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Surface Enhanced Raman Scattering (SERS) 

spectroscopy possesses the most promising advantage of 
multiplex detection for biosensing applications, which is 

achieved due to the narrow ‘fingerprint’ Raman spectra 

from the analyte molecules. We developed an 
ultrasensitive platform for the multiplex detection of 

cancer biomarkers by combining SERS technique with 

hollow core photonic crystal fiber (HCPCF). Axially 

aligned air channels inside the HCPCF provide an 

excellent platform for optical sensing using SERS. In 
addition to the flexibility of optical fibers, HCPCF 

provides better light confinement and a larger 

interaction length for the guided light and the analyte, 

resulting in an improvement in sensitivity to detect low 
concentration of bio-analytes at extremely low sample 

volume. Herein, for the first time, we demonstrate the 

sensitive multiplex detection of biomarkers immobilized 
inside the HCPCF using antibody conjugated SERS-

active nanoparticles (SERS nanotags). As a proof-of-
concept for targeted multiplex detection, initially we 

carried out the sensing of epidermal growth factor 

receptor (EGFR) biomarker in oral squamous carcinoma 

cell lysate using three different SERS nanotags. 

Subsequently, we also achieved simultaneous detection 
of hepatocellular carcinoma (HCC) biomarkers-alpha 

fetoprotein (AFP) and alpha-1- antitrypsin (A1AT)  

 

secreted in the supernatant from Hep3b cancer cell line. 

Using SERS-HCPCF sensing platform, we could 

successfully demonstrate the multiplex detection in an 
extremely low sample volume of ~20nL. In future, this 

study may lead to sensitive biosensing platform for the 

low concentration detection of biomarkers in an 

extremely low sample volume of body fluids to achieve 

early diagnosis of multiple diseases. 

Schematic of the multiplex detection of cancer biomarkers   

using SERS active photonic crystal fiber probe 
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1.  Introduction 

Surface-enhanced Raman scattering (SERS) has 

emerged as a powerful tool for the analysis of molecular 

information through sharp Raman ‘fingerprint’ spectra in 

bio-analyte detection [1-7]. SERS enhances the intensity 

of the Raman spectra of a molecule by about 10
8
-10

14
 

folds of magnitude when it is adsorbed onto nano-

roughened metallic surfaces or nanoparticles (NPs), 

especially made of silver or gold [8-12]. Recently, SERS 

is widely being used for various applications that include 

sensing, diagnosis and in vivo imaging. SERS offers 

great sensitivity for the detection and characterization of 

various biomolecules such as peptides [13-14], proteins 

[15-17], DNA and RNA [18-19] and bacteria [20-21]. 

SERS technique has evolved as one of the most suitable 

candidates for the multiplex detection in biology [22-24] 

due to its very sharp and narrower (~ 10-100 times) 

spectra when compared to fluorescence bands. The 

characteristic Raman spectra from a particular molecular 
species can be clearly used to identify and also to 

quantify different targets in a mixture. This allows 
detection of multiple analytes through a single SERS 

measurement with low sample consumption and highly 

improved assay efficiency. 

Recently, optical fibers  is being used as SERS 

probes [25-28], because this unique combination offers 
the advantages of molecular fingerprinting and enormous 

enhancement of SERS and the flexibility of optical fibers, 

which can potentially be translated to in vivo/minimally 
invasive sensing and imaging applications. Conventional 

optical fiber-SERS platform lacks the sensitivity needed 
for most of the biosensing applications because of the 

smaller active area at the distal end of fibres, which 
minimizes the interaction length between the analyte and 

the guided laser. In this context, SERS-active photonic 

crysal fiber (PCF) probe is being developed and it offers 

the flexibility of easy system integration for many in situ 

flow-through detection. Moreover, it provides longer 
laser light-analyte interaction length, thus leading to a 

highly sensitive new regime in bio-chemical sensing and 

medical diagnosis applications, especially for 
geometrically confined or systems limited by minimal 

sampling volume [29-34]. 

The growing demand for reliable and robust 

methodology in medical diagnostics calls for continuous 
development and advancement of biosensor technologies. 

Several immuno-fluorescence methods have been 

developed and are extensively used to detect and 
understand the localized distribution of markers in 

biological samples [35-37]. However, they are not highly 

sensitive enough to detect pathogens/biomarkers at very 

low concentration and especially at low sample volumes. 

Early diagnosis of a disease is only possible if the 
detection of pathogens and biomarkers is carried at low 

concentration. Further, it poses challenges when working 

with extremely low sample volume. More often, 

simultaneous detection of multiple biomarkers in body 

fluids is an added challenge even to the most commonly 

used fluorescence based optical modalities. Variety of 

fluorescent dyes can be used for multiplex detection in 

cells and tissues. However, limited numbers of available 
fluorophores and their broad emission spectrum leading 

to spectral overlapping limits the multiplex detection 

[38-39]. Moreover, fluorescence based sensing is often 

limited by the strong background auto-fluorescence and 

rapid photo-bleaching associated with fluorophores. 

In this context, we developed a highly sensitive 

SERS multiplex detection platform using HCPCF for the 

sensing of cancer biomarkers. Immobilized biomarkers 

inside the core of the HCPCF are probed using antibody 

conjugated SERS active NPs (SERS nanotag). Generally, 

SERS nanotags are produced by attaching organic 

molecules with a strong and unique Raman spectrum 

(known as Raman reporters) onto gold or silver NPs and 

encapsulating them in polyethylene 
glycol(PEG)/Silica/bovine serum albumin (BSA) shell 

[38, 40-42]. Such a mono-disperse individual NPs 

produce strong and unique SERS signal to be detected in 
a multiplex sensing mode. SERS nanotag possesses 

significant advantages over fluorescence based NPS like 
quantum dots in many ways such as (i) not susceptible to 

photo-bleaching, (ii) multiplex detection capability due 
to spectral fingerprinting and (iii) low cyto-toxicity when 

gold (Au) NPs are used [23, 24, 40]. In this work, 

initially as a proof-of-concept, epidermal growth factor 
receptors (EGFRs), one of the most common cancer 

biomarkers extracted from oral squamous carcinoma 
(OSCC) cells, were immobilized into the   hollow core of 

the PCF and multiplex sensing was demonstrated using 

antibody conjugated SERS nanotags constructed with 
three Raman reporters-Cyanine 5 (Cy5), malachite green 

isothiocyanate (MGITC) and naphthalenethiol (NT). 
These SERS nanotags possess at least two distinct 

spectral peaks each, which allows for multiplex detection.  

Subsequently, to establish the concept of 

multiplex detection in HCPCF platform, we 

demonstrated the simultaneous detection of two hepato 

cellular carcinoma (HCC) biomarkers-alpha fetoprotein 

(AFP) and alpha-1-antitrypsin (A1AT) from the 
supernatant of Hep 3b cancer cell line using SERS 

nanotags. Both AFP and A1AT are liver-derived serum 

glycoproteins. AFP was first described as a marker for 

HCC half a century ago and till now it is one of the most 

widely tested biomarkers [43]. A1AT has been used as 

marker in discriminating liver cancer from chronic 

benign diseases, and clinical remission from relapse [44]. 
We used bioconjugated Cy5 SERS nanotag to detect 

AFP while A1AT was detected using MGITC nanotag. 

As simultaneous analysis of more than one biomarker is 
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highly beneficial in increasing the sensitivity and 

diagnostic accuracy of cancers, this demonstration of 

sensitive detection using SERS-HCPCF is promising. To 

the best of our knowledge, our work is the first 

demonstration of the multiplex targeted detection of 

cancer biomarkers at extremely low sample volume by 

combining HCPCF and SERS.  

2.  Materials and Methods 

2.1 Preparation of Bioconjuagted SERS Nano-

tags 

Three SERS nanotags were prepared from 

Raman reporter molecules-MGITC, NT and Cy5. 

MGITC (10µM, dissolved in water) and Cy5 solution 

(initially dissolved in DMSO and diluted in water, 

10µM) were mixed with 60 nm AuNPs (BBInternational, 

2.6 × 10
10

 particles/mL) separately in 1:9 v/v ratio for 15 

minutes. We modified the Cy5 reporter molecule by 
attaching lipoic acid (LA) so that the resultant molecule 

can chemisorb on to AuNPs by thiol chemistry to result 
in better stability and SERS sensitivity [45]. NT solution 

(dissolved in ethanol and diluted in water, 100µM) 

mixed with AuNPs in same ratio and incubated for 1 
hour. Thiolated-carboxylated PEG (HS-PEG-CO2H, 

10uM, RAPP Polymere GmbH) was then slowly added 
to the AuNP-Raman reporter conjugate and mixed for 20 

minutes. Subsequently, thiolated PEG (PEG-SH, 10uM, 

RAPP Polymere GmbH) was added and incubated for 3 
hours. Later, these solutions are centrifuged and re-

suspended in PBS to remove the excess PEG. 
Encapsulating NPs with PEG helps in protecting the 

reporter molecules and at the same time open up a 
channel for antibody conjugation. To achieve an 

effective bioconjugation, carboxylic acid functional 

groups on the surface of these PEG encapsulated NPs 

were activated with ethyl dimethylaminopropyl 

carbodiimide (EDC) and sulfo-N-hydroxysuccinimide 
(NHS). To realize this, EDC (25 mM in water) and sulfo-

N-hydroxysuccinimide (NHS, 25 mM in water) were 

added to the PEG encapsulated nanotag. After mixing for 
20 minutes, excess of EDC and NHS was removed by 

centrifugation and re-suspended in PBS. Finally, 100 µL 
of EGFR antibody (200 µg/mL, Santa Cruz, sc-120) was 

reacted with activated nanotag at 25
°
°C for 2 hours and 

then kept for overnight incubation at 4 °C. For multiplex 

detection in liver cancer cell line, AFP antibody (100µL, 

200 µg/mL, ab3980, Abcam) is added to the activated 
Cy5 nanotag and AIAT antibody (100µL, 200 µg/mL, 

ab9399, Abcam) to MGITC nanotag. Finally, non-
specifically bound antibodies were removed by centrifu-

gation and the final bioconjugated nanotags were re-

suspended in PBS and stored at 4 °C.  

 

2.2 Cell Culture 

EGFR positive human OSCC cell line and 

plasma protein secreting human HCC cell line, Hep3b 

were maintained in DMEM supplemented with 10% fetal 

bovine serum (FBS) and 1% antibiotic - antimycotic 

solution. EGFR negative suspension cell line Jurkat 

(clone E6-1) were maintained in RPMI medium 

supplemented with 10% FBS and 1% antibiotic and 

antimycotic solution.  

2.3 Preparation of Cell Lysate and Western 

blot 

At 80% confluency, OSCC cells were lysed 

using appropriate volumes of M-PER (Thermo scientific, 

Rockford, IL), the mammalian protein extraction reagent 

and supernatant from Hep3b cells was collected. Cell 

lysates and supernatant were clarified by centrifugation 

at 10,000 rpm for 10 mins and used for western blot or 
analyte detection by SERS. Western Blotting was 

performed with SDS-PAGE Gel electrophoresis system. 
Briefly, 10 µg of the protein samples were boiled with 

reducing sample buffer and electrophoresed on a 10% 

Tris gel with Tris running buffer; blotted on to PVDF 
membrane and subsequently probed with primary 

antibodies against AFP (ab3980, Abcam) and A1AT 
(ab9399, Abcam).  A horseradish peroxidase-conjugated 

anti-mouse whole IgG antibody (NA931-1ML, GE 

Healthcare, Milwaukee, WI) was then added, and 
secondary antibodies were detected through 

autoradiography using enhanced chemiluminescence 
(ECL Plus, GE Healthcare).  

2.4 Dark Field Imaging 

2x10
4
 OSCC cells/well were seeded in a 8 well 

chamber slide (Lab-Tek II, Nunc, USA) and incubated 

overnight at 37°C, 5% CO2.  100µL of 1 OD nanotag 

solution in 500µL of medium was added to each well and 

incubated for 3 hours at 37°C. Cells were washed with 
PBS to remove the tags and fixed with 4% 

paraformaldehyde (PFA) for 15 min. After rinsing with 

PBS to remove the PFA, the slide was mounted on clear 
mount with Tris Buffer mounting medium (Electron 

Microscopy Sciences, Hatfield, PA). Nanotags were 

visualized via their resonant light scattering using an 

enhanced dark field (EDF) illumination system 

(CytoViva, Auburn, AL) attached to a Nikon LV100 

microscope. The system consists of a dark field 

condenser (CytoViva) in place of the microscope’s 
original condenser, attached via a fiber optic light guide 

to a 24W metal halide light source (Solarc Lighting 
Technology). Images were acquired at 300 ms exposure 

time using Nikon objective lens (100X, NA 1.25 and 

WD 0.23, oil lens) and Nikon DS-Fi1 camera with 
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associated software (NIS-elements D).

procedure was repeated for Jurkat suspens

2.5 Immobilization of Proteins inside PCF and 

Sensing with SERS Nanotags 

HC19-1550 PCF (NKT Photonics) with core 
diameter of 20±2 µm and cladding diameter of 115 

was used to develop the sensor. These fibers were cut 
into 7 cm in length and both ends were cleaved.  

Scanning electron microscopy (SEM) image of the 

cleaved end of the fiber is given in Fig.1(A). In order to 
immobilize the proteins inside the HCPCF and to 

achieve maximum binding, inner walls of the fiber was 
pre-coated with poly-L-lysine (PLL, Sigma Aldrich) to 

form active sites that can bind to the targeted biomarker 
[46-48]. Cleaved end of the fiber was dipped in 0.01% 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.6 SERS Measurement  

SERS spectra were recorded using Raman 

microscope (Renishaw InVia) with 785 nm excitation l
ser and equipped with a grating (1200 lines/mm, spectral 

resolution of ~1.2 cm
-1

). System was connected to the 

microscope (Leica) and a CCD detector cooled at 

Laser was coupled through 20X objective lens (NA 0.40), 
which was also used to collect stokes shifted 

signal. Rayleigh scattering was blocked with a notch

filter. The instrument was calibrated with Raman signal 

from a silicon standard at 520 cm
−1

. Baseline correction 

of the spectra was performed to remov
and fluorescence band. Fiber was mounted on the micr

Figure 1 (A) SEM of the cross section of HCPCF

inside the core of HCPCF for multiplex detection
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D). Similar imaging 

suspension cell line.  

2.5 Immobilization of Proteins inside PCF and 

1550 PCF (NKT Photonics) with core 
m and cladding diameter of 115 µm 

was used to develop the sensor. These fibers were cut 
nd both ends were cleaved.  

Scanning electron microscopy (SEM) image of the 

cleaved end of the fiber is given in Fig.1(A). In order to 
immobilize the proteins inside the HCPCF and to 

achieve maximum binding, inner walls of the fiber was 
lysine (PLL, Sigma Aldrich) to 

form active sites that can bind to the targeted biomarker 
Cleaved end of the fiber was dipped in 0.01% 

PLL solution for 10 minutes to fill the core by capillary 

action. Later, these fibers were dried at room temp

for 3 hours. Subsequently, fibers were washed 3 times 

with PBS and dried. Such activated fibers were then 

dipped in cell lysate from OSCC (EGFR

supernatant from Hep 3b for 3 minutes for protein 

binding and then kept at 4°C for 2 hours
later washed with TBST buffer. After sufficient drying, 

mixture of antibody conjugated SERS nanotags 

(prepared by mixing different volume of each nanotag to 

normalize the SERS intensity) were incorporated to the 

HCPCF by capillary action

Bioconjugated SERS nanotags will bind to the 

immobilized biomarkers as shown in the schematic, Fig. 

1(B). All the unbound SERS nanotags were removed by 

thorough washing with TBST buffer and then the fiber is 

ready for SERS measurements.

SERS spectra were recorded using Raman     

InVia) with 785 nm excitation la-
ser and equipped with a grating (1200 lines/mm, spectral 

). System was connected to the 

microscope (Leica) and a CCD detector cooled at -70°C. 

Laser was coupled through 20X objective lens (NA 0.40), 
stokes shifted Raman  

. Rayleigh scattering was blocked with a notch   

ter. The instrument was calibrated with Raman signal 

. Baseline correction 

of the spectra was performed to remove the background 
and fluorescence band. Fiber was mounted on the micro-

scope stage using a SMA connector and light was 
coupled into the measuring end through the objective 

lens. SERS signal from the entire length of the fiber was 

collected in a backscattering geometry. The laser power 

at the measuring end of the fiber was about 1.2 mW.

3.  Results and discussion

3.1 SERS and Morphological Characterization 

of Nanotags 

TEM images of Cy5, MGITC and NT SERS 
nanotags are shown in Fig. 2(A

the nanotags are predominantly mono
minimal aggregation. It was also confirmed that after 

PEG encapsulation and bioconjugation, the morphology 

A) SEM of the cross section of HCPCF and (B) schematic of the binding of SERS nanotags to immobilized biomarkers 

inside the core of HCPCF for multiplex detection. 

Author, Author, and Author: Short title 

PLL solution for 10 minutes to fill the core by capillary 

action. Later, these fibers were dried at room temperature 

for 3 hours. Subsequently, fibers were washed 3 times 

with PBS and dried. Such activated fibers were then 

dipped in cell lysate from OSCC (EGFR-positive) and 

supernatant from Hep 3b for 3 minutes for protein 

binding and then kept at 4°C for 2 hours for drying and 
later washed with TBST buffer. After sufficient drying, 

mixture of antibody conjugated SERS nanotags 

(prepared by mixing different volume of each nanotag to 

normalize the SERS intensity) were incorporated to the 

HCPCF by capillary action and then dried. 

Bioconjugated SERS nanotags will bind to the 

immobilized biomarkers as shown in the schematic, Fig. 

1(B). All the unbound SERS nanotags were removed by 

thorough washing with TBST buffer and then the fiber is 

ready for SERS measurements.  

scope stage using a SMA connector and light was 
coupled into the measuring end through the objective 

lens. SERS signal from the entire length of the fiber was 

ng geometry. The laser power 

at the measuring end of the fiber was about 1.2 mW. 

discussion 

3.1 SERS and Morphological Characterization 

TEM images of Cy5, MGITC and NT SERS 
nanotags are shown in Fig. 2(A-C). It is evident that all 

the nanotags are predominantly mono-disperse with   
minimal aggregation. It was also confirmed that after 

PEG encapsulation and bioconjugation, the morphology 

and (B) schematic of the binding of SERS nanotags to immobilized biomarkers 
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of the particles remains intact with average diameter of 

60nm. SERS properties of these nanota

785 nm laser excitation. At same experimental 

conditions, Cy5 and MGITC nantotags posses more or 

less similar SERS intensity while NT nanotag have about 

only half the intensity for its characteristic peaks. As 

shown in Fig. 2(D), it is clear that these three nanotags 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.2 Dark Field Imaging with SERS Nanotags

To establish the specificity of bioconjugated 

SERS nanotags before using it for the biomarker 

detection inside HCPCF, in vitro reflective dark field 

imaging of OSCC (EGFR-positive) and Jurkat cells 

(EGFR-negative) treated with EGFR antibody 

Figure 2 (A-C) TEM image of the SERS nanotags with Cy5, MGITC and NT reporter molecules respectively and (D) 

spectra of individual SERS nanotags and mixture depicting the multiplexing peaks.  The most distinctive multiplex peaks from 

each reporter are marked. 
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only half the intensity for its characteristic peaks. As 
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are ideal candidates for multiplex d
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SERS nanotags before using it for the biomarker 
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positive) and Jurkat cells 

negative) treated with EGFR antibody 

conjugated SERS nanotags were carried out. To achieve 

a stable antibody conjugation to PEG encapsulated 

nanoparticles, initially, the carboxylic acid functional 

groups on the surface of the particles were activated with 

EDC and NHS. Subsequently, anti

attached to these functionalized terminal groups. These 

bioconjugated SERS nanotags were then incubated with 
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didates for multiplex detection as they have 

at least two prominent multiplexing peaks (in 1000-

spectral range). The characteristics peaks for 

and 1378cm
-1

, MGITC are 

and Cy5 are 1120 cm
-1 

and 

were carried out. To achieve 

stable antibody conjugation to PEG encapsulated 

nanoparticles, initially, the carboxylic acid functional 

groups on the surface of the particles were activated with 

EDC and NHS. Subsequently, anti-EGFR antibody is 

tached to these functionalized terminal groups. These 

bioconjugated SERS nanotags were then incubated with 

C) TEM image of the SERS nanotags with Cy5, MGITC and NT reporter molecules respectively and (D) SERS 

spectra of individual SERS nanotags and mixture depicting the multiplexing peaks.  The most distinctive multiplex peaks from 
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OSCC and Jurkat cells for three hours and then 

thoroughly washed and fixed for dark

imaging. This will allow us to identify the cell

with bioconjugated SERS nanotags and their relative 

distribution on the cell surface.  

The dark-field images of these cells are shown 

in Fig. 3 (A-D). Active binding of Cy5 nanotags on
cell is clearly evident from the presence of scattering 

spots on the cell surface as given in 

strong bright spots are contributed by the light scattering 

by nanotags, which are bound to the cell

over expresses EGFR receptor. Similarly, strong bright 

spots are clearly visible on the OSCC cell surface treated 

with MGITC (Fig. 3(B)) and NT (Fig. 3(C)) nanotags 

due to the recognition of EGFR. This study clearly 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3 Multiplex Detection of EGFR Biomarker

In this proof-of-concept study, to demonstrate 

the feasibility of multiplex detection, we carried out the 
sensing of EGFR biomarker immobilized inside the 

HCPCF using three anti-EGFR antibody conjugated 
SERS nanotags. Up-regulation of EGFR is found in 

many cancers and hence it is commonly used as a 

clinically significant biomarker for a variety of cancers 

such as oral, head and neck, epithelial cancer etc [49, 50]. 

As shown in Fig. 1(b), up on introduction of the fiber 

probe into the SERS nanotags formulation, all three tags 

enter the holes of the fiber via capillary action and the 

antibodies on them bind to the immobilized biomarker. 
SERS intensity from NT nanotag is weaker com

other two and hence volume of each nanotag in the 

Figure 3 Dark field reflective microscopy images of anti

and Jurkat cells (negative control): (A): Cy5 in OSCC, (B) MGITC in OSCC, (C) NT in OSCC and (D) Cy5 

Author, Author, and Author: Short title
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OSCC and Jurkat cells for three hours and then 

thoroughly washed and fixed for dark-field microscopy 

imaging. This will allow us to identify the cells labelled 

with bioconjugated SERS nanotags and their relative 

field images of these cells are shown 

Cy5 nanotags onto the 
cell is clearly evident from the presence of scattering 

spots on the cell surface as given in Fig. 3(A). These 

strong bright spots are contributed by the light scattering 

cell membrane that 

tor. Similarly, strong bright 

spots are clearly visible on the OSCC cell surface treated 

with MGITC (Fig. 3(B)) and NT (Fig. 3(C)) nanotags 

due to the recognition of EGFR. This study clearly 

shows the robust receptor-mediated 

bioconjugated SERS nanotags

However, at the same experimental conditions, Jurkat 

cells that do not express EGFR

anti EGFR antibody conjugated Cy5 nanotags

negligible scattering spots from the cell surface (Fig. 3 

(D). More dark filed images of the cells are given in 
supplementary materials, Fig. S1.

the cells are shown in Fig. S2. 

the interaction of the OSCC cells 

nanotags (antibody free) is given

the passive binding of nanotags

bright spots can be seen on the 

negligible compared to that in positive controls (Fig. 3 

(A-C)).  

3.3 Multiplex Detection of EGFR Biomarker 

concept study, to demonstrate 

the feasibility of multiplex detection, we carried out the 
sensing of EGFR biomarker immobilized inside the 

EGFR antibody conjugated 
regulation of EGFR is found in 

many cancers and hence it is commonly used as a 

clinically significant biomarker for a variety of cancers 

such as oral, head and neck, epithelial cancer etc [49, 50]. 

Fig. 1(b), up on introduction of the fiber 

probe into the SERS nanotags formulation, all three tags 

capillary action and the 

antibodies on them bind to the immobilized biomarker. 
SERS intensity from NT nanotag is weaker compared to 

other two and hence volume of each nanotag in the  

 

 

mixture is adjusted to result in a normalized intensity 

before introducing into the fiber. In this case, it is 

important to note that the relative 

nanotags cannot be controlled a
made on the assumption that all the nanotags are equally 

distributed and bound to the EGFR receptor. 

As shown in Fig. 4(A), SEM of the cross section 

of HCPCF loaded with SERS nanotag clearly indicates 

that these nanoparticles are loca

walls of both the core and cladding of the fiber. Since the 

light propagation is mainly confined in the core of the 

fiber, maximum interaction between the bound SERS 

nanotags and the laser is achieved and this helps in 

getting better sensitivity. SERS spectrum obtained from 
the fiber immobilized with EGFR and filled with three 

nanotags clearly replicates the combined spectrum with 

Dark field reflective microscopy images of anti-EGFR antibody conjugated SERS nanotags with OSCC (positive control) 

and Jurkat cells (negative control): (A): Cy5 in OSCC, (B) MGITC in OSCC, (C) NT in OSCC and (D) Cy5 

Author, Author, and Author: Short title 

mediated specific binding of 

ted SERS nanotags to the cell surface. 

However, at the same experimental conditions, Jurkat 

cells that do not express EGFR biomarker, treated with 

conjugated Cy5 nanotags, showed 

negligible scattering spots from the cell surface (Fig. 3 

More dark filed images of the cells are given in 
Fig. S1. Bright field image of 

. Dark field image showing 

cells with non specific Cy5 

is given in Fig. S3. Here, due to 

nanotags to the cell surface, few 

the cell surface, which is 

negligible compared to that in positive controls (Fig. 3 

mixture is adjusted to result in a normalized intensity 

before introducing into the fiber. In this case, it is 

important to note that the relative binding of SERS 

nanotags cannot be controlled and measurements were 
made on the assumption that all the nanotags are equally 

distributed and bound to the EGFR receptor.  

As shown in Fig. 4(A), SEM of the cross section 

of HCPCF loaded with SERS nanotag clearly indicates 

that these nanoparticles are localized along the inner 

walls of both the core and cladding of the fiber. Since the 

light propagation is mainly confined in the core of the 

fiber, maximum interaction between the bound SERS 

nanotags and the laser is achieved and this helps in 

sensitivity. SERS spectrum obtained from 
the fiber immobilized with EGFR and filled with three 

nanotags clearly replicates the combined spectrum with 

EGFR antibody conjugated SERS nanotags with OSCC (positive control) 

and Jurkat cells (negative control): (A): Cy5 in OSCC, (B) MGITC in OSCC, (C) NT in OSCC and (D) Cy5 nanotag in Jurkat cells. 
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characteristics peak from NT (1066cm
-

MGITC (1175 cm
-1

, 1616cm
-1

) and Cy5 (1120 cm

1595 cm
-1

). This indicates the multiplex detection of the 

receptor mediated binding of all the three nanotags to the 

biomarker (Fig. 4(B), red spectrum). As a negative 

control, we carried out similar study with SERS nanotags 

without the antibody conjugation. These nanotags are not 
expected to show any significant active targeting to the 

EGFR biomarker. However, due to the nonspecific 

binding, the observed spectrum showed weak SERS 

signal which is about 2-3 orders of magnitude lesser than 

that in the positive control (blue spectrum). Signal 

detected from the bare EGFR immobilized fiber (without 

any nanotag) did not show any SERS peaks as shown in 

Fig. (4b)-black spectrum, thus confirming that all the 

observed peaks in the positive control were contributed 

by the bound SERS nanotags. Specificity and selectivity 

of bio-conjugated SERS nanotags to biomarker is further 

demonstrated by two more control experiments as given 

in the supplementary materials (Fig. S4
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3.4 Multiplex Detection of Liver Cancer Bi

markers 

To demonstrate an efficient clinically relevant 
application of SERS-HCPCF probe for multiplex bi

marker sensing, simultaneous detection of two liver

derived serum glycoproteins widely recognized as HCC 

markers - AFP and A1AT were carried out. Since Hep3b 

Figure 4 (A) SEM image of the cross section of 

SERS detection of immobilized EGFR biomarker inside the core using antibody conjugated Cy5, MGITC and NT SERS 

nanotags (red spectra, positive control), weak SERS spectra from the non antibody

specifically (blue spectra, negative control) and spectra from bare fiber immobilized with biomarker alone (black spectra). 

Characteristic multiplex peaks from all the three nanotags are clearly identifiable in posit
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and laser is achieved.  Here, we assume that the light 

‘leaked’ into the cladding, which is weakly interacting 

with the NPs, is negligible compared to the light guided 
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guidance was dominant in the core led to the tremendous 

improvement in sensitivity. Compared to planar glass 

slide detection, HCPCF can offer about 1
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ma proteins [52, 53] including these two maj
biomarkers, it was used here as a model for the source of 

these two proteins. As shown in Fig. 5 (A), secretion of 

these two biomarkers by Hep3b cells was confirmed by 
performing western blot on the supernatant in which 

these cells were cultured.  Antibody

MGITC SERS nanotag were used to detect these two 

biomarkers immobilized inside the HCPCF. As shown in 

SEM image of the cross section of HCPCF showing the immobilization of SERS nanotags. (B) Multiplex 

SERS detection of immobilized EGFR biomarker inside the core using antibody conjugated Cy5, MGITC and NT SERS 

nanotags (red spectra, positive control), weak SERS spectra from the non antibody conjugated tags bound to biomarker non 

specifically (blue spectra, negative control) and spectra from bare fiber immobilized with biomarker alone (black spectra). 

Characteristic multiplex peaks from all the three nanotags are clearly identifiable in positive control.
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amount of sample (lysate as well as SERS nanotag) filled 

inside the fiber will be in the order of nanoliters. In 

simple terms, the measured SERS signal can be 

considered to be proportional to the product of the laser 

intensity and the number of available SERS NPs [48, 51]. 

Since the light propagation is confined in the hollow core 

of the fiber, maximum interaction between the 
immobilized particles along the whole length of the fiber 

ed.  Here, we assume that the light 

‘leaked’ into the cladding, which is weakly interacting 

with the NPs, is negligible compared to the light guided 

in the core. This improved interaction length between the 

immobilized analyte and the laser, when the light 

guidance was dominant in the core led to the tremendous 

Compared to planar glass 

slide detection, HCPCF can offer about 1-2 orders of 

sensitivity [34, 48]. The high 

sensitivity for simultaneous detection of biomarkers at 

such a low sample volume is noteworthy and shows the 

tremendous potential of SERS active HCPCF as a 
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Fig. 5(B), SERS spectrum (red colour) obtained from the 

fiber clearly depicts the combined spectrum of nanotags 

with characteristics peak from MGITC (1175 cm

1616cm
-1

) and Cy5 (1120 cm
-1

 and 1595 cm

negative control, similar study was carried out with 

SERS nanotags without the antibody conjugation. These 

nanotags did not show any significant active targeting to 
the biomarkers (blue spectrum). The observed spectrum 

from the mixture of nanotags in this case showed a very 

weak SERS signal of about 3 orders of magnitude lesser 

in intensity than that obtained from positive control. This 

could be due to the non specific bindi

earlier.  Signal detected from the HCC biomarker 

immobilized bare fiber (without any nanotag) does not 

show any SERS peaks (Fig. (5b) black spectrum), thus 

confirming that all the peaks observed in the positive 

control are contributed by the bound Cy

SERS nanotags.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

One of the major challenges in this type of 

detection is the occurrence of nonspecific binding of 
nanotags to the biomarker. Even though one can do 

multiple washing to minimize this effect, the smaller 

core diameter limits the complete removal of un

tags that tend to stick to the inner walls of the fiber. 

Moreover, when the liquid analytes and nanotags are 

introduced, it will enter the cladding holes along with 

hollow core resulting in the alteration of the bandgap 
property and hence affecting the light guidance inside the 

Figure 5. (A) Confirmation of the expression of serological HCC markers 

tant by western blot. Equal amount of proteins from Hep3b cell culture supernatant were separated on an electrophoresing 

gel and tested for the expression of AFP and A1AT. Left lane confirms the expression of AFP (70 kDA) and right lane, the 

expression of A1AT (52 kDa). (B) Multiplex SERS detection of AFP and A1AT biomarker using antibody conjugated 

Cy5, and MGITC nanotags (red spectra, positive control), weak SERS spectra from the non antibody conjugated tags 

bound to biomarker non specifically (blue spectra, negative control)

biomarker alone (black spectra). Multiplex peaks from Cy5 (1120cm

nanotags are clearly identifiable in positive control
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One of the major challenges in this type of 

detection is the occurrence of nonspecific binding of 
nanotags to the biomarker. Even though one can do 

multiple washing to minimize this effect, the smaller 

core diameter limits the complete removal of un-bound 

tags that tend to stick to the inner walls of the fiber. 

Moreover, when the liquid analytes and nanotags are 

introduced, it will enter the cladding holes along with 

hollow core resulting in the alteration of the bandgap 
ht guidance inside the 

core [54]. In most of the cases, this phenomenon may 

lead to the blue shifting of the guided light, which is not 
desirable for SERS applications. To overcome these two 

aforementioned limitations and to fundamentally guide 

the light in the core, liquid core PCF (LCPCF

demonstrated [32, 55]. To realize LCPCF, selective 

collapsing of the cladding walls by fusion splicer or high 

temperature heating is required so that the liquid analytes 

can fill only in the central hollow co
the challenge is to achieve the optimal heating and fusion 
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Equal amount of proteins from Hep3b cell culture supernatant were separated on an electrophoresing 

gel and tested for the expression of AFP and A1AT. Left lane confirms the expression of AFP (70 kDA) and right lane, the 

ltiplex SERS detection of AFP and A1AT biomarker using antibody conjugated 

Cy5, and MGITC nanotags (red spectra, positive control), weak SERS spectra from the non antibody conjugated tags 

bound to biomarker non specifically (blue spectra, negative control) and spectra from bare fiber immobilized with 

biomarker alone (black spectra). Multiplex peaks from Cy5 (1120cm-1, 1595cm-1) and MGITC (1175 cm

nanotags are clearly identifiable in positive control. 
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core [54]. In most of the cases, this phenomenon may 

lead to the blue shifting of the guided light, which is not 
desirable for SERS applications. To overcome these two 

aforementioned limitations and to fundamentally guide 

n the core, liquid core PCF (LCPCF) is recently 

55]. To realize LCPCF, selective 

collapsing of the cladding walls by fusion splicer or high 

temperature heating is required so that the liquid analytes 

can fill only in the central hollow core of interest. Here, 
the challenge is to achieve the optimal heating and fusion 

AFP and A1AT in Hep3b cell culture superna-

Equal amount of proteins from Hep3b cell culture supernatant were separated on an electrophoresing 

gel and tested for the expression of AFP and A1AT. Left lane confirms the expression of AFP (70 kDA) and right lane, the 

ltiplex SERS detection of AFP and A1AT biomarker using antibody conjugated 

Cy5, and MGITC nanotags (red spectra, positive control), weak SERS spectra from the non antibody conjugated tags 

and spectra from bare fiber immobilized with 

) and MGITC (1175 cm-1, 1616 cm-1) 
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splicing condition depending on the type of the fiber 

used. In our future work, this concept can be employed 

that allows selective filling of samples in core and at the 

same time provide a better control of washing and 

removal of unbound nanotags to avoid the non specific 

binding.  

Detection of serological markers for HCC is 
very important for early diagnosis, response to treatment, 

recurrence and survival analysis. Various imaging 

techniques such as computed tomography and ultra 

sonography can be used for the early detection of HCC; 

however, it is really not practical to conduct the test 

routinely. For HCC, the average survival rate is only 

about 4 months after the onset of initial symptoms [44]. 

Hence, it is highly advantageous to detect tumor 

biomarkers through simple biosensing methods because 

it provides a means for early detection, easy analysis and 

regular convenient monitoring. Among the biomarkers 

for HCC, though AFP is one of the most popularly used 

tumor marker, its clinical use is limited by the presence 

of AFP non producing HCC [44, 56]. In this context, 
A1AT, which is one of the inhibitors of proteolytic 

enzymes naturally present in serum is considered to be 

an ideal biomarker for HCC [44].  Hence, the 
simultaneous multiplex detection of biomarkers has a 

tremendous advantage in increasing the sensitivity and 
diagnostic accuracy of HCC.  

To achieve an accurate prognosis of diseases, it 
is always crucial to have early detection of specific 

biomarkers in the sample. In this context, this study may 

help in developing a highly sensitive biosensing platform 
for the early diagnosis of diseases that demands 

multiplex detection of biomarkers for better accuracy. 
We believe that in future, this study may lead to a 

sensitive point-of care platform for the simultaneous low 

concentration detection of biomarkers in a very low 

sample volume of body fluids to achieve early diagnosis 

of multiple diseases. 

4.  Conclusion 

We demonstrated a novel multiplex SERS 

detection of biomarkers in a HCPCF platform. As a 
proof- of-concept for multiplex sensing, we detected the 

EGFR biomarker from OSCC cancer cell lysate 

immobilized inside the hollow core of the fiber using 

multiplexing capable three bioconjugated SERS 
nanotags (prepared with MGITIC, Cy5 and NT reporter 

molecules), which possess two distinct peaks each in the 

1000-1700cm
-1

 spectral range. Prior to SERS detection, 
we confirmed the robust receptor-mediated specific 

binding of these bioconjugated SERS nanotags to EGFR 

receptor on OSCC cell surface using dark field imaging. 

Finally, as an application with clinical relevance, 

bioconjugated MGITC and Cy5 nanotags were used to 

detect two prominent biomarkers for HCC, AFP and 

AIAT, extracted from supernatant containing secreted 

proteins from Hep 3 b liver cancer cell line and 

immobilized inside the inner wall of the fiber. 

Simultaneous multiplex detection of biomarkers has a 

tremendous advantage in increasing the sensitivity and 

diagnostic accuracy of HCC. Due to the improved laser-
analyte interaction length offered by the HCPCF, this 

proposed sensing method was successful in detecting 

very small amount of proteins at an extremely low 

sample volume of~20 nL. To the best of our knowledge, 

this is the first demonstration of the multiplex targeted 

detection of cancer biomarkers in extremely low sample 

volume by combining HCPCF and SERS technique. In 

future, this study may lead to a sensitive point-of care 

platform for the simultaneous low concentration 

detection of biomarkers in a very low sample volume of 

body fluids such as saliva, tear, urine etc to achieve early 

diagnosis of multiple diseases. 
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