In this section, we will discuss how optofluidics can
assist in characterizing molecular structures of metallic nanoparticle probes with Raman
spectroscopy to improve the synthesis process using only nano-liters of solutions.
In Section 5, we will also discuss how we can combine and utilize SERS with optofluidic
technologies to achieve enhancements in the detected Raman signal greater than that of
SERS or optofluidic technology alone, as well as, greater functionalities for detecting
different liquid solutions.
In order to maximize EM enhancements of metallic nanoparticles employed in different

applications, several methods of stabilizing and functionalizing the nanoparticles are
required. For example, in bio-diagnostics gold nanoparticles can be designed as a probe, or
a tag, to target and report, cancerous cells in the human body [116]. However, signal
reporting through SERS can only be achieved through proper adsorption of the Raman
dye onto the surface of the gold nanoparticle. In many cases, successful dye adsorption is
inconsistent with the same synthesis recipes and, similar to semiconductor nanoparticles,
there is no effective technique available to determine experimentally how the different
ligands, or stabilizers, are interacting with the metal nanoparticle core at the molecular
level. Although Raman spectroscopy can provide very specific bonding interactions
between ligands and the metallic nanoparticles, conventional Raman spectroscopy
techniques are highly limited by its low sensitivity to observe small nanoparticle solutions.
Even with milli-liters of nanoparticle solutions and a hundred milliwatt of laser power,
a strong and clear Raman spectrum of the nanoparticle may not be obtained. Therefore,
it remains a challenge to determine, confirm, and evaluate the bonding interactions from
each stabilization and functionalization molecule in the nanoparticle system as well as any
time-dependent changes after the synthesis. As a result, it limits our ability to optimize the
nanoparticle probe designs as well as the synthesis process to realize and maximize the EM
enhancements for the different applications.
In synthesizing SERS probes for biological applications, stabilized gold nanoparticles

are often used to adsorb Raman dyes for signal reporting. However, adsorption is often
not reproducible and SERS enhanced signal is inconsistent due to the weakening of the
gold nanoparticle stability from different storage conditions.
Recently we have demonstrated the use of PCF-assisted Raman spectroscopy to observe

binding interactions at the surface of a citrate-stabilized gold nanoparticles used as core
nanoparticle for Raman probe synthesis. This enabled monitoring of the citrate–gold
interactions which were found to reduce Raman dye adsorption and thus prohibit
the generation of the SERS signal. In addition, we observed dynamic changes of
the nanoparticle structure through increasing pump laser power where we determined the
damage threshold of the synthesized nanoparticle probe.
The metallic nanoparticles being characterized are 60 nm citrate-stabilized gold

nanoparticles purchased from Ted Pella Inc. which are used as the base particle for
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synthesizing nanoparticle probes for biological applications. To synthesize the nanopar-
ticle probe, crystal violet (CV) was adsorbed onto the gold nanoparticles for reporting
purposes. A phospholipid bilayer is then coated around the particles to provide strong
biocompatibility through mimicking the cell membrane while stabilizing the gold
nanoparticles themselves [124].

The process of CV dye adsorption fails occasionally and is inconsistent. Using a 6-cm-
long HC-PCF (modeled HC-1060) purchased from NKT Photonics, a clear and strong
Raman spectrum from the citrate-stabilized gold nanoparticle was observed with 0.17 mW
of a HeNe laser (633 nm) ando10 nL of nanoparticle solutions. Interactions between
citrate molecules and the gold nanoparticle core were also determined. Fig. 16 shows the
Raman spectrum obtained from a fresh batch of citrate-stabilized gold nanoparticles in
which adsorption of the CV dye was successful and SERS signal was observed (Fig. 17).
In particular, the stretching modes of the carboxylates from the citrates between 1380 and
1600 cm�1 are of interest here. These carboxylic acid groups are known to form complexes
with the gold surface that stabilize the nanoparticle core after deprotonation [125,126].
The Raman modes at 1381, 1445 and 1544 cm�1 are assigned to the symmetric stretches of
the carboxylate. The mode at 1597 cm�1 is assigned to the asymmetric stretch of the
carboxylates. Similar to the CdTe nanoparticles discussed in Section 3.1, the wavenumber
difference between the symmetric and asymmetric stretch of the carboxylates modes
indicates the type of complexes formed between the metal and the carboxylates (i.e. the
gold–carboxylate complex in this case).

If the wavenumber difference between the symmetric and asymmetric modes of the
carboxylate is greater than those of the ionic values, a unidentate complex is formed.
Conversely, if the wavenumber difference is much lower than the ionic values, then a
bridging bidentate complex is formed. Lastly, if the wavenumber difference is greater than
that of the bridging bidentate and closes to the ionic values, then a chelating bidentate
Fig. 16. Raman spectrum of a fresh batch of gold nanoparticles stabilized by citrate. Inset: enlarged spectrum

showing carboxylate stretching modes of citrate.
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complex is formed. For liquid solutions similar to citrate, the symmetric stretches of
carboxylate anion are located around 1414–1425 cm�1 where the asymmetric stretch of the
carboxylate anion is located around 1560–1580 cm�1 [108]. Therefore, the wavenumber
difference between the ionic carboxylate symmetric and asymmetric stretching modes is
about 145–164 cm�1. With 100 mW of power using RR with an Argon ion laser
(514.5 nm), Munro et al. also observed carboxylate symmetric stretching modes between
1400 and 1575 cm�1 from citrate-stabilized silver nanoparticles using approximately 2 mL
of the colloid, which is about six orders of magnitude larger in volume and about five times
greater power than with HC-PCF [125].
Table 5 shows the wavenumber position of the symmetric and asymmetric stretching

modes of carboxylate, their respective intensity ratio to the carboxylate asymmetric
stretch, wavenumber differences, and proposed complexes according to the discussion
above. The table shows that one carboxylic group of the citrate is ionic which means that it
did not form a complex with the nanoparticle and was exposed on the surface. In addition
to the carboxylate anions, citrate formed unidentate and bridging bidentate complexes
with the nanoparticle core. This finding correlates with the proposed interactions of
Munro et al. in which two of the three carboxylic groups interact with the citrate-reduced
colloid and the third group is exposed on the surface observed from their SERS data [125].
Therefore, fresh gold nanoparticles used in this experiment were stabilized strongly by
Fig. 17. SERS spectrum of Raman probe with CV adsorbed on its surface (left) obtained using a 633 nm laser

with 0.17 mW power and a selectively filled HC-PCF and (right) 785 nm laser with 80 mW power. Raman probe

was synthesized using a fresh batch of gold nanoparticles stabilized by citrate.

Table 5

Wavenumber position of the symmetric and asymmetric stretching carboxylate modes of citrate, their intensity

ratio to nas(COO), respective wavenumber differences and proposed complexes for a fresh batch of citrate-

stabilized gold nanoparticles.

ms(COO) mas(COO) Intensity ratio of

ms(COO) to mas(COO)

Wavenumber separation between

ms(COO) and mas(COO) (cm�1)

Proposed structure

1381 1597 0.474 216 Unidentate

1445 1597 0.867 152 Ionic

1544 1597 1.703 53 Bridging bidentate
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citrates through both bidentate and unidentate bindings. In addition, Table 5 shows that
the intensity ratio of the symmetric mode at 1544 cm�1 to the asymmetric mode at
1597 cm�1 is greater than one, whereas the ratio of the other two symmetric modes are less
than one. This shows that more bridging bidentate complexes were formed than unidentate
and ionic complexes which suggests that the bridging bidentate complex is more favorable
in stabilizing the nanoparticle core, probably due to the stronger bonding strength of the
bidentate complex than the unidentate.

To compare the structural differences between the degraded and fresh nanoparticles, the
Raman spectrum of an old batch (i.e. a few months old) of citrate-stabilized nanoparticles
stored in the dark at room temperature was obtained using a 6-cm-long strand of HC-PCF
(Fig. 18). CV dye adsorption with this old batch of nanoparticles was not successful and no
SERS or Raman signal of the CV dye was obtained. The Raman modes at 1386 and
1454 cm�1 are assigned to the symmetric stretches of the carboxylates. Although the water
mode at �1652 cm�1 is strong, the carboxylate stretching modes at 1553 cm�1 and
1597 cm�1 were determined through fitting three Gaussian functions to the broad peak at
�1600 cm�1. The Raman mode at 1553 cm�1 is assigned to the symmetric stretch while the
1597 cm�1 is assigned to the asymmetric stretch of the carboxylates.

Table 6 shows the carboxylate–metal complexes determined from the carboxylate
stretching modes. The same three complexes were found in the degraded nanoparticle
solution. However, the intensity ratio of the unidentate and ionic complexes is greater than
one, in comparison to that observed in the freshly prepared nanoparticles. Furthermore,
the ratio of the bidentate complexes is also reduced to less than one. This suggests that
some of the bidentate complexes in the nanoparticle solution were changed to unidentate
complexes, ionic complexes, and possibly detached from the gold core. Due to the lost of
surface enhancement from the gold nanoparticles, free flowing citrates could not be
Fig. 18. Raman spectrum of citrate-stabilized gold nanoparticles stored for a few months. Inset: enlarge spectrum

showing carboxylate stretching modes of citrate.



Table 6

Wavenumber position of the symmetric and asymmetric stretching carboxylate modes of citrate, their intensity

ratio to nas(COO�), respective wavenumber differences and proposed complexes for a six-month old batch of

citrate-stabilized nanoparticles.

ms(COO) mas(COO) Intensity ratio of

ms(COO) to mas(COO)

Wavenumber separation between

ms(COO) and mas(COO) (cm�1)

Proposed structure

1386 1597 1.157 211 Unidentate

1454 1597 1.209 143 Ionic

1553 1597 0.658 44 Bridging bidentate
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detected for comparison. Nevertheless, the reduction of bidentate complexes suggests that
stabilization of the gold cores was weakened through long storage periods at room
temperature. Furthermore, the loss of citrate anions might have reduced the adsorption
strength of the Raman dye, as well as the phospholipid coating in the case of the
phospholipid nanoparticles system, through diminished electrostatic interactions.
In addition to characterizing the structure of the gold nanoparticle probe, the power

stability of the successfully synthesized probe is further evaluated using Raman
spectroscopy with HC-PCF. Carbonization of the gold nanoparticle probe was observed
at high power density which resulted in the detachement of the Raman dye and
subsequently destroyed the SERS signal. The cause of carbonization was found to be
rooted in the thermal denaturation of citrates on the gold nanoparticle surface. Damage
threshold of the probe was further determined.
Citrate-stabilized gold nanoparticles purchased from Ted Pella Inc. were adsorbed with

CV and coated with phospholipids. Then the nanoparticles were selectively filled into the
central air core of a �5 cm long HC-PCF (HC-1060 from NKT Photonics) for Raman
measurements. Fig. 2 illustrates the setup for Raman measurements using HC-PCF.
Raman spectra were taken at 0.17, 1.7, 4.3, 8.5 and 17 mW starting with the lowest power
level. Spectra were taken continuously at each power until the spectrum was stabilized for
two spectra. The samples were laser-exposed for 30 s for each measurement. The effective
mode area in the PCF was estimated to be 34.13 mM2.
For Raman active phospholipid gold nanoparticles with power densityo49.8 mW/mm2

(Fig. 19a and b), strong Raman modes of CV adsorbed on the gold nanoparticles were
observed. With increasing exposure times at each laser power, CV modes did not shift nor
became undetectable. This shows that CV structure remained stable upon exposure of the
pump laser. However, the intensity counts of all the CV modes in the stabilized spectra
(after 210–270 s of laser exposure) dropped to about 50–60% of the mode intensities of the
first spectrum at each power. This suggests that prolonged laser exposure could have
caused minor detachments of the CV molecules that were weakly adsorbed onto the gold
nanoparticles. This minor detachment could be possibly caused by the increased local
temperature arising from the clustering and heating of the gold nanoparticles, or due to
photo-decomposition of the CV that may occur from absorption of the 633 nm laser line.
At 126 mW/mm2 (Fig. 19c), the intensity of the CV modes reduced further; the spectral

region between 1000 and 1760 cm�1 also broadened and transformed into two broad
peaks around 1377 and 1583 cm�1 in the first spectrum. At maximum power density,
498 mW/mm2 (Fig. 19d), the spectrum further converged into two broad peaks, at 1353 and



Fig. 19. Raman spectra of CV adsorbed gold nanoparticles with increasing power from 0.17 mW to (a) 1.7 mW

(b), 4.3 mW (c), and 17 mW (d).
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1594 cm�1. The position and broadness of two peaks at 1353 and 1583 cm�1 are similar to
those reported for carbon related structures such as amorphous carbon film [127] and
graphite [128]. The mode at �1353 cm�1 is referred to as the D peak (D for disordered) in
which the feature correlates to the bond angle disorder between the carbon atoms. A highly
disordered carbon structure, such as benzene clusters, contributes to an intense D peak
[127]. The mode at �1594 cm�1 is referred to as the G peak (G for graphite) as it is
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correlated to graphite-like structures [127]. The origin of the carbon structures is not clear,
but may be due to two sources in the nanoparticles — CV and citrate-stabilized gold
nanoparticles. Raman spectra obtained from CV molecules did not exhibit any similar
carbon-related peaks however.
For citrate-stabilized gold nanoparticles, similar to the phospholipid gold nanoparticles,

no carbon modes were observed from citrate-stabilized gold nanoparticles at a power
densityo49.8 mW/mm2 (Fig. 20a and b). However, at 126 mW/mm2 (Fig. 20c), the spectrum
converged into two peaks at 1353 (D peak) and 1576 cm�1 (G peak) similar to the two
observed from the phospholipid gold nanoparticles. This pair of carbon peaks indicates
that carbon structures were formed in the two nanoparticle systems: possibly upon thermal
denaturation of citrates with a power density as low as 126 mW/mm2 at 633 nm.
Our results suggest that some or all citrate molecules might still be left on the gold

surface as similar changes of the Raman modes were observed in both the phospholipid
Fig. 20. Raman spectra of citrate-stabilized gold nanoparticles with increasing power from 0.17 mW to (a) 1.7 mW

(b), 4.3 mW (c), and 8.5 mW (d).
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gold nanoparticles and the citrate-stabilized nanoparticles. This further suggests that the
use of Raman spectroscopy with HC-PCF might be a useful tool for determining the
presence of citrates left on the Raman probe during and after synthesis.
4. Characterizing biological molecules

Raman spectroscopy is routinely used to identify and distinguish between different
biological macromolecules. In conventional Raman spectroscopy (i.e. without the
integration of optofluidic platforms or SERS enhancements), relatively large laser powers
are typically employed to obtain a spectrum with high signal-to-background ratio
[129–132]. However, these high laser powers may cause thermally induced destruction of
the secondary or tertiary structures adopted by these macromolecules. With the use of a
cover slide or a cuvette for Raman measurements in the conventional scheme, micro-liters
to milli-liters of solution volumes are also required.

With the novel optofluidic technology described in this work, we can effectively obtain a
high signal-to-noise and signal-to-background spectrum while maintaining the integrity of
the biological molecules. This is achieved through an increased interaction length and
improved collection efficiency of the Raman scattering signal provided by the optofluidic
platform. The increased interaction length enables the pump laser to interact strongly with
substances filled throughout the entire fiber length to generate Raman scattering signals
while the increased collection efficiency improves the delivery of the generated Raman
signal to the detector. These improvements significantly increase the sensitivity of the
Raman spectroscopy technique, enabling weakly scattering biological samples to be
resolved. Furthermore, the increased sensitivity enables a much lower pump power and
sample volume (i.e. on the order of nano-liters) to be used to detect Raman scattering from
biological samples. With a reduced pump power, the biological samples being measured
are not exposed to temperature changes and therefore retain their native solution states at
a particular temperature. In this section, we will discuss how optofluidic technologies have
enabled the identification and detection of novel DNA conformations, and cancers in their
early stage at their most native state.
4.1. DNA

Despite having only four building blocks, DNA can assume a plethora of conforma-
tions. Their structural variations not only stem from DNA sequential arrangements;
environmental conditions such as pH, ionic strength, and humidity play crucial roles in
determining the final structure of any oligodeoxynucleotide (ODN). An example of the
structural diversity exhibited by nucleic acids is a group of four-stranded structures called
G-quadruplexes. These structures arise from the stacking of at least two square planar
arrangements of four guanine bases linked together by Hoogsteen hydrogen bonds termed
G-quartets [133] (Fig. 21).

G-quadruplexes arise from DNA (or RNA) sequences that are rich in guanine bases
and are dependent on the presence of monovalent cations that coordinate the O6 carbonyls
from the guanines partaking in G-quartet formation. Such sequences are thought to
be present in �370,000 regions across our genome – suggesting a potential biological role
[134,135].



Fig. 21. Four guanine residues participating in Hoogsteen hydrogen bonds to form a G-quartet.

Fig. 22. Raman spectrum of 2 mM of d(A15G15) in 10 mM Tris–HCl (pH 7.5) and 100 mM KCl.
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When long runs of guanine residues are present at terminal positions (i.e. 50 or 30) in an
ODN, a set of superstructures spontaneously arise [136]. Such structures are termed DNA
frayed wires. DNA frayed wires exhibit extreme thermostability, resistivity to chemical
denaturants, and to nuclease digestion [137,138]. Based on methylation protection results,
it was initially assumed that DNA frayed wires were distinct from G-quadruplexes in that
N7 hydrogen bonding is not involved in stabilizing these structures [136,139]. However,
once the Raman modes of a solution of d(A15G15), a DNA frayed wire-forming sequence,
were collected using photonic crystal fibers (PCF), it became evident that Hoogsteen
hydrogen bond networks were present; hence, the DNA frayed wire structure is based
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on the G-quartet motif [55] (Fig. 22). These are N7 hydrogen bonding (1479 cm�1),
O6 carbonyl coordination (1721.7 cm�1), N1 hydrogen bonding (1604.4 cm�1), and the
C2–NH2 marker emanating from G-quadruplex structures [140–142].

In addition to confirming that DNA frayed wires are a set of G-quadruplex structures,
this novel Raman platform elucidated a previously unknown species within DNA frayed
wires. Based on data collected from circular dichroism (CD) and from a conventional
Raman system, DNA frayed wires were considered to have all four strands aligned parallel
to each other [143]. By using PCF-enhanced Raman spectroscopy, Raman modes that
arise from syn glycosidic conformations were observed [55]. Generally, guanine residues
partaking in G-quartet formation assume anti glycosidic conformations in all-parallel
structures; while those that are classified as antiparallel G-quadruplexes are composed of a
combination of anti and syn glycosidic conformations [144]. Therefore the presence of two
weak modes (671.4 cm�1 and 1322.4 cm�1) that correspond to guanine syn conformations
suggested that a small fraction of DNA frayed wires assume antiparallel conformations
(Fig. 22 inset). In order to confirm these results, we employed a chemically modified
oligonucleotide with the same sequence with the exception that the guanine residues were
brominated at the eighth position. Guanine bases that bear this modification tend
to assume a syn conformation due to steric constraints [145]. The CD spectrum of
d(A15

8-BrG15) provided evidence of what appears to be a characteristic signature of anti-
parallel G-quadruplexes [55]. Additionally, once resolved electrophoretically, d(A15

8-BrG15)
provided evidence of a dimeric species while all other DNA frayed wire bands were difficult
to observe [55]. From the results obtained by PCF-enhanced Raman spectroscopy, it was
revealed that DNA frayed wires were in fact G-quadruplexes and that the vast majority of
the DNA superstructures were parallel-stranded with a fraction of antiparallel dimeric
species.

Another G-quadruplex sequence that was examined using the PCF-enhanced Raman
platform is the human telomeric (H-Tel) sequence. This sequence, and in particular the
four-repeat d(50-A(GGGTTA)3GGG-30), has been studied extensively due to the variety of
structures it adopts. In the presence of sodium, the Nuclear Magnetic Resonance (NMR)-
resolved solution structure is one of an antiparallel monomolecular G-quadruplex [146].
However, in the presence of potassium the crystal structure was that of a monomolecular
parallel-stranded G-quadruplex [147]. Furthermore, the appending of either the 50 or the 30

end of this sequence revealed yet another set of monomolecular structures in the presence
of potassium cations. The prevalent structure in these cases is termed the ‘‘3þ1’’
configuration where three strands are aligned in parallel to each other, while the fourth lies
in the opposite direction [148–152]. These structures have an additional feature whereby
the uncomplexed bases at either the 50 or 30 end form capping structures (30 and 34). There
are several reports on the structures that the four-repeat of H-Tel, along with its
derivatives, adopt in response to changes in pH, cation species, molecular crowding, etc.
However, there is a modest number of reports on how these oligonucleotides respond to
changes in their concentration with the exception of the work of Renčiuk et al. [153].

The biophysical methods employed to study biological molecules are diverse. The analyte
concentrations required for them are similarly diverse. For example, NMR and non-resonant
Raman spectroscopies require millimolar concentrations, whereas CD and UV absorption
methodologies require micromolar concentrations of DNA or proteins. As such, we chose to
study H-Tel and two of its variants, d(50–AAAGGGTTTAGGGTTAGGGTTAGGGAA-30)
and d(50–TTAGGGTTAGGGTTAGGGTTAGGGTT-30), hybrid 1 (Hyb-1) and hybrid
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2(Hyb-2), respectively, at concentration values that cover the micromolar to the millimolar
range (bold letters highlight the sequence deviations from H-Tel).
In the presence of sodium cations, the CD spectra from 20 mM to 2 mM H-Tel are

drastically different, with the latter changing gradually as a function of time. The CD
spectrum of the former resembled that of the established antiparallel conformation
reported previously while the latter appeared to be similar to parallel stranded
conformations. Subsequently, the changes of the CD signal at 258 nm were monitored
as a function of time with varying concentrations of H-Tel (3–7 mM). The relaxation times
observed were concentration-dependent suggesting that the changes occurring are due to
aggregation. Furthermore, the relaxations were fit bi-exponentially, except the 7 mM
sample which was best fit monoexponentially. Interestingly, both Hyb-1 and Hyb-2
samples did not display the same behavior as H-Tel. Instead, both oligonucleotides
Fig. 23. Raman spectra of d(TG4T) in 10 mM Tris–HCl and 100 mM KCl (a); H-Tel in Tris–HCl and 100 mM

NaCl (b); Hyb-1 in 10 mM Tris–HCl and 100 mM KCl (c); Hyb-2 in 10 mM Tris–HCl and 100 mM KCl (d). All

samples contained 2 mM of ODN and incubated for 48 h at 25 1C.
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provided the equivalent CD spectra at high (mM) and low (mM) strand concentrations.
However, only when the cation concentration (Kþ) increased 10-fold did Hyb-1 and Hyb-2
behave similar to H-Tel at millimolar strand concentrations.

To further characterize the structure(s) forming at high oligonucleotide concentrations,
PCF-enhanced Raman spectroscopy was employed. Fig. 23 displays the Raman spectra of
d(TG4T), H-Tel, Hyb-1, and Hyb-2 after an incubation period of 48 h. The d(TG4T)
oligonucleotide was chosen as a reference since it readily forms a parallel stranded
tetramolecular G-quadruplex with the guanines partaking in G-quartets assuming an anti

glycosidic conformation. In this case, this oligonucleotide provided an intense 1480.2 cm�1

indicating the presence G-quartets [142]. Additionally, the anti guanine band at 685.5 cm�1

was much more intense than the band corresponding to the syn conformation at 670 cm�1.
The Raman spectrum of H-Tel also provided evidence of G-quadruplex formation
(1481 cm�1) along with a clear anti marker (686.6 cm�1) with a small syn mode
(667.6 cm�1). Similarly, Hyb-1 and Hyb-2 displayed the characteristic G-quadruplex
marker at 1481 cm�1 with the anti band at 684 cm�1 and a shouldering syn band at
667 cm�1. Fig. 24 compares the guanine anti(�685 and 1335 cm�1) and syn(�670 and
1325 cm�1) Raman modes of H-Tel, Hyb-1, and Hyb-2 at two time points. The first (t¼0)
corresponds to the time when the aqueous buffer (including 100 mM of either Naþ or Kþ)
was mixed with the DNA, and the second is after a 48-hour incubation period at 25 1C.
From this figure it is evident that G-quadruplexes are present in all cases and at both time
points. Furthermore, H-Tel was the only sequence that the anti:syn Raman mode ratios
were changing as a function of time; where the syn mode was slowly being depleted while
that of the anti mode was increasing.

From the data presented above, H-Tel appears to be forming a G-quadruplex aggregate
with more anti guanines than syn conformations. This suggests that these aggregates
possibly have parallel-stranded topologies. Finally, Hyb-1 and Hyb-2 sequences did not
display the same time-dependent transition as H-Tel did. A possible explanation to this
observation is the fact that these sequences, once folded, contain capping structures that
further stabilize the monomolecular conformations over the aggregated species.

4.2. Early stage cancer detection

The ability of detecting human cancers at an early stage is critical for increasing the
effectiveness of cancer treatment and improving the survival rate of the patients. Detecting
cancer at an early stage remained very challenging as the number of tumor cells present is
very low. An ultra-sensitive technique would be required to detect, distinguish and identify
cancer cells from normal ones. One way to detect cancer cells is through the unique
markers on the cells themselves [154–157]. Specific tumor antigens and receptors that are
typically overexpressed on the surface of cells can be used to identify and target these
cancer cells. Antigens and receptors are characterized by their unique capability of binding
specifically to antibodies, or anti-receptor antibody, respectively. As an example, the
epidermal growth factor receptor (EGFR) is overexpressed in the majority of lung tumors
[158–160].The introduction of an EGFR antibody will allow the antibody to bind
specifically to the EGFR which is an effective way to selectively target the lung tumor cells.

Recently, a novel way of detecting cancer cells with Raman spectroscopy using cancer
markers has been demonstrated [92,161–163]. This technique was achieved by synthesizing
nanometer-sized probes composed of metallic nanoparticles functionalized with both



Fig. 24. Monitoring the changes of the anti and syn Raman modes in the spectral regions of 600–740 cm�1

(left column) and 1300–1400 cm�1 (right column) of H-Tel (top); Hyb-1 (middle); Hyb-2 (bottom). All samples

contained 2 mM of ODNs dissolved in 10 mM Tris–HCl, pH 7.5, and either 100 mM NaCl (H-Tel) or 100 mM

KCl (Hyb-1 and Hyb-2).
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Raman reporters and antibodies. The antibodies are chosen so that they bind with
receptors overexpressed on the targeted cancer cell. When the nanoparticle probe attaches
to the cancer cell, Raman scattering signals from the reporter would be enhanced as the
nanoparticle probes aggregate together around the cell surface that contains the targeted
receptors. This gives a strong detectable Raman scattering signal indicating that a
particular type of cancer cell is present. In the case where cancer cells are not present, or
that a different type of cancer cells are present, that do not overexpress that particular
targeted receptor, the nanoparticle probes will distribute randomly in the solution. Thus,
no or very limited electromagnetic enhancement from the nanoparticles will be achieved
and no Raman modes or very weak Raman modes of the Raman reporter will be detected.
Traditionally, fluorescent particles such as QDs were used instead of Raman probes.
However, fluorescent particles are limited by their large bandwidth (FWHM ¼40–60 nm)
which is about 20–30 times wider than that of the Raman modes, limiting its capability
for multiplexing different reporters together. These particles are also susceptible to
photobleaching and quenching under high laser powers and long laser exposure times;
while Raman probes would not [164]. Moreover, the use of routine histology stains for cell
morphology assessment can interfere with fluorescent labels in optical imaging [161].
Therefore, Raman probes are a more suitable targeting and reporting technique with
greater multiplexing capability than QDs for cancer detection.

Detection of cancer cells from different parts of the human body has been demonstrated
using various Raman probes. These cancers include oral cancer [165], human head-and-
neck cancer [92], kidney cancer [166], chronic lymphocytic leukemia [161], colon cancer
[166], and circulating tumor cells in the blood [167]. Raman probes involved in these
experiments include those composed of a gold core functionalized with a Raman reporter,
such as MGITC, and conjugated with antibodies, such as the anti-EGFR antibody that
target antigens and receptors overexpressed on cancer cells [116]. In contrast, Liu et al.
have demonstrated the use of carbon nanotubes as the Raman probe [168]. Carbon
nanotube has a G band peak at 1530 cm�1 without the attachment of a Raman reporter.
With chemical vapor deposition, the position of the G band peak can be shifted though
using different growth gas ratios of the C13 methane and the C12 methane. This enabled
five carbon nanotube probes to be multiplexed to target five different cancer cells
simultaneously through Raman imaging without any spectroscopic interference.

Sha et al. [169] and Gong et al. [170] have also demonstrated the use of two separate
nanoparticles for targeting and reporting in an immunoassay. Raman probes synthesized
with antibody-conjugated silica coated with silver or gold nanoparticles were used to
report through a Raman reporter while an antibody modified magnetic nanoparticle was
used to target and capture the antigen. This technique reduced the overall detection time
through avoiding the complicated pre-treatment and watching steps in conventional
Raman immunoassays.

Qian et al. have also demonstrated, for the first time, the use of pegylated gold Raman
probes for in vivo targeting and detection of human head-and-neck carcinoma cells in a
live animal model [92]. Malachite green isothiocyanate (MGITC) was adsorbed onto the
surface of the 60 nm gold nanoparticles to use as a Raman reporter. ScFv antibody,
a ligand that binds to the EGFR with high specificity and affinity, was then conjugated
onto the nanoparticle probe after coating it with a layer of PEG polymers (targeted
nanoparticles). Nanoparticles coated with a PEG polymer layer but not conjugated
with ScFv antibodies were used as a negative control (non-targeted nanoparticles).
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The nanoparticle probes were injected systemically into two nude mice (through tail veins)
bearing a human head-and-neck tumor (Tu686). SERS spectra obtained 5 h after using
785 nm laser beam showed strong SERS signals from MGTIC from the targeted
nanoparticles at the tumor site. Similar weak SERS signals were observed from the non-
targeted nanoparticles and the non-specific liver site; indicating that the ScFv-conjugated
gold nanoparticles were able to target EGFR-positive tumors in vivo.
Early stage cancer detection will be of great clinical significance as it would provide an

opportunity to commence relevant treatment relatively early. Recently, Dinish et al. have
demonstrated the detection of EGFR positive human epithelial carcinoma cells using only
�10 nL of a sample volume through the use of HC-PCF [171]. Cell lysate solutions from
EGFR positive human epithelial carcinoma cells (A431) and the control, EGFR negative
human breast carcinoma cells (MCF-7) were first filled to the core of the two separate
8-cm-long HC-PCF (HC 800-01, NKT Photonics) for protein binding. Then, anti-EGFR
conjugated gold nanoparticles with adsorbed MGITC were immobilized into the PCF core
for Raman detection. As the SERS tags only bind to the fiber with EGFR bound to the
fiber, the SERS spectrum of the Raman dye, MGITC, was obtained from the fiber with
cancer proteins from A431 (i.e. indicating that EGFR positive cancer cells were present);
while no SERS signals were obtained from samples containing the MCF-7 cancer protein.
A power of 0.6 mW of a 633 nm laser was used in this experiment, and the proteins were at
a concentration that was in the range of about ng/mL–mg/mL. The high sensitivity of this
technique is attributed to the increased light–matter interaction between the pump laser
light and the Raman reporter, as well as the improved collection efficiency with the
selectively filled HC-PCF.
One limitation of this technique is that the binding process between the protein and the

SERS tag has to take place within the central core of the PCF. Due to the small core size of
the PCF, this technique is limited to small biological matter such as proteins and DNA.
Large biological matter such as cancer cells, with size typically on the order of 10 mM,
would be difficult to be immobilized directly into the central core of PCF that are typically
smaller than 20 mM in diameter. Moreover, immobilization of large whole cells into the
PCF would make binding interaction difficult as it would leave very little space for the
nanoparticle probes to be filled into the fiber core. Thus, extraction of cell lysates is
required, which complicates the preparation process.

5. Combining surface enhanced Raman spectroscopy with optofluidic devices

When optofluidic devices are combined with SERS, Raman analysis with sensitivity
higher than that of each technique alone could potentially be achieved. This is ideal for
identifying analytes with small Raman cross-sections, as well as interactions between
analytes, in which extremely high sensitivity is required to obtain a strong and clear Raman
spectrum. Since detailed analysis of the Raman modes is typically not required in material
identification; changes in Raman modes’ positions, FWHMs, and relative intensities, due
to the addition of metallic nanostructures, are not of a concern.
Through combining SERS with optofluidic devices, the detected SERS signal could be

further enhanced through the increased interaction length and collection efficiency. In the
confined space inside the optofluidic channel, more metallic nanoparticles could be excited
by the pump laser and interact with the analyte. Therefore, SERS signals obtained from
optofluidic devices could be greater than that in conventional SERS measurements.
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The combined technique reduces the limit of detection in SERS measurements; thus,
enabling the detection of solutions at concentrations that are not detectable with either
technique alone. In addition, metallic nanostructures could be used as probes to selectively
enhance Raman modes of only one or several specific types of analytes. This reduces
mode interferences in the Raman spectrum and further reduces the limit of detection.
Furthermore, optofluidic devices significantly reduce the sample volume required to as low
as nano-liters. Thus, the amount of metallic nanostructures required for enhancement is
also reduced considerably. In this section, we will review three different ways of integrating
metallic nanostructures into optofluidic devices for ultra-sensitive SERS measurements.

5.1. Mixing metal nanomaterials with analytes

The simplest method to integrate metallic nanoparticles with optofluidic devices for
SERS measurements is to mix metallic nanoparticles together with the analyte, then fill the
mixed solution into the optofluidic device. Upon excitation of the metallic nanoparticles in
the mixed solution with the pump laser propagating in the PCF, strong SERS signals can
be generated and collected back by the PCF to the detector.

Zhang et al. have demonstrated enhancements in the retrieved SERS signal from
tryptophan spectra using the described technique [172]. SERS substrates were mixed with
tryptophan solutions at a concentration range of �10�4–10�5 M and the resulting mixed
solution was selectively filled into the core of a 10-cm-long HC-PCF by dipping the
HC-PCF into the mixed solution for 5 s (i.e. filled the central core of the PCF by �1 cm).
SERS measurements were obtained with a 785 nm laser at 3 mW with a scanning period of
20 s. In comparison with the SERS signal obtained from a 100 mL sample of the same
solution dried on a crystal substrate, the normalized SERS signal was �100 higher when it
was obtained from the mixed solution in HC-PCF. Furthermore, with selectively filled
HC-PCF, R6G, human insulin, and tryptophan were detected at concentrations of �10�4–
10�5 M while only R6G was detected with non-selectively filled HC-PCF at such low
concentrations. This demonstrated that HC-PCF can enhance the retrieved SERS signal
beyond that of SERS alone. The enhancement was achieved through strong confinement
of the analyte, SERS substrate, and the pump laser light in the same central core of the
HC-PCF, which thereby increased the light–analyte interactions, as well as the improved
collection efficiency of the SERS signal generated in the HC-PCF.

Han et al. also compared the retrieved SERS signal of thiocyanate anions (NaSCN), at a
concentration of 1.7� 10�7 M, using a conventional Raman technique with a glass vial
and that with HC-PCF selectively filled with the mixed SERS particle-analyte solution [78].
SERS measurement obtained using selectively filled HC-PCF showed a pronounced
SCN� stretching vibrational mode at 2100 cm�1 in addition to the water bands at
3400 cm�1. Without using HC-PCF as the medium for light–matter interactions, SERS
measurement from the glass vial showed only the water bands and was unable to detect the
SCN� mode at the same concentration.

Yang et al. have further compared the enhancement factors between SERS and Raman
spectroscopy using liquid filled HC-PCF [70]. Using R6G as a reference, 25 nm silver
nanoparticles for SERS enhancements, and 2 mm long HC-PCF as the interaction
medium, the enhancement factors of HC-PCF-assisted Raman spectroscopy relative to
direct sampling were found to be 97 in SERS and 61 in Raman spectroscopy. Simulation
showed that HC-PCF significantly increased the transmission range and provided strong
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light confinement in the PCF core and cladding when all channels of a HC-PCF were filled
with water. This resulted in an increased number of particles involved in SERS; thus,
a greater enhancement was achieved. It is important to note that these enhancement
factors were not normalized in relation to the interaction volume. Therefore, the actual
enhancement factors should be higher after they are normalized with the interaction
volume being considered since the HC-PCF setup required less sample volumes than that
in direct sampling.
Instead of using optofluidic fibers, Measor et al. have demonstrated SERS detections

with integrated LCW using interconnected solid- and liquid-core antiresonant reflecting
optical waveguides (ARROWs) [173]. Using a 633 nm excitation, SERS spectra of R6G
solutions mixed with 20 nm silver nanoparticles were detected at concentrations as low as
30 nm with an excitation volume of 44 pL. This concentration limit was said to be
comparable to the reported 10 nm limit in a silica capillary with SERS-active silver
nanoparticles [174]. However, the analyte and silver nanoparticles between the two
published papers were different; therefore, a fair comparison could not be made.
Metallic nanoparticles often aggregate in the presence of the analyte due to changes in

the sample environment (i.e. pH values). Due to the small size of the central core and
cladding holes in PCFs, particle aggregation in the sample could block the entrance to the
PCF and limit the length of PCF in which the solution can have access to with capillary
action; thus, limiting the benefit of long interaction length of the optofluidic fiber. To fill
the mixed solution through the entire length of the PCF, Xie et al. demonstrated a simple
technique to inject the mixed solution into the PCF using a modified syringe setup [175].
In their report, a 4-mercaptobenzoic acid (4-MBA) aqueous solution (0.01 mM, 200 mL)
mixed with 100 mL of Ag colloid were filled into two 10-cm-long PCFs – one through
capillary action, which filled only �1 cm of the PCF before filling was obstructed, and the
other through the simple pressure setup with the modified syringe, which filled the mixed
solution throughout the entire fiber length. The resulting SERS spectra obtained from the
two PCFs showed that the 4-MBA Raman modes obtained from the PCF utilizing the
pressure setup was three times stronger than that obtained from the PCF filled via capillary
action as a result of benefiting from the full length of the HC-PCF.
5.2. Adsorbing metal nanomaterials with analytes

A more controllable and reproducible method to maximize SERS enhancement is to
conjugate, or adsorb, analytes onto the surface of the metallic nanostructures by surface
modification. In the analyte–metal mixing technique described previously in Section 5.1,
interactions between the analyte and the metal are random and dynamic as they are driven
mainly by fluidic flow and random movements of the particles causing uncontrollable
fluctuations in SERS enhancements. By conjugating or adsorbing analytes onto the surface
of the metallic nanostructures, the analytes can be fixed at a near distance from the metal
which enables the SERS enhancement to be maximized and the resulting SERS spectrum
to be stabilized. Furthermore, the adsorption process can reduce surface charges of the
analyte and the nanostructure which would minimize Raman mode interferences
introduced from interactions with the sidewall of the optofluidic device. As a result,
conjugation and adsorption can increase the detection sensitivity of the analyte further
from merely mixing the analyte and the metallic nanostructure together.
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Recently, we demonstrated 10-fold enhancements from the detected Raman spectrum,
compared to conventional Raman spectroscopy, of the Congo Red dye by adsorbing it
onto gold nanorods and detecting the Raman spectrum using HC-PCF [57]. In this work,
the Congo Red dye molecules were adsorbed onto the surface of the cytotoxic
cetyltrimethylammonium bromide (CTAB)-coated gold nanorods with an average length
and width of 38.4272.69 and 8.7570.61 nm, respectively. The respective localized surface
plasmon resonance wavelengths of the gold nanorods are centered at 510 and 773 nm. The
concentration of the Congo Red solution was 3 mM. The Raman spectrum of the resulting
solution was acquired with a 633 nm HeNe laser through direct sampling and by selective
filling the solution into the core of a 7 cm long segment of HC-PCF (HC-1060 from NKT
Photonics) with a core diameter of 9.5 mM.

Fig. 25 compares the acquired SERS spectra using gold nanorods, through direct
sampling and with HC-PCF, with the Raman spectrum acquired from 564 mM of Congo
Red alone. It is clearly shown that the Congo Red spectrum obtained from adsorbing it
onto the gold nanorod and by selectively filling the solution into the core of the HC-PCF is
significantly enhanced compared to that obtained from conventional Raman spectroscopy.
Furthermore, by selectively filling the analyte adsorbed nanorod solution into core of
HC-PCF, we demonstrated that the retrieved Raman signal is further enhanced compared
to the stabilized and maximized SERS enhancement alone. The signal-to-noise of the
spectrum was also improved considerably through the use of the HC-PCF platform.
By using the Raman mode at 1167 cm�1 as a reference, the peak intensity of the SERS
signals from using HC-PCF is increased by 10-fold compared to that of conventional
Raman spectroscopy using a cuvette. By using the Au–Br mode at 178 cm�1 from the
CTAB-coated nanorod as a reference, the limit of detection with gold nanorods was found
to be improved by 100 times from 14.4 nm, by using a cuvette, to 0.14 nm with selectively
filled HC-PCF (Fig. 26).
Fig. 25. SERS spectra of a 3 mM Congo Red solution acquired by core-filled HC-PCF technique (A) and direct

sampling technique (B). Ordinary Raman spectrum of a 564 mM Congo Red solution (C). Spectra are shifted

vertically for clarity.



Fig. 26. (1) SERS spectra of CTAB-coated nanorods obtained with a cuvette and by selectively filling of nanorod

solutions into the core of HC-PCF. The limit of detection was improved from direct sampling with a cuvette by

100 times with selectively filled PCF. (b) Normalized Au–Br mode intensity as a concentration of CTAB-coated

nanorod. Mode intensity was normalized to that obtained using direct sampling with a cuvette.
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With the 10-fold enhancement from combining the use of SERS, with analytes
conjugated to metallic nanostructures, and HC-PCF, with the selective filling technique,
we further demonstrated the capability of using Raman spectroscopy to observe the ligand
exchange process in gold nanorods at very low concentrations. Ligand exchange is the
process to exchange the agent stabilizing the nanostructure for the ligands. In this study,
CTAB on the surface of the nanorod was replaced with a-methoxy-o-mercaptopoly-
(ethylene glycol) (SH-mPEG) (molecular weight 12,000 g/mol). This ligand exchange is
typically required to minimize toxicity of the solution by replacing the cytotoxic CTAB
molecules with a non-toxic compounds like SH-mPEG for use in the blood circulation
system [176].
Fig. 27 shows the SERS spectra obtained during the SH-mPEG/CTAB exchange in

aqueous solutions using HC-PCF. As the concentration of SH-mPEG increases, the
intensities of CTAB Raman modes at 178, 1155, 1387, and 1512 cm�1 decrease. This
indicates that the CTAB molecules on the surface of the nanorods are gradually being
replaced by SH-mPEG polymers with increasing SH-mPEG concentration. In this
exchange process, the concentration of the nanorods was maintained at 0.54 nm, a low
concentration in which the Raman modes of CTAB could not be observed with the direct
sampling technique. Through the large 10-fold enhancement, a complete exchange of
CTAB by SH-mPEG was clearly observed.
5.3. Coating central core of hollow-core photonic crystal fibers with metallic nanomaterials

Another scheme to integrate metallic nanomaterials with HC-PCF for ultra-sensitive
SERS measurements is to coat metallic nanostructures onto the inner sidewall of the
HC-PCF’s central core throughout the fiber length. By selectively filling the analyte of
interest into the metallic-nanoparticle-functionalized central core of the HC-PCF, strong
SERS enhancement can be achieved throughout the entire fiber length upon excitation of
the immobilized metallic nanoparticles with a pump laser.



Fig. 27. Normalized SERS spectra of CTAB-coated nanorods with increasing SH-mPEG concentrations: (A) no

PEG, (B) 20 mM of PEG, (C) 50 mM of PEG and (D) 100 mM of PEG. Spectra are vertically shifted for clarity.
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One advantage of such technique is that the random motions of the colloidal
nanoparticles are eliminated by having the metallic nanostructure immobilized onto the
sidewall of the PCF core which would improve the reproducibility of the SERS signal.
A greater control over the nanoparticle density and aggregation could also be controlled
potentially to further improve the reproducibility of the SERS effect. However, fewer
Raman scattering signals could be potentially produced compared to filling the PCF core
with premixed analyte-SERS particle solution due to the weaker light intensity at the
sidewall, where the nanoparticles are immobilized, rather than the center of the core.
In fact, preserving the light guiding characteristics of the PCF after coating with the
nanoparticles remains a challenge. Moreover, it is difficult to immobilize nanostructures
onto the inner sidewall of the PCF core with controlled density coverage and throughout
the entire fiber length due to the small core size (i.e.o20 mM in diameter) of the HC-PCF.

Recently, Han et al. reported for the first time SERS accumulated from 20-cm-long
strands of full-length Ag-nanoparticle-functionalized PCFs [177]. HC-PCF was functio-
nalized with Ag nanoparticles using a polyelectrolyte-mediated surface immobilization
technique for noble nanoparticles. In this technique, polyallylamine hydrochloride (PAH)
was filled into the central core of the HC-PCF for adsorption onto the inner sidewall to
create anchoring sites for the Ag nanoparticles. This was followed by filling the PCF core
with a Ag-nanoparticle (3575 nm) solution for immobilization. Both the PAH and Ag
nanoparticle solutions were filled into the fiber core through maintaining a 200 psi pressure
differential between the two ends of the HC-PCF, with the cladding holes sealed, in a
custom-built pressure cell. By changing the pH values of PAH for adsorption, different
density coverage of Ag nanoparticles can be controlled such that at higher pH values, PAH
will enable a higher Ag nanoparticles density to be immobilized.

The performance of the Ag-nanoparticle functionalized HC-PCF was evaluated by filling
R6G into the central core. With a 633 nm laser in a forward-scattering configuration,
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Raman modes of R6G were observed at concentrations as low as 10�7 M using HC-PCF
functionalized with Ag nanoparticles. Han et al. further stated that for planar substrates
with the same Ag nanoparticle coverage density, no SERS could be observed at a higher
R6G concentration of 10�5 M.
Raman spectra of R6G were also obtained at different fiber lengths (up to �27 cm) and

particle densities (0.2, 0.5 and 4 particles/mm2). It was found that the benefit of SERS
accumulation with prolonged length of a PCF was only observed at low Ag nanoparticle
density (i.e. below 0.5 particle/mm2). Using the Raman mode at 1351 cm�1 as a reference,
it was found that the Raman intensity increased with increasing fiber length at nanoparticle
densities below 0.5 particles/mm2. This demonstrated a net accumulation of SERS signal
along the PCF length. At higher nanoparticle densities, at and beyond 0.5 particles/mm2,
Raman intensities were found to decrease with increasing fiber length. This suggested that
scattering and absorption losses of the pump laser and the Raman scattering signals began
to dominate in the prolonged fiber. As a result, no overall gain in SERS signal with
increased PCF length in the forward-scattering configuration was found.
Utilizing the same immobilization technique, Ag nanoparticles immobilized into the

cladding air holes of the SC-PCF was also demonstrated and evaluated with R6G filled
into the functionalized cladding holes. The obtained SERS signals were increasing with
increased fiber length at 0.1 particles/mm2, and decreasing with increased fiber length at
4 particles/mm2 as observed in HC-PCF. However, strong interference from the silica
Raman modes were observed with the SC-PCF due to overlaps of the pump laser light and
the silica cladding walls as discussed in Section 2.2. Furthermore, lower Raman intensities
of the R6G modes were obtained in SC-PCF compared to those obtained in HC-PCF
under the same experimental conditions (i.e. PCF length, pump power, pump wavelength,
particle density, and R6G concentration).
Oo et al. also immobilized Ag nanoparticles in SC-PCF using the same technique as Han

et al. but instead used gelatin to create anchoring sites for Ag nanoparticles as opposed
to PAH [65]. With 2 mg/mL gelatin solutions at pH 10, 1 particle/mm2 density coverage of
Ag nanoparticles was achieved and 2 mM of R6G was observed with a 633 nm laser at
�5 mW with acquisition times of 10 s in a forward-scattering configuration. Nevertheless,
strong interferences of the silica Raman modes were also observed with the functionalized
SC-PCF in this report.
In addition to coating the inner sidewalls of the central core in HC-PCF with metallic

nanoparticles, Shi et al. further reported SERS spectra of R6G when a mixture of analytes
and Ag nanoparticles were filled into a Ag-nanoparticle-functionalized core of HC-PCF
[178]. This group filled a 572 nm Ag nanoparticle solution into the central core of a
HC-PCF, with its cladding holes sealed, using a syringe needle, and dried it for 20 min
to immobilize the Ag nanoparticles onto the sidewalls of the HC-PCF core. The analyte–
nanoparticle mixture was prepared by introducing a 10�6 M concentration of aqueous R6G
into a solution containing: 25 nm Ag nanoparticles with a broad surface plasmon band
peaked around 405 nm, and 10 mM of sodium chloride to induce nanoparticle aggregation
in the mixture. The SERS spectra of R6G mixture were obtained and compared in two
detection configurations after the mixture was filled into the Ag-nanoparticle-functionalized
core of HC-PCF: (1) focus and collection light from the cladding-sealed end of the HC-PCF
and (2) focus and collection light from the unsealed end of the of the HC-PCF. In both
configurations, the SERS signals of R6G, obtained using a 633 nm laser, were stronger than
that obtained from direct sampling of the R6G-Ag nanoparticle mixture. This indicated that
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the Ag-functionalized HC-PCF further enhanced the SERS signals of R6G beyond that of
which were obtained from the direct sampling of mixtures of R6G and Ag nanoparticles.
This improved enhancement was the result of the increased light–analyte interaction,
improved induction and collection efficiency of the pump laser and Raman scattering,
respectively, and from potentially increasing hotspots with sandwiched Ag nanoparticle
structures.

It is worth noting that the SERS signal obtained from the unsealed end of the HC-PCF
was 10 times stronger than that from direct sampling while the SERS signal obtained from
the cladding-sealed end was 100 times stronger. The enhancement difference was attributed
to the ‘‘bowl’’ shape of the sealed end formed in the sealing process, which could mean that
a larger volume of solution is found in the bowl in the sealed end, or that the Ag
nanoparticles in the bowl could potentially improve the coupling of light into and out of
the central core.
6. Summary

The integration of different optofluidic fibers with Raman spectroscopy to achieve
enhancement in the retrieved Raman signal was reviewed. Recent progress in utilizing
this novel enhancement technique for various applications in examining nanomaterials
and biological samples was presented. Furthermore, recent efforts and applications in
combining SERS with optofluidic fibers to achieve superior sensitivity in Raman spectro-
scopy were also reviewed.

Despite the advancements in this novel field of Raman spectroscopy, much work
remains to be undertaken to achieve ultra-sensitive Raman analysis of many solutions of
interest, particularly for nanomaterials in aqueous solutions and for biomolecules. Systemic
optimization of the optical modes in the optofluidic devices for different nanomaterials
and biological samples would benefit this sensitivity enhancement effort. This is parti-
cularly important in maximizing the retrieved Raman signal from a SERS-PCF integrated
platform. In addition, more novel techniques of integrating SERS and other variations of
Raman spectroscopy into optofluidic devices will be expected in the future to provide
higher sensitivity.

Current optofluidic platforms provide little control over the fluidic flow of the analytes.
Integration of the optofluidic fiber with advanced micro- and nano-fluidic elements would
be essential in the future to realize the full potential of optofluidic devices for Raman
spectroscopy. For example, solution mixing within the platform would be required for real
time Raman analysis of many biological interactions. Removal of bubbles in micro- and
nano-liters of samples would also be necessary to produce stable and reproducible results
as well as assist in maximizing the retrieved Raman signal. Novel techniques to modify
PCFs and TCTs for generating fluidic ports to the air core and holes with minimal effect
on the optical guiding modes are still lacking.

While one-time use of the optofluidic fibers is ideal for biological studies, the ability to
reuse the fibers would be of great importance for other applications involving
nanoparticles or chemicals due to the high cost of the fibers. Development of a technique
to clean optofluidic fibers from nanoparticles or other chemicals would be ideal in future
studies.



J.S.W. Mak et al. / Progress in Quantum Electronics 37 (2013) 1–5046
Acknowledgments

This work was supported by Ontario Centers of Excellence and the Natural Sciences and
Engineering Research Council of Canada.
References

[1] P. Baraldi, A. Tinti, Journal of Raman Spectroscopy 39 (2008) 963–965.

[2] P. Vandenabeele, F. Verpoort, L. Moens, Journal of Raman Spectroscopy 32 (2001) 263–269.

[3] P. Vandenabeele, J. Tate, L. Moens, Analytical and Bioanalytical chemistry 387 (2007) 813–819.

[4] P. Vandenabeele, T.L. Weis, E.R. Grant, L.J. Moens, Analytical and Bioanalytical chemistry 379 (2004)

137–142.

[5] M. P�erez-Alonso, K. Castro, J.M. Madariaga, Analytica Chimica Acta 571 (2006) 121–128.

[6] B.D. Patel, P.J. Mehta, Current Pharmaceutical Analysis 6 (2010) 131–141.

[7] T. Vankeirsbilck, A. Vercauteren, W. Baeyens, G. Van der Weken, F. Verpoort, G. Vergote, J.P. Remon,

TrAC Trends in Analytical Chemistry 21 (2002) 869–877.
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