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Abstract

The development of surface enhanced Raman scattering (SERS) detection has made Raman
spectroscopy relevant for highly sensitive lab-on-a-chip bio/chemical sensors. Despite the
tremendous benefit in specificity that a Raman-based sensor can deliver, development of a lab-on-
a-chip SERS tool has been limited thus far. In this work, we utilize an optofluidic ring resonator
(OFRR) platform to develop a SERS-based detection tool with integrated microfluidics. The liquid
core optical ring resonator (LCORR) serves both as the microfluidic sample delivery mechanism
and as a ring resonator, exciting the metal nanoclusters and target analytes as they pass through the
channel. Using this OFRR approach and R6G as the analyte, we have achieved a measured
detection limit of 400 pM. The measured Raman signal in this case is likely generated by only a
few hundred R6G molecules, which foreshadows the development of a SERS-based lab-on-a-chip
bio/chemical sensor capable of detecting a low number of target analyte molecules.

1. Introduction

A number of bio/chemical sensing techniques have been under development in recent years,
including techniques that rely on fluorescent labeling and those that perform detection using
label-free mechanisms such as refractive index or electrochemical effects. Of particular
interest are platforms that are suited for lab-on-a-chip integration. Techniques based on
Raman spectroscopy historically have not been applied for low-detection-limit lab-on-a-chip
systems because the Raman scattering cross-section of analytes is far too small for highly
sensitive detection in practical lab-on-a-chip platforms. However, the development of
surface-enhanced Raman scattering (SERS) techniques has made it possible to combine the
highly specific nature of Raman spectroscopy with the high-throughput and sample handling
advantages of lab-on-a-chip technology.

Modern research on SERS dates back approximately 30 years to the discovery of Raman
signal enhancement due to metal nanostructures [1,2]. Later, Kerker, et al., analyzed the
SERS effect as an electromagnetic enhancement using a simple dipole model for localized
surface plasmons in the metal nanostructures [3]. More recently, the SERS effect has been
studied as both an electromagnetic and a chemical enhancement [4]. Ultimately, the
intensive research on SERS detection has led to several demonstrations of single molecule
detection with Raman enhancements as high as 1014 [4-6].

Translation of these spectacular results to lab-on-a-chip platforms with integrated
microfluidics is still in progress. In recent years, microfluidic-based SERS platforms have
been demonstrated in which the sample is optically excited inside a small sample delivery
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channel [7-10]. In references [7,8], specialized fiber cables are used as both the microfluidic
sample delivery mechanism and the Raman pump/signal waveguide, while reference [9] is
of particular interest for lab-on-a-chip development, as it uses a liquid core waveguide
integrated onto a chip. The resulting detection limits achieved thus far with these approaches
are on the order of 10 nM to 1 uM.

In the approach presented here, an optofluidic ring resonator (OFRR) design is used to
achieve a detection limit of 400 pM with R6G in silver colloid. We use the liquid core
optical ring resonator (LCORR), which was first demonstrated as a refractometric sensing
platform and later a label-free biomolecule detection platform with integrated microfluidics
[11,12]. More recently, the LCORR has been used as an optofluidic dye laser platform with
a low threshold [13].

The LCORR uses a micro-sized glass capillary with a thin wall as both the microfluidic
channel and as an optical ring resonator. As illustrated in Fig. 1, light repeatedly travels
around the circumference of the capillary in the form of whispering gallery modes (WGMs).
Certain wavelengths resonate with observed Q-factors higher than 107 in some cases [13]. If
the wall is as thin as a few microns, an evanescent field exists at the inner surface of the
capillary and interacts with the sample as it passes through the capillary. Because of the high
Q-factor, this evanescent field forms a high-intensity field capable of acting as a SERS
excitation source. As the sample flows through the LCORR capillary, analytes that pass
through the ring resonator evanescent field may produce Raman scattered photons.
Furthermore, analytes that are adsorbed onto silver nanoparticles can produce a SERS signal
due to the electromagnetic and chemical enhancement mechanisms.

The use of resonating WGMs for SERS has been investigated theoretically and
experimentally [14-16]. We previously used a microsphere ring resonator to show
experimentally a gain of over two orders of magnitude compared to a SERS system in which
the excitation light makes a single or non-resonant pass through the sample volume [15].
Furthermore, by applying a theory of scattering by compound spheres, Fuller and Smith
predict gains of 102 to 10* with the use of microspheres in SERS measurements [16]. In our
system design, the ring resonator is also a microfluidic channel, and the WGM excitation is
separated from the sample, making the detection system more practical and adaptable than
the microsphere to a lab-on-a-chip design [17].

2. Experimental setup

Solutions of Rhodamine 6G (R6G) in silver colloid are used as model samples in the
experiments presented here. R6G is selected as the target analyte because of its well-
characterized Raman spectrum and its common use in other SERS investigations. The silver
colloid is prepared using the reduction method originally introduced by Lee and Meisel [18].
To promote clustering, the silver colloid is mixed with a NaCl stock solution in water such
that the silver colloid is diluted by a factor of three and the NaCl concentration is
approximately 18 mM. Clustering of the silver nanoparticles is induced because individual
silver nanoparticles are typically resonant for wavelengths between 400 and 500 nm, while
nanoclusters have an extended resonance into the near infrared, which is used in the
experiments here. Furthermore, clustering is known to induce high-enhancement “hot
spots,” regions of extremely high SERS enhancement due to the nanoparticle geometry
[5,6]. After adding NaCl, the aliquot is shaken for 30-60 minutes, and then R6G is added to
produce a concentration of 333 nM. This solution is shaken for 30-60 minutes, and then
dilutions are prepared. Samples are produced shortly before the experiments are conducted.

A scanning electron microscope (SEM) image of a particularly large silver cluster is shown
in Fig. 2. The figure shows a relatively uniform nanoparticle size of approximately 50 nm in
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diameter, and it shows that a high degree of clustering can occur in our samples. It is
estimated that the silver nanoparticle concentration in colloid is around 2 nM, and thus is
sub-nM in the NaCl activated aliquot with R6G added. Therefore, the R6G concentration is
over 100 times that of the silver nanoparticles. The ratio of R6G molecules to silver clusters
is even higher, and thus it is expected that many silver clusters will have several target
analyte molecules. Conversely, it is expected that many target analyte molecules are not
adsorbed at hot spots of the silver clusters, making the effective analyte concentration
smaller than the values given here. Nonetheless, working with a very low concentration (pM
or lower) of silver nanoclusters is important because it is observed that at higher
concentrations, the Q-factor of the LCORR is degraded, which compromises the resulting
SERS signal.

The samples are pumped into the LCORR using a peristaltic pump and attached tubing. The
LCORR capillaries are produced from silica glass tubes as described in [19]. The diameter
of the capillaries used is approximately 125 um. The wall thickness of the capillaries is
reduced to the desired values by passing a solution of hydrofluoric acid (HF) in water
through the capillary, which slowly etches the capillary wall. The thickness of the wall and
the penetration of the resonant WGM evanescent field beyond the inner surface are
evaluated by characterizing the refractive index (RI) sensitivity of the LCORR, as described
in [11].

To perform the SERS measurement, a tapered fiber optic cable with a diameter of
approximately 1-2 um is brought into contact with the LCORR, as shown in Fig. 3. A 785
nm DFB laser (Toptica) is coupled into the fiber taper and excites resonant modes in the
LCORR. As shown in Fig. 3(A), the modes can be observed at the taper output as intensity
dips when the excitation laser is repeatedly scanned in frequency. In these experiments, the
Q-factor is generally above 108, which enables many hundreds of revolutions for the
average photon lifetime, as shown by the equation: N = Q//(4z2nR), where N is the average
number of effective photon revolutions, R is the ring resonator radius, A is the resonant
wavelength in vacuum, and n is the resonator refractive index. The result is an intense
optical field in the ring resonator. Using the well-known ring resonator coupling analysis in
[20] and the fact that in the experiments presented here we typically observe 10% coupling
from taper to LCORR (i.e. the dip shown in Fig. 3(A) is 10% of the maximum), it can be
shown that the power in the ring resonator is approximately 25 times that in the taper. Also,
if critical coupling can be achieved, the power in the ring resonator with a Q-factor of 10 is
as much as 250 times that of the taper.

As described earlier, however, it is the evanescent field at the inner surface that interacts
with the sample. For the LCORR, the evanescent field is typically about 1% of the total
power in the ring resonator. Although the power in the evanescent field is therefore similar
to the power in the excitation taper, for Raman spectroscopy it is the intensity of the field
that matters. Because the field protrudes only 100 nm into the sample, a high intensity can
be achieved, particularly when a high degree of longitudinal confinement exists. This is the
reason behind the excellent results predicted and achieved with microsphere-based SERS
[15,16].

In addition to orbiting the circumference of the LCORR, the high-Q resonant modes also
propagate a short distance along the longitudinal axis. In fact, in Fig. 3(B), radiatively
scattered light can be seen along the top of the LCORR. As a result, the Raman signal is
generated across a longitudinal distance of approximately 1 mm. To collect the Raman
scattered light, a polished multimode fiber is placed adjacent to the LCORR at the region of
excitation. The location and angle are optimized to reduce the collection of radiative
scattering from the WGM while not compromising the collection of Raman scattered
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photons. The probe fiber directs the photons to the spectrometer, where they first pass
through a collimating lens, a high-pass Raman filter, and a focusing lens. A Triax 550 (Jobin
Yvon) spectrometer with a resolution of 0.15 nm is used to analyze the Raman signal.

To characterize the Raman scattering signal from the sample to measure the average Raman
enhancement due to the silver colloid, we use the experimental setup illustrated in Fig. 4,
which is easily comparable with the LCORR experimental setup. An SMF-28 fiber cable is
glued into a cuvette to deliver excitation light to the sample. The same probe fiber used in
the LCORR measurements is placed just above the beam of light coming from the excitation
fiber. Figure 4(B) shows the Raman signal measured with 33 nM R6G in the clustered silver
colloid. Spectral lines are clearly visible at 1310 cm™1, 1360 cm™, and 1510 cm™1, which
are characteristic of R6G. Figures 4(C) and (D) show the peak intensity in the 1360 cm™1
line versus R6G concentration for cases with and without silver colloid, respectively. For
this particular sample, the SERS enhancement is approximately 3 x 10°, according to a
comparison using the 1360 cm™1 line. Typical values of enhancement observed during these
experiments vary from around 3 x 10° up to 106.

3. SERS detection results

3.1 WGM evanescent field is the excitation source

In this microfluidic-based SERS detection platform, the resonant WGM is used to excite the
localized surface plasmons in the silver nanoclusters and subsequently the target analytes
adsorbed to the silver. Only the evanescent field of the WGM at the capillary inner surface
interacts with the sample, as the rest of the light exists in the glass or at the outer surface.
Thus, the Raman signal is expected to be directly related to the optical intensity of the
evanescent field, which is increased for thinner capillary walls.

To verify that in fact the WGM serves as the Raman excitation source in our LCORR
design, we measured the Raman signal for an LCORR while decreasing the wall thickness,
which enables a higher fraction of light in the evanescent field. The first measurement was
performed using the LCORR immediately after the capillary had been pulled. The wall
thickness at this point is greater than 10 um, which is too thick to enable an evanescent field
at the LCORR inner surface. As anticipated, no R6G Raman signal is apparent from this
measurement. The capillary wall is then etched using HF, and RI sensitivity
characterizations are performed to evaluate the strength of the evanescent field at the inner
surface, as the RI sensitivity is directly related to the fraction of optical intensity that is in
the sensing liquid [12].

The measured Raman signals for three increasing RI sensitivities are presented in Fig. 5(A).
As expected, the measured Raman signal for R6G increases as the LCORR becomes more
sensitive, implying that a stronger evanescent field is interacting with the sample. From the
RI sensitivity, the LCORR wall thickness and the fraction of intensity in the evanescent field
can be calculated using a computational tool based on Mie theory [11]. Figure 5(B) shows
the calculated intensity distributions of the resonant WGMs near the LCORR inner surface
for each of the three wall thicknesses characterized.

The peak intensity in the 1360 cm™1 R6G Raman line is plotted in Fig. 5(C) for each
sensitivity, where the horizontal axis represents the ratio of light intensity in the evanescent
field. The trend is not linear, though this is to be expected. Although the fraction of light
inside the LCORR increases, the additional etching reduces the Q-factor due to surface
roughness and an increased exposure of the WGM light to the water, which has significant
absorption at 785 nm. Figure 5(D) plots the observed resonant modes recorded after the first
etch and the second etch. While the mode fraction in the core increases by a factor of 5, the
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Q-factor decreases from 1.6x10° to 7.3x10°. The decreasing Q-factor results in a lower
intensity in the ring resonator, which can also be visualized by the decrease in the amount of
light coupled back into the taper, as indicated by the lower coupling depth in Fig. 5(D). The
combination of the increasing evanescent mode fraction and the decreasing Q-factor results
in a net increase in evanescent intensity of just over 2, which matches with the increase in
measured SERS signal in Fig. 5(C). This experimental result emphasizes the role of the
evanescent field and the resonator Q-factor on the measured Raman signal.

3.2. SERS signal depends linearly on WGM input intensity

It is well known that the Raman scattered power depends linearly on the excitation intensity,
the number of target analytes in the excitation volume, and the Raman scattering cross
section of the target analyte. In this design, the excitation light intensity is a result of the 785
nm laser coupling from the fiber taper into the resonant WGMs and then coupling from the
WGM s into the surface plasmons. We measured the R6G Raman signal from the LCORR
while increasing the power of the excitation laser. In Fig. 6, the peak intensity in the 1360
cm~1 R6G line is plotted versus the measured output power of the fiber taper. As
anticipated, the Raman scattering signal is linearly dependent upon the optical intensity in
the fiber taper.

3.3. SERS signal dependence on concentration in LCORR is not linear

Figure 4(C) shows that the Raman signal depends linearly on the R6G concentration when
the cuvette-based measurement is performed. In a case where the R6G concentration is
increasing while the silver concentration remains the same, a linear result is not expected, as
the adsorption of R6G onto silver nanoclusters saturates. However, here we maintain a
constant ratio of R6G and silver nanoparticles, which preserves the linear relationship in the
cuvette measurement.

Performing the same concentration dependent measurement in the LCORR produces a
different result. In Fig. 7(A), the Raman intensity is plotted for concentrations ranging from
410 pM to 33 nM, and shows an exponential decay. In contrast, Fig. 7(B) shows that when
R6G in solution with no silver is analyzed inside the LCORR, the Raman signal is linear
with R6G concentration. This implies that using a ring resonator as an excitation source does
not directly result in a nonlinear behavior with respect to concentration.

One possible explanation for the nonlinear behavior of the silver colloid R6G solution is the
adsorption of silver onto the glass surface. As silver attaches to the inner surface of the
LCORR, the concentration of analytes within the excitation volume increases beyond the
bulk concentration. A second indicator of this possibility is that the observed SERS
enhancement in the LCORR appears to be generally higher than the SERS enhancement in
the cuvette-based characterization by a factor of between 2 and 5, depending on the
concentration used for comparison. It is not likely that the use of the LCORR enhances the
plasmonic or chemical effects of the silver, and thus the enhanced concentration effect due
to adsorption of silver is a likely reason. Naturally, as the silver concentration in the bulk
solution increases, the adsorption effect may experience saturation, just as the measured
Raman signal exhibits in Fig. 7(A).

3.4. Measured detection limit of ~400 pM

The measured Raman signal for the lowest concentration (410 pM) data point in Fig. 7(A) is
shown in Fig. 8. The characteristic 1310 cm™1, 1360 cm™2, and 1510 cm™! R6G Raman
lines are clearly visible. The LCORR used in this experiment has a Q-factor of just over 10°
and a RI sensitivity of 3.6 nm/RIU. The presumed detection volume includes the sample
region illuminated by the WGM evanescent field that extends longitudinally across the
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diameter of the fiber probe (refer to Fig. 3). For an LCORR diameter of 125 um, a
longitudinal detection region of 200 um, and an evanescent field penetration of 100 nm (see
Fig. 5(B)), the detection volume is approximately 8 pL. For a bulk concentration of 400 pM,
there are around 2000 R6G molecules within the detection region. In reality, many of these
molecules are not adsorbed to the silver nanoclusters in high-enhancement locations. The
number of silver nanoclusters within the detection volume is expected to be less than one on
average, although adsorption of the silver clusters to the inner surface may increase this.
Thus, it is estimated that the measured Raman signal shown in Fig. 8 is due to at most a few
hundred R6G molecules adsorbed onto a low number of silver nanoclusters.

4. Summary and discussion

To develop a highly sensitive SERS detection platform with integrated microfluidics, we use
a design based on an optofluidic ring resonator platform. Our design uses the LCORR glass
capillary to deliver the sample to the sensor, which is an inherently integrated ring resonator.
This low-volume microfluidic design is well suited for integration with sample preparation
functions in a lab-on-a-chip platform. Additionally, the high-Q optical resonance results in a
high-intensity SERS excitation source at the inner surface of the microfluidic capillary. The
advantage can be seen by comparing the LCORR SERS result with the result obtained in the
cuvette-based experiment (single-pass case), which uses the same laser for excitation and
spectrometer for measurement. The LCORR demonstrated a signal at the 1360 cm™1
wavenumber of about 250 counts per minute. If we extrapolate the result from the cuvette-
based experiment to this concentration, we could expect a signal of about 15 counts per
minute, which demonstrates and improvement by a factor of over 15 by using the LCORR’s
WGM evanescent field for SERS excitement.

Furthermore, the LCORR exhibits performance advantages compared to other microfluidic-
based SERS platforms. We have achieved a measured detection limit of approximately 400
pM, which is significantly lower than other reported detection limits (10 nM — 1 pM) for
other designs [8-10]. For this detection limit, it is likely that the measured Raman signal is
due to no more than a few hundred target analytes on a low number of silver nanoclusters.

There are a number of opportunities for improvement. Results obtained previously with a
microsphere ring resonator show a higher enhancement than the LCORR when both are
compared to the single-pass case (greater than two orders of magnitude with the
microsphere) because of higher Q-factor and better longitudinal confinement of the WGM
intensity. Improved manufacturing techniques can improve the LCORR’s Q-factor, the fiber
taper loss, and the coupling between the two. Also, working at a lower excitation
wavelength can increase the SERS enhancement due to better matching of the plasmon
resonance, and it would improve the LCORR Q-factor by reducing the optical absorption of
water, which increases significantly beyond 700 nm. Furthermore, the intensity of excitation
light in the resonant modes can be increased by improving the longitudinal confinement of
the modes in the LCORR. This can be accomplished with a bottle geometry, as described in
[21,22]. Improved Q-factor and longitudinal confinement would result in a SERS
performance similar to that achieved with a microsphere, while leveraging the microfluidic
advantages of the LCORR.

Finally, the apparent concentration enhancement due to adsorption of silver nanoclusters to
the LCORR surface hints at using techniques such as de-protonation of the inner capillary
surface to draw positively charged silver to the surface, where the high-Q optical resonance
exists [23]. Additively, these improvements can result in an increased Raman signal by two
orders of magnitude or more. This suggests the possibility of improving the LCORR’s SERS
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detection limit to the order of a few pM, and potentially to the detection of only a few target

an

alyte molecules.
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Fig. 1.
The LCORR uses a glass capillary to move the sample past the optical ring resonator, which
is present in the circumference of the glass capillary wall.
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Fig. 2.
SEM of a large silver cluster within a typically prepared silver colloid solution. The solution
is dried onto a TEM grid in preparation for imaging.
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Fig. 3.
(A) Experimental setup for measuring the Raman scattering signal from the LCORR. (B)
Snapshot showing the LCORR capillary, the fiber taper, and the fiber probe.

Opt Express. Author manuscript; available in PMC 2011 April 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

White et al. Page 12

3600
To spectrometer g 3400 ,TE 'TE
| Eoamp S S %
E 3 o 13}
= 3000F ah e s
Cuvette v [
w 2. 2800} t 2
—  Probe fiber » t
= 2600
SMF-28 ]
fiber /Sample 8 2400 -
» 2200 L 1 n I
7:35““‘ 1100 1200 1300 1400 1500 1600 1700
aser -1
Wavenumber (cm )
A) B)
1200 1000
& 1000} =
Z 9 Z o 80
= £ 800t = £
g~ E 7 o0l
S 600 -
2 5 2 5
2 3 400 Z3 400
5o 200 S < 200}
S~ S —
o o A o 0 . . . . .
5 0 5 10 15 20 25 30 35 0 2 4 6 8 10
R6G concentration (nM) Concentration (mM)
© (D)

Fig. 4.

(A) Experimental setup to characterize the SERS enhancement of the Ag colloid. (B)
Measured Raman spectrum for 33 nM R6G in Ag colloid using the setup in (A). (C) Raman
intensity versus R6G concentration in Ag colloid using the setup in (A). Each data point is
the peak value of the characteristic R6G 1360 cm~1 Raman line for at least two averaged
spectra. (D) Raman intensity versus R6G concentration in water. Again, each point is the
peak value of the 1360 cm™ line.
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Fig. 5.

(A) Measured Raman spectra for 33 nM R6G in the LCORR during different time points
after etching the wall thickness of the LCORR capillary. Curves are vertically shifted for
clarity. (B) Calculated WGM intensity profile at the LCORR inner surface based on the
measured sensitivity at the different etching time points. Calculation parameters: outer
diameter = 125 um; etch 1: wall thickness = 3.3 um, resonant wavelength = 784.55885 nm,
angular momentum term = 698; etch 2: wall thickness = 2.85 um, resonant wavelength =
784.2459 nm, angular momentum term = 698; etch 3: wall thickness = 2.15 um, resonant
wavelength = 783.6377 nm, angular momentum term = 696. (C) Raman intensity versus the
fraction of the mode intensity in the core as calculated in (B). Each data point is the peak
value of the 1360 cm™1 line. (D) The recorded WGM following etches 1 and 2. Etch 1 Q-
factor is 1.6x10%, etch 2 Q-factor is 7.3x10°.
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Fig. 6.

Raman intensity from the LCORR versus optical power passing through the fiber taper for
33 nM R6G in Ag colloid. Each data point is the peak value of the 1360 cm™ line for the
average of at least two measured spectra.
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Fig. 7.

(A) Raman intensity versus concentration with R6G in Ag colloid. Each data point is the
peak value at 1360 cm™1 for at least two averaged spectra. Solid line is an exponential decay
line fit. (B) Raman intensity versus concentration with R6G in water with no Ag
nanoparticles. Again, each data point is the peak value at 1360 cm™.

Opt Express. Author manuscript; available in PMC 2011 April 7.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

White et al.

Page 16

600

i
S
e

N
()
(e}

1360 cm!

Counts per minute
S
(e

\®)
S
e}

1100 1200 1300 1400 1500 1600 1700
1
Wavenumber (cm )

Fig. 8.

Measured Raman spectrum from 410 pM R6G in silver colloid. Trace is the average of six
spectra with two minute integration time for each, and subsequent 5 point FFT smoothing.
Background light at 1500 cm™1 and higher was not completely removed.
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