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To fabricate a new surface-enhanced Raman scattering (SERS)-active optical fiber sensor, the design and
preparation of SERS-active sensing layer is one of important topics. In this study, we fabricated a highly
sensitive three-dimensional (3D) SERS-active sensing layer on the optical fiber terminal via in situ
polymerizing a porous polymer material on a flat optical fiber terminal through thermal-induced process,
following with the photochemical silver nanoparticles growth. The polymerized polymer formed a 3D
porous structure with the pore size of 0.29–0.81 lm, which were afterward decorated with abundant sil-
ver nanoparticles with the size of about 100 nm, allowing for higher SERS enhancement. This SERS-active
optical fiber sensor was applied for the determination of 4-mercaptopyridine, crystal violet and maleic
acid The enhancement factor of this SERS sensing layer can be reached as about 108. The optical fiber sen-
sor with high sensitive SERS-active porous polymer is expected for online analysis and environment
detection.
� 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://

creativecommons.org/licenses/by/3.0/).
1. Introduction

Surface-enhanced Raman scattering (SERS)-active optical fiber
sensors combine the SERS substrate with optical waveguide, which
allow the applications for in situ and long-distance SERS detections
[1–3]. Novel designs of the SERS-active sensing layer is one of the
most important subjects in the development of new SERS active
optical fiber sensors [4–7]. The quality of sensing layer results in
the sensitivity and selectivity of a SERS-active optical fiber sensor.
There are many literatures referring to the fabrication techniques
of the SERS-active sensing layer on the optical fiber end. Most of
them are based on the methods of preparing SERS substrates as ref-
erences [8–12]. For example, the vacuum deposited Ag islands
[8,9], and the assembly of metal colloidal nanoparticles [10]. In
our previous work, we developed a route of the laser-induced
metal deposition to in situ modify the fiber tip with SERS-active
sensing layer [11,12]. This method has the advantages of rapidity
(within several minutes) and easy control. It can achieve effective
adjustments on nanoparticle size and localized surface plasmon
resonance (LSPR) only by the light irradiation time.

To develop SERS-active sensing layers on optical fibers requires
solving the same problem as to develop SERS substrates: higher
detection sensitivity. To access this purpose, a three-dimensional
(3D) porous structure is proposed. The porous structure provides
a large surface area, which allows a great deal metal nanoparticles
and analytes to posit on [13,14]. More metal nanoparticles supply
higher electromagnetic field enhancement, supporting for higher
enhancement ability [15–17]. Also, the large surface area of porous
structure can enrich target analytes for ultralow concentration
analysis.

To achieve this design, we chose a porous polymer named
poly(glycidyl metharylate-co-ethylene) dimethacrylate (poly
(GMA-co-EDMA))to modify the optical fiber. Poly (GMA-co-EDMA)
is a material with microchannels and widely used for preparing
porous polymer monoliths for high-performance liquid chroma-
tography [18–23]. After in situ thermal polymerization, poly
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(GMA-co-EDMA) formed a three-dimensional pore structure on the
surface of optical fiber. Then, we employed the laser-induced metal
deposition to in situ grow Ag nanoparticles on the porous polymer.
The fabrication process of the porous polymer was optimized by
polymerization temperature and its morphologies were character-
ized by scanning electron microscope (SEM). This novel SERS-
active optical fiber sensor was applied for the SERS determination
of 4-mercaptopyridine (4-Mpy) and crystal violet (CV) and the
SERS enhancement factor was evaluated.
2. Material and methods

2.1. Materials and instrument

Glycidyl methacrylate (GMA), ethylene glycol dimethacrylate
(EDMA), cyclohexanol and 1-dodecanol, 2,20-azobis(2-methylpro-
pionitrile) (AIBN), 3-(trimethoxysilyl)propyl methacrylate (r-
MAPS), 4-mercaptopyridine (4-Mpy, 95%) were purchased from
Sigma–Aldrich Co., Ltd. Methanol, silver nitrate, sodium citrate
dehydrate, and crystal violet (CV) were obtained from Beijing
Chemical Industry. All the chemicals were used without further
purification.

Multimode quartz optical fibers (Nanjing Chunhui Science and
Technology Industrial Co., Ltd.) used in the experiments have a
cladding of 15 lm and a core of 400 lm with the numerical
aperture (NA) of 0.37. Ultrapure water was prepared with Milli-Q
ultrapure water purification system (18.1 MX, Millipore).

A HORIBA T64000 Raman spectrometer fixed with a Spectra-
Physics stabilite 2017 argon ion gas laser and a OLYMPUS BX41
microscope with the 10� objective lens (numeral aperture = 0.25)
was used for the laser-induced Ag deposition, Raman and SERS
Scheme 1. Preparation of a SERS-active sensing layer on the termin
detections. The excitation wavelength was 514.5 nm. The laser
powers reaching near and terminal ends were 17.3 and 14.1 mW,
respectively. The laser power was measured by a CHERENT laser
power meter. All SERS spectrum data were processed with baseline
and silica background subtraction.

Scanning electron microscope (SEM, Hitachi New generation
Cold Field Emission SEM SU8000 Series, acceleration voltage
5.0 kV) was used to take SEM images.
2.2. Preparation of SERS-active optical fiber

The process of polymerization in deposit end of optical fiber
was shown in Scheme 1. Optical fibers were cut into 20 cm length
and both ends were grounded with 3000 mesh emery paper for
5 min, 3 lm fiber abrasive sheets for 5 min and 1 lm fiber abrasive
sheets for 10 min. After being polished, they were ultrasonically
cleaned with ultrapure water, ethanol, and ultrapure water for
10 min and naturally dried. One tip of the cleaned optical fiber (ter-
minal end) was activated by 0.1 M NaOH, 0.1 M HCl, ultrapure
water, methanol for 30 min, respectively, and then dried by nitro-
gen. The 50% (v/v) r-MAPS methanol solution was used to activate
the terminal end of fiber. The process of silanization was carried
out in a water bath at 45 �C for 12 h.

To synthesize a porous polymer material, a reaction solution
containing 24% (w/w) GMA (functional monomer), 16% (w/w)
EDMA (cross-linker), 30% (w/w) cyclohexanol, 30% (w/w) 1-dodec-
anol (porogens), and 1% (w/w) AIBN (with respect to monomers)
were prepared. We immersed the terminal end of optical fibers
in above reaction solution. The polymerization of GMA-co-EDMA
was carried out in a water bath at different heating temperatures
(60, 65, 70 and 75 �C). After the polymerization reaction was
al end of an optical fiber and its application for SERS detection.



Fig. 1. (a)–(d) are the SEM images of the poly (GMA-co-EDMA) porous polymer in the terminal end of optical fibers under the polymerization temperatures of 60, 65, 70 and
75 �C, respectively. Insets are the pore size distribution. (e) SEM image of the side view of SERS-active optical fiber. The polymerization temperature was 65 �C. (f) The plots of
the pore size vs. polymerization temperature.
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completed, optical fibers were dipped into methanol for 8 h and
ultrapure water for 15 min to remove unreacted components.

For the laser-inducement reduction of Ag on the porous struc-
ture, a silver growth solution containing 1 mL of silver nitrate
(1.0 � 10�2 M) and 1 mL of trisodium citrate (1.0 � 10�2 M) was
prepared first [11,12]. The silver growth solution was kept away
from light before use. One end of the optical fiber was exposed
to a 514.5 nm laser (the power reaching sample was 17.3 mW)
for focusing the laser to optical fiber (see Scheme 1). The other ter-
minal end with the laser power of 14.1 mW was immersed into the
silver growth solution for the light-induced reduction of Ag
nanoparticles. The irradiation experienced several minutes. After
that, the optical fiber with the SERS-active sensing layer was
cleaned with water and dried before use.

2.3. SERS detection by SERS optical fiber sensor

To measure SERS spectra of analytes, the 514.5 nm laser was
focused on the near end of the optical fiber. The light passed
through the fiber and the decorated polymer layer and then
exposed from the terminal end. The SERS optical fiber sensor we
used for SERS detection was prepared by the optimization condi-
tions as 65 �C thermal polymerization and 5 min laser-induced
Ag deposition. The terminal end was immersed into a probed solu-
tion. The laser light resonant with the LSPR of Ag nanoparticles on
the terminal end, further excited analytes, emitting SERS signal.
The Raman scattering of the analytes would then be collected by
the same terminal end of the optical fiber and further transmitted
to the other end, finally recorded by a spectrometer (HORIBA
T64000 Raman spectrometer).
3. Results and discussion

3.1. The optimization of polymerization temperature for pore size

The pore structure of porous materials is affected by many fac-
tors, such as the polymerization reaction time, temperature, the



Fig. 2. (a) SERS spectra of 4-Mpy (1.0 � 10�4 M) obtained by using different SERS-
active optical fibers with different polymer pore sizes fabricated under different
polymerization temperatures (60, 65, 70 and 75 �C). (b) The SERS intensity of 4-Mpy

�1

C. Liu et al. / Sensing and Bio-Sensing Research 1 (2014) 8–14 11
ratio of reaction solutions, and so on [18–23]. In the present study,
we adopted the polymerization temperature to control pores
formed on the terminal end of optical fibers. Fig. 1 shows the
SEM images of poly(GMA-co-EDMA) porous polymer in the termi-
nal end of optical fibers under different heating temperatures. As
can be seen from the figure, the thermal polymerization of porous
material grew uniform on the optical fiber tip, forming a dense 3D
pore structure. The particle size distributions (see the insets of
Fig. 1) show the average size of polymer particles are 0.65, 0.51,
0.47 and 0.45 lm for 60, 65, 70 and 75 �C polymerization, respec-
tively, presenting a decreasing trend with polymerization temper-
ature. Apparently, larger particle size results in larger pore size in
space. The statistical results from SEM images show the average
pore size are 0.81, 0.71, 0.54 and 0.29 lm for Fig. 1a–d,
respectively. The side view displays the porous polymer on the ter-
minal end is uniform. The thickness is in the range of 11.4–6.7 lm
and the average thickness is about 8.6 lm.

The morphology of the porous polymer particle influences in
the light-induced growth of Ag nanoparticles, and further SERS
enhancement ability. So, we optimized the porous polymer parti-
cles by SERS intensity. We modified Ag nanoparticles by laser-
induced reduction reaction on the poly(GMA-co-EDMA) porous
polymer with different pore sizes, which had been prepared under
different polymerization temperatures. The irradiation time for Ag
growth was kept at 4.0 min for all trials. Fig. 2(a) shows the SERS
spectra of 4-Mpy (1.0 � 10�4 M) via the SERS-active optical fibers
with different polymer pore sizes fabricated under different
polymerization temperatures. Fig. 2(b) plots the 4-Mpy SERS inten-
sity at 1578 cm�1 vs. pore size of porous polymers. It can be
observed the relatively stronger SERS intensities were obtained
on the porous polymers prepared under 65–70 �C. This indicates
that too large pore size causes the lower surface area of 3D porous
structure, which is disadvantageous to the loading of Ag nanopar-
ticles and further SERS enhancement. However, too small pore size
is also against the SERS enhancement due to the low diffusion
mobility for both Ag growth solution and probed molecules.
at 1578 cm vs. the pore size of porous polymers.
3.2. The optimization of light irradiation time for Ag nanoparticles
formation

According to our previous study [11,12] and the research of
Yang et al. [24,25], the irradiation time in laser-induced Ag growth
method dominates the metal particle size, further affects the LSPR
properties of SERS-active layer and its SERS enhancement as well.
In this study, we chose trisodium citrate (1.0 � 10�2 M) and AgNO3

(1.0 � 10�2 M) as the Ag growth solution to optimize the
irradiation time. Fig. 3(a) displays the SERS spectra of 4-Mpy
(1.0 � 10�4 M) with the SERS-active optical fibers fabricated under
different irradiation time for silver nanoparticles growth. Fig. 3(b)
plots the SERS intensity vs. irradiation time. From the figure it can
be clearly observed that the SERS intensity of 4-Mpy experiences
an increase and then a decrease with the irradiation time. The
highest SERS was observed when the irradiation time was
4–5 min. Too little irradiation time causes the formation of few
Ag nanoparticles, leading to low SERS enhancement. Too long time
irradiation produces very thick silver deposition, causing strong
absorption for SERS signal of probes. For the further study, we
chose 4 min for laser-induced Ag reduction.

Fig. 4(a) and (b) show the morphologies of the porous polymers
with Ag nanoparticles. It can be found that there are a great
number of Ag nanoparticles formed on the porous polymer mate-
rial, having a size of about 80–100 nm. They are dense and uni-
form, which is favourable for forming Ag nanoaggregates and
‘‘hot spots’’, supporting tremendous electromagnetic field
enhancement for SERS. In addition, the porous structure allows
the analytes to access the Ag nanoparticles, which is helpful for
improving SERS signal.

3.3. Enhancement ability of SERS-active sensing layer

To evaluate the enhancement ability of the as-prepared SERS-
active optical fiber, we calculated the enhancement factor (G) by
comparing the SERS signal obtained by the SERS-active optical
fiber with normal Raman signal obtained a naked multimode opti-
cal fiber. The calculation is according to the method reported by
Gupta and Weimeras [26]:

G ¼ ISERS=NSERS

IRaman=NRaman
ð1Þ

where NRaman and NSERS denote the number of probe molecules
which contribute to the signal intensity, normal and enhanced,
respectively. IRaman and ISERS denote the corresponding normal
Raman and SERS intensity. In our experiment, because the 4-Mpy
adsorbed onto the sliver is a monolayer, the enhancement factor
can be written in the following form:

G ¼ ISERS

A� MSERS
SSERS

�
A� MRAMAN

SRAMAN

IRAMAN
ð2Þ

where SSERS and SRaman is the geometrical area of 4-Mpy casting film
on the surface of SERS-active optical fiber and normal multimode
optical fiber. Since we used the same kind of optical fiber in this



Fig. 3. (a) SERS spectra of 4-Mpy (1.0 � 10�4 M) with different SERS-active optical
fibers prepared under different laser irradiation time (2, 3, 4, 5, 6 and 8 min) for Ag
deposition. (b) SERS intensity of 4-Mpy at 1578 cm�1 vs. the irradiation time of Ag
depostion.

Fig. 4. SEM micrograph of the structure of the poly (GMA-co-EDMA) porous
polymer in the terminal end of the cleaned optical fiber after laser induced 4 min
with different polymerization temperature 65 �C (a) and 70 �C (b).

Fig. 5. (a) The SERS spectrum of 4-Mpy (1.0 � 10�7 M) measured with the SERS-
active optical fiber. (b) Normal Raman spectrum of 4-Mpy (0.5 M) measured with
an optical fiber. The integrate time are 50 s for both.
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experiment, the contact surface area was uniform between tip of
optical fiber and the sample solution. So SSERS is as same as SRaman.
A is the recorded area of the laser spot. The laser spot area of normal
Raman is same as that of SERS. The SERS signal (ISERS) and the
normal Raman signal (IRaman) were measured at the same laser
power, incident angle (180�) and the same type of multimode
optical fiber. The representative band at 1578 cm�1 (the band is
1591 cm�1 in normal Raman) was selected to calculate the enhance-
ment factor values. The SERS signal intensity at 1578 cm�1 is 823.1 cps
and normal Raman signal intensity at 1591 cm�1 is 43.6 cps (Fig. 5).
MSERS and MRaman are the number of 4-Mpy molecules adsorbed on
silver film of the surface of SERS-active optical fiber and normal
multimode optical fiber. M can be calculated by Eq. (3).

M ¼ c4-Mpy � V � NA ð3Þ

Here, c4-Mpy is the concentration of 4-Mpy. The volume of 4-Mpy
presents as V. NA is the Avogadro’s constant. Thus, the value of G
is equal to 9.4 � 107. This G value is 100 times higher over the
scientific standards of a SERS substrate in which the bulk G in
excess of 105 is desired [27].

3.4. Concentration-dependant SERS detections

To measure SERS spectra of probes, the laser was focused on one
end of the optical fiber and propagated within the fiber. The termi-
nal end was immersed into a probed solution (Scheme 1) for an
in situ detection. The laser light interacts with the LSPR of Ag
nanoparticles on the terminal end, further enhanced the Raman
signal of probes. The Raman scattering signal was collected by
the optical fiber and propagated to the other end, finally recorded
by the Raman instrument. Fig. 6 shows the concentration-
dependant SERS detections of 4-Mpy, crystal violet and maleic acid
(a type of illegal food additive) with the SERS-active optical fibers.
It should be noted that the Raman band background of the optical
fiber all appears in the range lower than 1000 cm�1. It would not
bother the Raman measurements of most phenyl and aromatic



Fig. 6. SERS spectra of 4-Mpy (a), crystal violet (c) and maleic acid (e) under different concentrations probed by using the SERS-active optical fibers. The concentrations from
top to bottom are 1.0 � 10�4 to 1.0 � 10�8 M in (a) and (c) and 1.0 � 10�2 to 1.0 � 10�6 M in (e). (b), (d) and (f) are the plots of SERS intensities at 1578 cm�1 for 4-Mpy,
1621 cm�1 for crystal violet and 1580 cm�1 for maleic acid vs. probed concentrations.
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compounds. Fig. 6(b), (d) and (f) are the working curves for in situ
SERS detections of 4-Mpy, crystal violet and maleic acid, respec-
tively. The results show that the lowest detection concentrations
are 1.0 � 10�7 M for 4-Mpy and crystal violet and 1.0 � 10�5 M
for maleic acid.

It can be found that the SERS signal of a 4-Mpy solution when
the 1.0 � 10�7 M is much lower than that in Fig. 5. The difference
comes from the sample loading ways. Fig. 6 has been achieved
by the in situ SERS detections. However, for the G value calculation,
we adopted the casting film for sample loading, which is a
concentrated and accumulated process of samples on the 3D
porous structure and supposed to have a higher sample density
far away from 1.0 � 10�7 M. It also indicates that this detection
limit of this SERS sensor could be much more lower (possibly
10�8 M) if we measure samples using casting films.
4. Conclusions

We developed a novel SERS-active optical fiber based on the
design of 3D pore structure enriched with Ag nanoparticles. The
in situ thermal-polymerized GMA-co-EDMA formed a quasi-spher-
ical porous structure with the pore size of 0.29–0.81 lm. Via the
laser-induced Ag growth method, Ag nanoparticles formed on the
polymer surface. The high loading and close-packing of Ag nano-
particles allow a great many of SERS ‘‘hot spots’’, supporting for
higher SERS detection sensitivity. This SERS-active optical fiber
can be widely applied for the determination of analytes in liquid
solutions. This fabrication for SERS-active sensing layer is easy
and controllable. The obtained SERS-active optical fiber has accept-
able detection sensitivity. We expect this in situ preparation route
can be extended to fabricate many optical devices which require
enlarged surface area. Also, this SERS-active optical fiber can be
employed for many fields, for example, SERS monitoring of con-
taminations in surrounding water.
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