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ABSTRACT: A surface-enhanced Raman scattering (SERS)-active optical fiber sensor
combining the optical fiber waveguide with various SERS substrates has been a powerful
analytical tool for in situ and long-distance SERS detection with high sensitivity. The
design and modification of a high-quality SERS-active sensing layer are important topics
in the development of novel SERS-active optical fiber sensors. Here, we prepared a
highly sensitive SERS-active optrode by in situ fabrication of a three-dimensional porous
structure on the optical fiber end via a photoinduced polymerization reaction, followed
by the growth of photochemical silver nanoparticles above the porous polymer material.
The fabrication process is rapid (finished within 1 h) and can be on line under light
control. The porous structure supports vast silver nanoparticles, which allows for strong
electromagnetic enhancement of SERS. Interestingly, the preparation of this SERS
optrode and its utilization for SERS detection can all be conducted in a microfluidic chip. The qualitative and quantitative on-
chip SERS sensing of organic pollutants and pesticides has been achieved by this SERS optrode-integrated microfluidic chip, and
its high detection sensitivity makes it a promising factor in the analysis of liquid systems.
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1. INTRODUCTION

A surface-enhanced Raman scattering (SERS) technique
increases the intensity of the weak Raman signal 1 million-
fold when the probed molecules are adsorbed on the nanoscale
roughness metal surface.1 Enormous signal enhancement
permits an ultrahigh detection sensitivity for analytes and
extends SERS applications to broader fields, such as explosive
substance detection,2 pesticide residue inspection,3 toxin
tracing,4 etc. Moreover, SERS is a powerful analytical tool
with respect to fingerprint information, which makes it possible
to track analytes with individual identities in a complicated
system. Many advantages of SERS have attracted a great
number of researchers in diversified fields, and their efforts have
been devoted to allowing the SERS technique to become an
interdisciplinary subject.
One of these attempts is to combine a SERS technique with

an optical waveguide to produce optically integrated devices. In
these designs, a SERS-active sensing layer usually consisting of
metal nanoparticles or a metal film is required to fix on the
optical elements. The optical waveguide plays multiple roles in
incident light guiding and Raman scattering light collection.
Many features of the optical waveguide components can be
employed to improve the light coupling efficiency in SERS
excitation and emission.5 One of the important optical
waveguide components, the optical fiber, has many advantages,
such as low signal loss and little external interference. Optical

fiber sensors decorated with SERS-sensing layers have been
well designed and used for long-distance, on-line, in situ, and in
vivo monitoring.6−18 The methods of fabrications for SERS-
active sensing layers on the optical fiber tips include vacuum
evaporation deposition of metal,10 high-pressure chemical
deposition of metal,11 assembly of metal colloidal nanoparticles
(NPs),12−14 laser-induced metal deposition,15−18 etc. To obtain
a high SERS enhancement activity in a SERS optical sensor, the
geometry of the metal plays a key role due in the physical
enhancement mechanism of SERS.19,20 The high loading and
the proper aggregation of metal nanoparticles are favorable for
a strong SERS signal.20−24

In the design presented here, we developed a SERS optrode,
which has a three-dimensional (3D) pore structure on an
optical fiber tip, decorated with a large loading of metal
nanoparticles. The 3D pore structure was prepared by the in
situ light polymerization of glycidyl methacrylate (GMA) and
2,2′-dimethoxy-2-phenylacetophenone (DMPA), and then
silver nanoparticles were grown in situ on the 3D porous
polymer. We designed a dual Y-type light path for both the
fabrication of this SERS optrode and its SERS measurement. In
this manner, two light-induced processes requiring different
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lasers (405 and 532 nm) can be conducted sequentially, and the
collection of the SERS signal under the 532 nm laser can be
achieved via the same optical fiber. Because the growth of the
SERS-sensing layer on the fiber end is totally under light
control, this SERS optrode can be constructed in situ in the
microfluidic channel. This SERS optrode-integrated micro-
fluidic system achieved the on-chip SERS sensing of many
analytes, even a pH response. This SERS optrode exhibited
very strong SERS activity and high detection sensitivity.

2. EXPERIMENTAL SECTION
2.1. Materials. Glycidyl methacrylate (GMA) and 2,2′-dimethoxy-

2-phenylacetophenone (DMPA) were purchased from Aladdin Co.,
Ltd. Ethoxylated trimethylolpropane triacrylate (SR454), 3-
(trimethoxysilyl)propyl methacrylate (r-MAPS), cysteamine, and 4-
mercaptopyridine (4-Mpy, 95%) were purchased from Sigma-Aldrich
Co., Ltd. Thiram (97%) was obtained from Aladdin. All other agents
were obtained from Beijing Chemical Industry. All the chemicals were
used without further purification. Ultrapure water was prepared with
an ultrapure water purification system (18.1 MΩ). Microfluidic
channels were engraved with an engraving machine on a poly(methyl
methacrylate) (PMMA) mass (purphased from Foshan City Shunde
Jundao Optical Sheet Manufacturing Co., Ltd.). Teflon tape was
purchased from Tianjin Tiansu Science & Technology Group Co., Ltd.
2.2. Pretreatment of an Optical Fiber. Multimodal quartz

optical fibers used in the experiments have a cladding of 15 μm and a
core of 400 μm with a numerical aperture (NA) of 0.37, which was
purchased from Nanjing Chunhui Science and Technology Industrial
Co., Ltd. Optical fibers were cut into 20 cm pieces that needed to be

polished and pretreated. First, both ends of an optical fiber were
ground with 3000 mesh emery paper for 5 min, 3 μm fiber abrasive
sheets for 5 min, and 1 μm fiber abrasive sheets for 5 min. After being
polished, they were cleaned with ultrapure water, ethanol, and
ultrapure water for a 10 min ultrasonic treatment and dried in air. To
activate the surface of an optical fiber, one tip of the cleaned optical
fiber (terminal end) was immersed in NaOH (0.1 M), HCl (0.1 M),
ultrapure water, and methanol each for 30 min sequentially and then
dried. After this, the optical fiber surface has been modified by
hydroxide groups, as shown in Scheme 1. Then, we enrich the surface
with silyl groups by immersing the optical fiber tip in a 50% (v/v) r-
MAPS/methanol solution to bind the functional monomer and cross-
linker onto the optical fiber with covalent bonds. Silylation was
conducted in a water bath at 45 °C for 12 h. The resulting optical fiber
was thoroughly rinsed with methanol before being used.

2.3. Preparation of a SERS-Active Sensing Layer. The
fabrication of the complex SERS-active sensing layer involves two
steps: porous structure construction and Ag nanoparticle deposition.
First, we fabricated a 3D porous polymer structure on the terminal of
an optical fiber via an UV light-induced free radical polymerization
process.25−28 Scheme 2a shows the experimental setup for preparing
the SERS optrode and how to integrate it with a microfluidic chip.
Scheme 2b shows a photo of this setup. Two Y-shape couplers were
used to integrate the 405 nm excitation light path for polymerization
and the 532 nm laser excitation for inducing Ag deposition and SERS
detection. A 405 nm laser with a light power attenuator was employed
to photochemically synthesize the porous polymer. The polymer-
ization reaction solution consists of a homogeneous solution of 24%
(w/w) GMA (functional monomer), 16% (w/w) SR454 (cross-
linker), 50% (w/w) cyclohexanol, 10% (w/w) methanol (porogens),

Scheme 1. Pretreatment of the Terminal End of an Optical Fiber and the Preparation of a Complex SERS-Active Sensing Layer
on It
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and 1% (w/w) DMPA (with respect to monomers, photoinitiator).
We pumped the reaction solution into the microfluidic channel while
the terminal end of optical fibers was irradiated with the 405 nm laser.
The laser intensity reaching the terminal end was 90 mW cm−2

(measured with a COHERENT laser power meter, LM-2 VIS, which
was placed toward the terminal end). Free radical initiators
decomposed under light induction and made the growing polymers
that precipitated from the reaction mixture, forming nuclei. The
polymerization then continued both within the swollen nuclei and in
the remaining solution. A great number of microspheres were formed,
and they were interconnected with each other by polymer chains. The
polymerization reaction proceeded for several minutes, and a layer of
porous polymer was deposited on the fiber tip (Scheme 1). The laser
intensity at the terminal end was monitored, which showed a
decreased trend with the formation of the porous polymer (Figure 1).
Then, the optical fiber tip was washed with methanol and ultrapure
water to remove unreacted components. The morphology of the
produced porous polymer was characterized with a scanning electron
microscope (SEM, Hitachi New generation Cold Field Emission SEM
SU8000 Series, acceleration voltage of 5.0 kV). Nano Measurer version

Scheme 2. Setup for Preparing the SERS-Sensing Layer on an Optical Fiber and Its Pathway for SERS Measurementa

aThe inset shows an enlarged image of the SERS optrode-integrated microfluidic chip upon measurement of a Rhodanmine 6G solution.

Figure 1. Decay of the laser intensity at the terminal end with the time
of light-induced polymerization under a 405 nm laser and Ag
deposition under a 532 nm laser.
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1.2 was used for measuring the pore size distribution. We selected 40
positions (pore size) on each SEM image to give an average pore size.
To deposit silver on the polymer surface, the terminal end with the

porous polymer was decorated with cysteamine (2.5 mol/L, 30 min).
Next, we in situ deposited Ag NPs on the porous polymer structure
following a previously reported process.15,16 This time, a 532 nm laser
attached to a miniature (BWTek) Raman spectrometer (BTR-111)
was used (see Scheme 2). The terminal end was immersed in the silver
growth solution [1:1 (v/v) silver nitrate/trisodium citrate, 1.0 × 10−2

M], which was subjected to 532 nm laser irradiation for 5 min. After
that, the SERS optrode was created and cleaned with water before
being used.
2.4. SERS Measurement Using SERS Optrodes. To measure

SERS spectra of analytes, different concentrations of probing solutions
were pumped into the microfluidic channel while its terminal end was
immersed in probing solutions and the excitation laser was propagated
from other end. The Raman signals were collected by the optical fiber,
propagated to the other end, and finally reached the spectrometer.
For comparison, we fabricated another SERS optrode, which

consisted of deposited Ag NPs via 532 nm laser irradiation of the
naked optical fiber. The details are as follows. One end of the fiber tip
was immersed in the growth solution in the channel of the microfluidic
chip, and then the laser beam was introduced into the optical fiber
core. It should be noted that the laser power spread out of the fiber tip
and the laser-induced growth time were both kept the same as those
used in the fabrication of the 3D porous SERS optrode. As the
modification process reached completion, the microfluidic chip was

carefully rinsed with deionized water to remove the physically
adsorbed Ag nanoparticles on the optrode.

All SERS spectral data were baselined using Origin version 8, during
which 10 number points were chosen to create the baseline by the
adjacent-averaging method, and then the baseline was subtracted.

2.5. pH Response Using the SERS Optrode in the Micro-
fluidic Chip. The pH response was achieved on a 4-Mpy-modified
SERS optrode. 4-Mpy is sensitive to pH because the structure of 4-
Mpy adsorbed on silver surfaces can easily be altered through a
protonation or deprotonation reaction occurring on the N atom of the
pyridine ring.29 We first linked 4-Mpy on the SERS optrode by
injecting a 4-Mpy aqueous solution (1.0 × 10−3 M) into the
microfluidic channel. The mercapto group of 4-Mpy can react with Ag,
and it will be linked to Ag by a chemical S−Ag bond. Then, the pH
buffers with different concentrations were injected one by one at a flow
rate of 5 μL/min. At the same time, the Raman spectra of 4-Mpy at
different pH values were in situ recorded through the SERS optrode.

3. RESULTS AND DISCUSSION

Because the surface area of a porous structure results in the
loadings of metal nanoparticles and analytes, we first optimize
the pore size of the porous polymer by its SERS behavior. The
pore structure of poly(GMA-co-SR454) is affected by many
factors, such as the polymerization reaction time, temperature,
the ratio of reaction solutions, etc.30−34 Here, we adopted a
light-induced GMA polymerization reaction. Therefore, the

Figure 2. (a−d) SEM images of the poly(GMA-co-SR454) porous polymers on the terminal end of optical fibers prepared with different laser
polymerization times (1, 2, 3, and 4 min, respectively) under a 90 mW cm−2 laser intensity. Insets are the side views of deposited polymers. (e)
Statistical results of pore sizes from panels a−d. (f) SEM image of Ag nanoparticles deposited on the porous polymers.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am503881h | ACS Appl. Mater. Interfaces 2014, 6, 11706−1171311709



irradiation time was tuned and strongly affects the polymer-
ization process, causing the changes in pore size and thickness.
We first measured the laser intensity decay at the terminal

end because the growing poly(GMA-co-SR454) layer and the
next Ag deposition both weaken the transmittance of lasers.
Figure 1 displays the monitoring of laser intensity spilled out of
the terminal end with the polymerization and Ag deposition
time. It can be found that the laser intensity decayed suddenly
to 5.6 mW cm−2. The formed poly(GMA-co-SR454) layer is
opaque for 405 nm light. Then, we turned off the 405 nm laser
and removed the unreacted monomers and unabsorbed
polymer by pumping methanol. In the following light-induced
Ag deposition process, a 532 nm laser was used and the laser
intensity reaching the terminal end was ∼41.2 mW cm−2. The
transmittance continued to decay. After a 5 min Ag deposition,
a SERS-sensing layer was formed on the terminal end of an
optical fiber. The total fabrication time was 28 min, which is fast
and totally under light control.
Figure 2 shows the SEM images of polymer pore sizes

fabricated with different polymerization times. The pore size
distributions (Figure 2e) show average pore sizes of 0.38, 0.70,
0.76, and 0.98 μm for polymerization times of 1, 2, 3, and 4
min, respectively, the sizes increasing with an increasing
polymerization time. The average thicknesses are 4.5, 31.0,
98.1, and 148.5 μm for panels a−d of Figure 2, respectively.
As we can expect, overly thin and overly thick polymer layers

are both negative to the high SERS signal. A very thin polymer
layer would supply a limited surface area, causing fewer Ag NPs
and a small contribution to SERS enhancement. An overly thick
polymer layer would lead to a large light loss, blocking the
excited light from arriving in the Ag NPs and also forbidding
SERS signal collection. To explore the pore size and thickness
effect of 3D porous polymers, SERS spectra of probe molecules
on different pore size polymer structures with Ag NP
deposition were recorded. Figure 2f shows the morphology of
the poly(GMA-co-EDMA) porous polymer after Ag NP
deposition. It is found that there were a great number of Ag
NPs formed on the surface of polymer particles, and the Ag
NPs yielded a certain level of aggregation. Figure 3 shows the
SERS spectra with different polymerization times. The highest
SERS can be observed when the polymerization time is 3 min,
corresponding to a polymer pore size of 0.76 μm and a

thickness of ∼98 μm. This optimization is based on the
consideration of the loading of Ag NPs. We think it is a more
important factor in this case than the localized electromagnetic
field distribution that is a nanoscopic interpretation of SERS
enhancement in many other studies. Because of the results
shown in Figure 3, we used the porous polymer synthesized
with a polymerization time of 3 min for further SERS detection.
We also compared the SERS behaviors of SERS optrodes

with or without 3D porous structure. A SERS optrode
constructed by depositing Ag directly on the optical fiber tip
via a light-induced growth method was used for SERS
measurements. Figure 4 displays the SEM image of the SERS

optrode tip only with Ag NP deposition. It can be found that
the deposited Ag particle size on the optical fiber (91 ± 4 nm)
is almost the same as that on the 3D porous polymer-decorated
optical fiber (89 ± 3 nm). Figure 5 displays a comparison of
SERS results achieved from two SERS optrodes when they
were probed with a 4-Mpy solution. The intensity of the SERS
signal at 1578 cm−1 obtained from the SERS optrode with 3D
porous structure is 5.9-fold greater than the intensity of the
signal obtained from that decorated with only Ag NPs. For the
SERS bands at 1005 and 1220 cm−1, the intensities on the
SERS optrode are 2.5-fold greater than the intensity of that
decorated with only Ag NPs, and the intensities of the SERS
signal at 1095 and 1613 cm−1 are 2.1-fold stronger. The Raman
enhancements of different vibrational modes are different,

Figure 3. (a) SERS spectra of 4-Mpy (1.0 × 10−4 M) obtained by using different SERS optrodes with different polymer pore sizes fabricated with
different polymerization times (1−4 min). The Ag deposition time was 5 min for each trial. (b) SERS intensity of 4-Mpy at 1578 cm−1 vs
polymerization time. An integration time of 5 s and an accumulation time of 1 were used to record spectra shown in panel a.

Figure 4. SEM image of the SERS optrode prepared by laser-induced
Ag NP deposition.
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which is consistent with other reports.23,35 This proves that the
designed 3D porous structure supports a large surface area that
allows more Ag NP locations. A high Ag NP loading and the

consequent Ag aggregate response for the larger SERS
contribution were found.
Figure 6 shows the concentration-dependent SERS detec-

tions of 4-Mpy and thiram with SERS optrodes. The results
show that the lowest detection concentration is 1.0 × 10−8 M
for both 4-Mpy and thiram with signal-to-noise (S/N) ratios of
2.6 and 3.0 (1613 cm−1 peak for 4-Mpy and 1375 cm−1 peak for
thiram), respectively. The lowest detection concentration might
be influenced by the absorption effect of the SERS-sensing layer
(including both the polymer layer and metal nanoparticles) for
the excitation photons and the SERS scattering photons. Also,
the SERS radiation would be weakened upon transmission
through the porous polymer layer and reached the fiber.
This SERS optrode-integrated microfluidic chip can also be

used for SERS monitoring of many in situ reactions. We
modified the SERS optrode with 4-Mpy molecules (more
details in the Experimental Section). The mercapto group of 4-
Mpy prefers to be linked to the surface of silver NPs, and the
unoccupied N atom on pyridine is sensitive to pH because of
the protonation−deprotonation reaction.29 The pH response of
4-Mpy by SERS spectra on the SERS optrode was observed
(Figure 7). It can be found that the 1578 and 1611 cm−1 bands,
which are attributed to the pyridine ring C−C stretching
mode,29 have obviously changed with pH values in the range of
2−6.

Figure 5. SERS spectra of 4-Mpy (1.0 × 10−3 M) obtained by using
the SERS optrodes decorated with (A) and without (B) a porous
polymer. SERS optrode A was obtained with a polymerization time of
3 min and a Ag deposition time of 5 min. SERS optrode B was
achieved with a Ag deposition time of 5 min. The laser intensity for Ag
deposition (532 nm) started from 33.7 mW cm−2 for both polymers A
and B.

Figure 6. Concentration-dependent SERS spectra of 4-Mpy (a) and thiram (c) probed by using the SERS optrodes and the plots of SERS intensity
vs 4-Mpy (b) or thiram (d) concentration. An integration time of 5 s and an accumulation time of 1 were used to record spectra shown in panel a.
An integration time of 10 s and an accumulation time of 3 were used to record spectra shown in panel c.
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4. CONCLUSIONS
We fabricated a SERS optrode with rapid, in situ laser-induced
polymerization and Ag deposition on an optical fiber. The
whole fabrication process can be controlled by irradiation time.
A large number of Ag NPs were reduced in situ onto the porous
materials by laser illumination, ensuring the high SERS activity
of this optical fiber sensor. The as-prepared SERS optrode has
been combined with microfluidic chips to achieve the on-chip
trace of analytes. The detection limit of this SERS optrode can
reach 1.0 × 10−8 M. This SERS optrode-integrated microfluidic
chip allows integration of the light path, SERS-sensing layer,
and micro-sampling cell, which is promising for many
applications, such as liquid analysis, reaction monitoring,
bioassays, etc.
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