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Abstract
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Conventionally Surface enhanced Raman spectroscopy (SERS) is realized by adsorbing
analytes onto nano-roughened planar substrate coated with noble metals (silver or gold) or their
colloidal nanoparticles (NPs). Nano scale irregularities in such substrates/NPs could lead to
SERS sensors with poor reproducibility and repeatability. Herein, we demonstrate a suspended
core photonic crystal fiber (PCF) based SERS sensor with extremely high reproducibility and
repeatability in measurement with a relative standard deviation of only 1.5% and 4.6%
respectively, which makes it more reliable than any existing SERS sensor platforms. In
addition, our platform could improve the detection sensitivity owing to the increased interaction
area between the guided light and the analyte, which is incorporated into the holes that runs
along the length of the PCF. Numerical calculation established the significance of the interplay
between light coupling efficiency and evanescent field distribution, which could eventually
determine the sensitivity and reliability of the developed SERS active-PCF sensor. As a proof
of concept, using this sensor, we demonstrated the detection of haptoglobin, a biomarker for
ovarian cancer, contained within the ovarian cyst fluid, which facilitated in differentiating the
stages of the cancer. We envision that with necessary refinements, this platform could
potentially be translated as a next generation highly sensitive SERS-active opto-fluidic biopsy
needle for the detection of biomarkers in body fluids.

Keywords: Surface enhanced Raman scattering, photonic crystal fiber, ovarian cancer, protein
sensing, reproducibility and repeatability in measurement, biopsy needle

1. Introduction
Raman scattering is a weak inelastic scattering of light by molecules and the resulting
‘fingerprint’ spectrum consists of narrow peaks, which uniquely represent a specific set of
atomic groups/species. The inherent sensitivity limitation of Raman spectroscopy (RS) can be
overcome by surface enhanced Raman scattering (SERS) technique, where analyte molecules
are adsorbed onto nano-roughened noble metal surfaces or their colloidal nanoparticles (NPs)
such as silver or gold (Ag or Au)[1–7]. Due to plasmonic effect, this leads to a highly sensitive
and selective detection platform while the narrow spectral band offers multiplex detection [8–
13]. Even single molecule detection was reported using SERS under certain constraints [4,14].
However, planar plasmonic SERS substrates or NPs responsible for the SERS effect offer
interaction between the excitation light and the analyte primarily within the first 10-15 nm near
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the metal surface [15–17]. Moreover, the inherent limitation associated with even the best of
lithographic nano-patterning process will result in nano-scale irregularities and that in turn will
lead to poor reproducibility and repeatability in measurements. Reproducibility refers to the
ability to produce uniform enhanced signal at various spatial locations of the SERS substrate,
while, repeatability implies the minimum variation in signal among different batches of
substrates. Ideally, a substrate should have uniform nano-scale roughness to yield reproducible
signal and possess minimum batch-to-batch variation. Though recent studies demonstrated
SERS platforms with signal variation in the range of 5%-10% are considered satisfactory [18–
21], there is a great demand for improved sensitivity and reliability, especially for the detection
of biomarkers in clinical bio fluids.
Over the past decade, photonic crystal fibers (PCFs) have been used as SERS platform to
improve the excitation area and make sensors more flexible. The well-arranged holes that run
along the entire length of the fiber could serve as gas or liquid-chambers leading to an increased
interaction area between the guided light and immobilized analyte, resulting in a tremendous
enhancement of the Raman signal and thus improved sensitivity [22–28]. Moreover, increasing
the interaction area tends to average the obtained signal and therefore nullify the variation in
reproducibility and repeatability as in conventional substrates due to the inherent nanoscale
irregularities. Among the two classes of PCFs, hollow core PCFs allow direct interaction
between the excitation light and the analyte but they suffer from rather narrow transmission
bandwidth and spectral shift when they are filled with a liquid analyte [29–31]. On the other
hand, solid core PCFs provide fixed and broader transmission bandwidth, even when the fiber
is filled with liquid and resulting in stronger Raman signal enhancement [32–35]. In these
fibers, the light is guided inside the solid core and the interaction between light and analyte
occurs with the evanescent field that overlaps in the cladding.

Haptoglobin (Hp) is a glycoprotein, which is mainly secreted by hepatocytes and usually
present in very small quantity in human serum. However, quantity of Hp can increase after a
trauma or during an infection or an inflammation. Studies have demonstrated that Hp
concentration in patient’s serum and fluid within the ovarian cyst is strongly correlated to
ovarian cancer [36–39]. Usual methods of detection for ovarian cancer biomarker, which
include enzyme-linked immunosorbent assay, electrochemical impedance spectroscopy and
chromogen staining are primarily time consuming and quite tedious to perform [40-42]. Though
the use of intraoperative frozen section could help in preventing the delay in primary surgery
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[43-45], it has several drawbacks such as variation in accuracy as a result of large cyst size,
non-uniformity of the tissue malignancy leading to sampling error and limited availability of
staining methods [45,46]. Hence, there is an unmet need for a sensitive platform that could be
adopted in an intraoperative setting.

To realize a sensitive and reliable SERS biosensor, in this study, for the first time, we
demonstrate the record-breaking reproducibility and repeatability in measurement. We
developed the SERS sensor using a suspended core PCF (SuC-PCF) with a small triangular
silica core surrounded by three large holes. We chose this class of PCF because it enables the
fabrication of fibers with a small core surrounded by larges air channels (i.e. air holes) for
evanescent field sensing and rapid filling with a liquid or a gas. Numerical simulation helped
in identifying the optimal core size for achieving high coupling efficiency and at the same time
retaining sufficient evanescent field power for sensing. Finally, as a proof of concept, we
detected the levels of Hp in clinical ovarian cyst fluid (OCF) and differentiated the stages of
the cancer in several patients. Obtained results correlated well with clinical standards. This
study demonstrates a fast, efficient and reliable sensor that allows clinicians to monitor the
levels of Hp levels in cyst fluid in order to give the right diagnostic tool for ovarian cancer.

To the best of our knowledge, this is the first demonstration of a sensitive SERS-PCF probe
and reliable detection of cancer biomarker in a clinical bio fluid. We envision that such probe
could potentially be translated as a highly sensitive biopsy needle for the detection of
biomarkers in body fluids, which could pave the way for next generation two-in one sensor for
both the sample collection and sensing.

2. Materials and methods
2.1 Fabrication of the SuC-PCF
The SuC-PCFs were fabricated in XLIM research institute, using the stack-and-draw process.
Three capillaries were first assembled in a jacket tube in order to form the design of the SuCPCF. The resulting stack was first drawn to get the fiber preform. After putting the preform in
a new jacket tube, it was drawn a second time to get the final fiber. Several fiber samples were
fabricated with different core diameters (Dcore = 1.4 µm; 3.5 µm; 5 µm) for experimentally
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studying its role on the SERS-sensing performances. We paid special attentions to fabricate the
fibers with large air holes for enabling fast liquid infiltrations inside the fibers.

2.2 Numerical simulation of the coupling efficiency to the SuC-PCF
We used Comsol Multiphysics and finite element method to simulate the electromagnetic field
distribution of the fundamental mode inside a SuC-PCF. The excitation wavelength was set to
633 nm. Refractive indices were 1.457 and 1 for silica and air in the holes respectively. We
then computed the coupling efficiency of the light between the fiber and the Raman
spectrometer by calculating the overlap integral of the electromagnetic field distributions of the
fundamental mode with that of a Gaussian beam as described in [47]. The size of the Gaussian
beam was 1.03 µm when we used the objective lens with 50x magnification from the Raman
spectrometer at our disposal. In order to evaluate the reliability of the coupling efficiency with
an operator, the center of the Gaussian beam was randomly positioned 250 times within an area
defined by a disk of 0.5 µm radius centered on the fiber core.

2.3 Chemicals
(3-Aminopropyl)triethoxysilane (APTES), 4-Aminothiophenol (ATP) and Traut’s reagent were
bought from Sigma-Aldrich. Gold nanoparticles (Au NPs, 60 nm) were purchased from BBI
Solutions (Redding, CA) and EDTA from BIO-RAD. Phosphate buffered saline (PBS) was
obtained from 1st Base and bovine serum albumin (BSA) from PAA Laboratories. Hp
antibodies were acquired from Dako Denmark. N-hydroxysuccinimide (NHS) and 1-éthyl-3(3-diméthylaminopropyl)carbodiimide (EDC) were furnished by Thermo Fisher Scientific.

2.4 Clinical OCF collection
Clinical OCF samples were collected during surgery. Samples were later transported on ice to
the laboratory, centrifuged at 2,000×g for 10 minutes at 4°C and the supernatant were stored at
-80°C until analysis. Samples were collected after obtaining written informed consent from
each subject and used in accordance with the local ethics committee approved protocol number
2000/00856 (National Healthcare Group, Singapore).
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2.5 Immobilization of Au NPs inside SuC-PCF
The following protocol is designed to form a monolayer of anchored NPs inside the fiber holes
to make the fiber SERS-active. Initially, the ends of a 10 cm long SuC-PCF were cleaved and
one end was glued inside a 27G needle and fitted to a syringe pump. The SuC-PCF was then
thoroughly cleaned with acetone and dried by repeatedly pumping air inside the fiber holes. 2%
APTES solution (in acetone) was pumped inside the fiber and left to react for ~ fifteen hours to
functionalize it to anchor the Au NPs. Subsequently, the SuC-PCF was cleaned with acetone to
remove unbound APTES and dried. Later, 60 nm AuNP solution was injected inside the fiber
and left to incubate for 2 hours so that it can bind to previously bound APTES. Finally, the fiber
was rinsed with water and dried.

2.6 Reproducibility and repeatability measurements
Modal Raman reporter molecule, ATP (1 mM solution) was pumped inside the fiber, which
was pre-functionalized with Au NPs, using the syringe pump for 10 min and the excess of the
solution was removed. ATP molecules bound to Au NPs exhibit unique enhanced SERS
spectrum with two intense peaks at 1080 cm-1 and 1590 cm-1 corresponding to stretching modes
νCS, 7a and νCC, 8a, respectively [48-50]. To study the reliability in signal, we monitored the
intensity of the 1080 cm-1 peak from ATP. We placed one fiber sensor in the Raman
spectrometer and acquired 14 measurements while focusing the light on slightly different
locations on the core of the fiber. Though fourteen measurements could not be considered as
statistically significant, we believe that it sufficient to prove that our sensor is reproducible. To
evaluate the repeatability, we measured the SERS signal from six fibers prepared at different
times with the same protocol as in previous case. For each of the six fibers, we took 14
measurements and the intensities presented below are the average of these 14 measurements.
Finally, we also tested the response of our sensors to varying concentrations of ATP i.e. 1 µM,
10 µM, 100 µM and 1mM in order to get a calibration curve. For each concentration of ATP, a
fiber sample was prepared following the mentioned protocol and 14 measurements were
acquired in order to get an average intensity.

2.7 Preparation of protein biomarker and antibody-ATP Raman probe for sensing
Initially, we modified the Hp biomarker in the OCF by adding a sulfhydryl group so that it can
bind to previously anchored Au NPs inside the fiber [51–54]. To realize this, the clinical sample
6

were incubated with EDTA and Traut’s reagent for 30 minutes. Then, the mixture was
centrifuged and re-suspended in PBS to remove the excess of reagents.

Next, the SERS readout probe was constructed by attaching ATP Raman reporter molecule to
Hp antibody (Hp-AB). First, we mixed equal volumes of EDC and NHS with 100 µl of Hp-AB
stock solution and left to react for five minutes to activate the carboxylic group in the antibody.
Subsequently, we added 10 mM ATP solution and incubated for two hours. This resultant
mixture was then centrifuged with a membrane filter to remove the excess of unreacted antibody
and ATP.

2.8 Detection of Hp in OCF
Sulfhydryl group modified clinical sample solution (from 2.7) was injected into the fiber and
incubated for 30 minutes to allow the thiol-modified Hp to bind to the already anchored Au
NPs. Subsequently, the fibers were washed with PBS and BSA and then dried. Finally, the
solution of AB-ATP probe was incubated for 30 minutes inside the SuC-PCF. The Hp-AB ATP
reporter complex will then bind to the immobilized Hp molecules inside the fibers. The fibers
were then washed with PBS and water successively and finally dried. After cleaving the free
end of fiber, SERS measurements were carried out. Schematic of the protocol is shown in figure
1 (a). The left hand side of schematic represents the syringe pump on which the needles with
the glued fibers were attached so that liquids can be pumped inside. The right hand side
summarizes the different steps needed to functionalize the SuC-PCF.

2.9 SERS set up
The Raman spectra were acquired using Raman spectrometer (Renishaw InVia) operating at
785 nm laser excitation with a 1200 l/mm grating. The system was connected to the microscope
(Leica) and a CCD detector cooled at –70 °C for signal readout. 50x objective lens (NA = 0.75,
Leica) coupled the light into the fiber core and collected the emitted Raman signal in
backscattering configuration. Figure 1 (b) represents a simplified schematic of this
configuration and several views on the functionalized SuC-PCF. The Raman spectrometer was
calibrated with the Raman intensity of a silicon standard at 520 cm-1. Baseline correction
allowed suppression of the background and the fluorescence band. The integration time was
7

10 s and no averaging of the signal was done. For the study of reliability, the laser power was
130 µW while for the sensor calibration we used 500 µW. For the sensing of Hp in OCF, we
used 2 mW laser power.

2.10

SEM

The SEM pictures were taken with a field emission scanning electron microscope (FE-SEM)
from JEOL.

3 Results and discussion
3.1 Fiber simulation and characterization
The simulated designs of the SuC-PCFs with a core diameter of 1.4 µm, 3.5 µm and 5 µm are
shown in figure 2 (a), with the 2-dimensional distribution of the fundamental mode intensity
inside a core diameter of 3.5 µm. In SuC-PCF, the interaction between the excitation laser and
the analyte occurs when the evanescent field overlaps in the cladding holes. The fraction of the
power inside the hole within 100 nm from the core surface is more than 1%, allowing strong
interactions with the analyte along the fiber length (figure S1, in supporting information, SI).
As shown in figure 2 (b-d), it appears that the best coupling efficiency is obtained for a SuCPCF with a 1.4 µm core when the light is launched perfectly in the center of the core. In addition,
the portion of evanescent field being higher with smaller cores, this fiber or smaller core fibers,
could be considered as the best option for SERS sensing, as shown by Oo et al [55]. Practically,
however, even by being extremely careful, small misalignments can occur during
measurements. In order to increase the reproducibility and repeatability of our sensor, we
decided to select a SuC-PCF with a 3.5 µm core. Indeed, as shown in figure 2 (b-d), when
launching the light with a small offset (i.e. < ± 0.5 µm), the fiber with a 3.5 µm core becomes
the best option available. The average coupling efficiency is higher than the ones of 1.4 µm and
5 µm core fibers. Numerical simulation helped in analyzing the interplay between the light
coupling efficiency (between the fiber core and the objective lens of the Raman spectrometer)
and evanescent field distribution in the holes of the PCF. In contrast with previously reported
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works on PCF based SERS sensing [55], this study demonstrates that the optimum fiber core
size is not the smallest one, when we consider the measurement reliability criteria.

SEM picture of the cross-section of the fabricated SuC-PCF is available in figure 3 (a). The
SuC-PCF exhibits a 3.5 µm core diameter and three ~80 µm large holes compatible with fast
liquid infiltration requirements. The total outer diameter of the fiber is ~200 µm. Figure 3 (b)
shows the anchoring of Au NPs inside the fiber. Unlike SERS substrates, Au NPs need not to
be closely and orderly arranged to result in a well reproducible measurement because of the
increased interaction surface and resultant averaging effect inside the fiber. Indeed, SuC-PCFs
increases the surface area of interaction between excitation light and analyte by few orders of
magnitude. This leads to an averaging effect, which in turn corresponds to improved
reproducibility. In PCF, the light can interact with much more Au NPs than that in a planar
substrate, where the interaction is limited by the laser spot.
3.2 Evaluation of reproducibility and repeatability
As shown in figure 4 (a), the fourteen spectra acquired from SuC-PCF (3.5 µm core) were quite
similar exhibiting great reproducibility. All measured spectra were repeatable with minimum
variation in intensity and relative standard deviation (RSD) was found to be ~1.5%. To the best
of our knowledge, this is the highest reproducibility in SERS sensing, where signal variations
between 5%-10% are common among best ever conventional substrates [18–21]. Detection of
biochemicals in the form of liquid and gas (specifically volatile organic compounds) has great
relevance in biomedical, chemical, homeland security and environmental monitoring
applications and demands very high sensitivity to meet the practically relevant end use
applications. Conventional method for these sensing has its own limitations and do not provide
the sensitivity in detection for the trace amount of the analyte, especially in an extremely low
sample volume. Moreover, early diagnosis of the disease is only possible if the detection of
biomarkers is carried out at a very low concentration and often in low sample volume. More
often, simultaneous detection of such multiple biomarkers at very low concentration in body
fluids is an added challenge even to the commonly used fluorescence based optical modalities.
In this context, the reproducibility achieved using our SERS-PCF probe is vital in developing
a sensitive biosensor.
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With regards to the repeatability, spectra obtained from six different SuC-PCFs samples are
shown in figure 4 (b). All the prominent peaks of ATP are clearly visible with minimal
variation. The calculated RSD was found to be 4.6%, which is extremely low in comparison to
standard planar substrates/NPs [56]. Our study also revealed that reproducibility and
repeatability of SuC-PCF with 1.4 µm core is ~5% and >15% respectively, which is in good
agreement with our simulation study. In conclusion, the calculated RSDs for reproducibility
and repeatability for SuC-PCF sensor with 3.5 µm core diameter deeply improves the reliability
of SERS-based sensors compared to planar substrates and smaller core SuC-PCF.

High reproducibility and repeatability are critical as most of the SERS sensors are relying on
monitoring the intensity of particular spectral peak from an analyte. We also established a
calibration curve showing the variations in Raman intensity for different concentrations of ATP.
As shown in Figure 4 (c), our sensor exhibits an excellent linearity (R2 = 0.97779), which is
highly critical while studying the concentration of unknown samples.
3.3 Detection of Hp in OCF
As a proof of concept, we detected Hp in OCF and its concentration is linked to the different
stage of ovarian cancer. As shown in figure 5 (a), the spectrum obtained after incorporating the
AB-ATP probe inside the fiber, which is bound to the Hp biomarker, exhibited two
characteristic peaks of ATP at 1080 cm-1 and 1590 cm-1, while other reference spectra from
bare fiber and after APTES immobilization have no characteristic Raman peaks.

We tested three sets of clinical OCF samples and in first set it is marked as A (benign), B (early
cancer) and C (advanced cancer). Figure 5 (b) shows the normalized average Raman intensity
obtained from 3 separate SuC-PCFs filled with these three samples. It can be noted that benign
OCF exhibited the lowest SERS intensity (~0.2) while OCF ‘C’ displayed the highest (~1)
whereas ‘B’ with the intermediate value (0.55). T tests performed between these sets of samples
showed that intensities were significantly different (P < 0.0001 compared to patient A). To
support our results, the concentration of cancer antigen (CA125) in the patients’ serum was
monitored (Table 1). Concentration of CA125 is generally monitored to determine the
malignancy of ovarian cyst and it is considered benign if its value is less than 35 U/mL [57,58].
We could also achieve a similar result from two other sets of OCF samples as shown in figure
5 (c), table 2 and in figure S2, table S1 in SI. Though the exact correlation between these two
10

methods need to be further established through clinical study with large set of samples, our
initial study showed that SERS active PCF probe could be used for differentiating the stages of
ovarian cancer very accurately.

To the best of our knowledge, this is the first demonstration of detection of a cancer biomarker
in clinical bio fluid using a sensitive SERS-active PCF probe. The improved reliability
(reproducibility and repeatability) of our probe helped in differentiating OCFs accurately. This
sensitive platform could be adopted in an intraoperative setting to assess the stage of an ovarian
cyst, which will eventually reduce the cost and time involved in current assessment of the
disease severity. This will facilitate an appropriate treatment and surgical intervention at very
early stage to minimize the risk. We envision that the developed sensor could potentially be
translated as a highly sensitive next generation opto-fluidic biopsy needle for the detection of
biomarkers in body fluids. Such fiber probes could replace the existing biopsy needle, where
biomarker sensing is achieved in a two-step process (sample collection and then detection),
while SERS-active PCF probe could serve as two-in one sensor for both the sample collection
and sensing. In addition, we envision that such sensor platform could also be used to
continuously monitor the concentration of desired biomarkers in critical care units or operating
theatres.

4 Conclusion
We designed and fabricated a highly reproducible and repeatable SERS-active SuC-PCF probe.
Our sensor exhibited record reproducibility and repeatability of 1.5% and 4.6% respectively.
Numerical study allowed us to select the best core size in regard to the spectrometer at our
disposal in order to maximize the coupling efficiency of the light inside the fiber and the
evanescent field. As a proof of concept, the detection of Hp in OCF was successfully carried
out using this highly reliable SERS active SuC-PCF probe. Moreover, we were able to
differentiate the stages of ovarian cancer by correlating it to the concentration of Hp in OCF
and our SERS results showed excellent correlation with standard clinical method for the
detection of ovarian cancer. A large-scale statistically significant clinical study is in progress
and that would allow us in establishing the normalized cut-off SERS intensity to differentiate
benign and early cancer. We are currently investigating on effective ways to attach the antibody
inside the fiber prior to the incorporation of the clinical fluid, which will improve the practical
11

usability of the sensor. We envision that this will pave the way for a new generation of SERSactive PCF probe with ultra-high sensitivity that would allow reliable detections of infinitesimal
amount of biomarkers to facilitate early disease diagnosis.
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Table

Patient

Tumor condition

CA125 (U/mL)

Histology

A

Benign

11

Mucinous
cystadenoma

B

Malignant (Early)

45.9

Serous
adenocarcinoma

C

Malignant (Advanced)

133.3

Clear cell carcinoma

Table 1: Histology and CA 125 results from set 1 of OCF samples

Patient

Tumor condition

CA125 (U/mL)

Histology

D

Benign

9.1

Serous cystadenoma

E

Malignant (Advanced)

3283

Serous carcinoma

Table 2: Histology and CA 125 results from set 2 of OCF samples
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Figures

Figure 1 (a) Schematic of the functionalization process inside the holes of the PCF for
biomarker sensing. Fiber is connected to a syringe needle. (b) Coupling of PCF to objective
lens of Raman spectrometer and backscattering configuration of the fiber for signal collection.
Zoom in on the fiber end face and holes with the attached protein and read out Raman tag.
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Figure 2 (a) Design of the simulated SuC-PCFs with different core sizes, and zoom-in on the
2D distribution of thePoynting vector of the fundamental mode propagated in a core diameter
of 3.5 µm (superimposed in light grey). (b) Distribution of the center of a Gaussian beam
(corresponding to the laser beam from the Raman spectrometer) randomly positioned (250
times) within an area limited by a circle of 0.5 µm radius around the center of the fiber. (c)
Normalized coupling coefficients between the Gaussian beam (following the positions in (b))
and the fundamental mode of SuC-PCFs with different core sizes. (d) Calculated maximum, and
average coupling coefficient values from the values plotted in (c). Standard deviation in
average coupling coefficient is denoted with red lines.
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Figure 3 (a) SEM picture of the end face of SuC-PCF. (b) SEM pictures of the anchored Au
NPs inside the fiber.
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Figure 4 (a) Variations in the Raman intensity of 1080 cm-1 peak (14 measurements) from the
SuC-PCF showing the excellent reproducibility of the sensor, error bars represent the standard
deviation of the 14 measurements. Acquired 14 spectra from one of the representative fiber are
shown. (b) Variations in the Raman intensity of the 1080 cm-1 peak from 6 different fibers
showing the good repeatability, error bars represent the standard deviations of 14
measurements acquired for each fiber; Individual spectrum from 6 different fibers are shown.
(c) Calibration curve of Raman intensity with ATP concentration showing the good linearity of
the sensor, error bars represent the standard deviation obtained from 14 measurements.
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Figure 5 (a) SERS spectra of the bare fiber, the fiber after anchoring with APTES and after
adding AB-ATP that binds to Hp biomarker demonstrating the specificity. All prominent peaks
of ATP are observed. (b) Normalized Raman intensity of the 1080 cm-1 peak from clinical OCF
having different stages of cancer. ****P < 0.0001 denotes significance when compared to
Patient A. (c) Normalized Raman intensity of the 1080 cm-1 peak from the second set of clinical
OCF depicting different stages of cancer. ****P < 0.0001 denotes significance when compared
to Patient D.
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