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a b s t r a c t

This work presents the construction and optimization of nanoparticles-modified optical fiber tip (NPs-
MOFT) devices for remote sensing by surface-enhanced Raman scattering (SERS). Silver nanoparticles
(Ag-NPs) were self-assembled on optical fiber tips through a “layer-by-layer” procedure. It is shown that
the SERS performance is at optimum when 5 “layers” of 50 nm Ag-NPs were deposited on the optical
fiber tip. Using the optimized Ag-NPs-MOFT device, it was possible to detect 200 nM of the R6G dye in
eywords:
urface-enhanced Raman scattering (SERS)
ptical fiber
anoparticles
elf-assembly

remote sensing mode (backscattering through the fiber). It was also possible to detect dye molecules
with different structures and charges at the micro-molar concentration level, including anions, cations
and neutral species. It can be envisioned that the Ag-NPs-MOFT device reported in this work can be
further developed for SERS-based remote biosensing.

© 2010 Elsevier B.V. All rights reserved.

aman imaging
emote sensing

. Introduction

The discovery of the surface-enhanced Raman scattering (SERS)
ffect 35 years ago (Albrecht and Creighton, 1977; Fleischm et al.,
974; Jeanmaire and Vanduyne, 1977) paved the way for the exten-
ion of Raman spectroscopy to the realm of trace detection. The
se of SERS as an analytical tool has grown over the past years (Bell
nd Sirimuthu, 2008; Scaffidi et al., 2009; Spuch-Calvar et al., 2009),
lthough there are still a few drawbacks that prevent its widespread
pplication (Bell and Sirimuthu, 2008). The SERS technique proved
o be able to detect single molecules (Kneipp et al., 1997; Nie
nd Emery, 1997). This property qualifies the technique as one of
he few that reached this level of sensitivity, in addition to, for
nstance, fluorescence and scanning-tunnelling microscopy. This
ositions SERS as one of the few ultimate analytical tools available
owadays. Single-molecule SERS has been reported from different
nvironments (Pieczonka and Aroca, 2008), including under elec-
rochemical conditions (dos Santos et al., 2009), and in single living
ells (Scaffidi et al., 2009).
Fiber optics based sensors, on the other hand, have been devel-
ped for several spectroscopic techniques, including normal Raman
nd SERS (Lieberman, 1993; McDonagh et al., 2008). Sensors based
n optical fiber are suitable for remote detection and can easily

∗ Corresponding author. Tel.: +1 250 721 7167; fax: +1 250 721 7147.
E-mail address: agbrolo@uvic.ca (A.G. Brolo).

1 These authors contributed equally to this work.

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.03.007
be implemented to in-field measurements (Stoddart and White,
2009). However, fiber optic sensors based on SERS received much
less attention than normal Raman (Stoddart and White, 2009; Vo-
Dinh and Stokes, 2002). The several approaches that can be used
for engineering optical fibers for SERS can be divided into two main
groups: optrodes and cladding-coupled sensors.

The cladding-coupled sensor is based on the evanescent field
between the core and the cladding of the optical fiber. The fiber
is polished or etched carefully to decrease the cladding thickness
allowing higher intensity for the evanescent field. The resulting
fiber is then modified on the thin clad area with a silver or a gold
layer. The evanescent field is used to excite the SERS (Zhang et al.,
2005). This procedure usually leads to very fragile sensors, and the
re-coupling of the Raman scattered light is very inefficient, result-
ing in limited Raman sensitivity.

For the optrode approach, the tip of one (or a bundle) of optical
fibers are modified by the SERS-active layer, and the laser collec-
tion can be done either in backscattering through the same fiber
or by forward scattering using a separated set of fibers. The first
reports on optrodes relied on the concept of using a metal-modified
optical fiber tip as the SERS substrate, and a collection fiber to
couple the SERS signal to the spectrometer (Bello et al., 1990;
Mullen and Carron, 1991). Stokes and Vo-Dinh (2000) reported

the use of microparticles of alumina covered with Ag, and Polwart
et al. (2000) reported the immobilization of Ag nanoparticles on
the tip of an optical fiber as single-fibers SERS optrodes. Several
authors proposed other procedures to obtains optrodes, includ-
ing photochemical modification (Zheng et al., 2008), evaporation of

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:agbrolo@uvic.ca
dx.doi.org/10.1016/j.bios.2010.03.007
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Fig. 1. Configuration of the optical fib

etal films (Hankus et al., 2006; Viets and Hill, 1998), nanoimprint
ithography(Kostovski et al., 2009), and electron beam lithography
Smythe et al., 2009). However, some of these sensors showed a
imited sensitivity and they were not suitable for carrying both exci-
ation and Raman photons at the same time, which prevented their
pplication in remote sensing.

In our previous works, it was found that the SERS performance
f metallic nanoparticles (MNPs) modified substrate is greatly
epended on the number of MNPs depositions (Addison and Brolo,
006; Fan and Brolo, 2009, 2008), because larger deposition num-
er tends to increase the density of NPs on the surface, which

n turn yields to a higher population of SERS hot-spots. At opti-
ized MNPs deposition numbers, the SERS signal can be orders

f magnitude higher than for just one MNPs deposition, depend-
ng on the laser frequency, the solid support and the nature of
he MNPs. Furthermore, the sample-to-sample reproducibility was
lso greatly improved with increasing deposition numbers (Fan and
rolo, 2009, 2008). In the present work, we extend the use of this
ethodology to modify OFTs with Ag-NPs. We will show that the
g nanoparticles-modified optical fiber tip (Ag-NPs-MOFT) devices

abricated in this way have very good sensitivity and reproducibil-
ty. Most importantly, this device is suitable for remote sensing. As
proof of concept, remote detection of several dyes with diverse

hemical structures was performed using the Ag-NPs-MOFT device.

. Materials and methods

.1. Chemicals

Unless otherwise mentioned, ACS grade chemicals were used.
gNO3, sodium citrate di-hydrate, 3-aminopropyltrimethoxysilane

APTMS) and Nile Blue A (NBA) perchlorate were obtained
rom Sigma–Aldrich. Rhodamine-6G (R6G), 4-dicyanomethylene-
-methyl-6-(p(dimethylamino)styryl)-4H-pyran (DCM) and Congo

ed (CR) were obtained from LambdaChrome. Ultrapure water
ith a resistivity of 18.2 M� cm (Barnstead NANOpure Diamond
ater purification system) was used throughout the experiments.
ethanol (Calderon, HPLC grade) was used without further purifi-

ation.
modified with “multilayer” of Ag-NPs.

2.2. Ag-NPs synthesis and the immobilization on OFT

The preparation of Ag-NPs follows the procedure reported in
the literature (Cui et al., 2006). Briefly, a 500 mL AgNO3 solution
(5.29 × 10−4 M) was brought to boiling under vigorous stirring.
Then, 10 mL of 1% sodium citrate solution was quickly added. The
heating and stirring were kept for an hour and then only with stir-
ring until the solution cool to room temperature. The as prepared
Ag-NPs showed an absorption peak at ∼399 nm.

The APTMS sol–gel was prepared by following a method for
3-mercaptopropyltrimethoxysilane(Fan and Brolo, 2009; Jena and
Raj, 2006). Briefly, 400 �L of APTMS and 332 �L of 0.1 M HCl were
added into 33 mL of water. The solution was vigorously stirred
for at least 1 h. The sol–gel mixture shall be used the same day.
The Ag-NPs self-assembly procedure was similar to our previous
work of Ag-NPs on glass slide and it is illustrated in Fig. 1 (Fan and
Brolo, 2009). The single-mode optical fiber (F-SA from Newport,
with 2 �m core diameter) was cut into ∼40 cm long segments.

Before the modification, the polymer protection layer close to
the tip of the fiber (∼3 cm) was peeled off, and then the tip was
cleaved using a ceramic cuter to obtain a flat surface. The OFT was
then cleaned in piranha solution for 20 min and washed thoroughly
with deionized water. After drying under N2 gas flow, it was soaked
in a 10 mM APTMS ethanolic solution for 24 h. Following the modifi-
cation with APTMS, the OFT was thoroughly washed with deionized
water, dried and soaked for additional 24 h in the Ag-NPs suspen-
sion. Finally, it was washed with deionized water and dried under
N2 again. For the deposition of additional Ag-NPs layers, the OFT
was soaked for 20 min in the APTMS sol–gel solution and followed
by 1 h in the Ag-NPs suspension, with vigorous rinsing with deion-
ized water between steps. This procedure was repeated until the
desired number of “layers” was obtained. After the last desired layer
of Ag-NPs was deposited, the Ag-NPs-MOFT was heated up in N2
atmosphere to ∼110 ◦C for 15 min to induce cross linking among
the APTMS sol–gel and improve the stability of the modifier layers

of Ag-NPs (Polwart et al., 2000).

SEM images were obtained for Ag-NPs-MOFT device after 5 Ag-
NPs-depositions, and they are shown as supplementary material
(Fig. S1). The SEM images clearly showed that a homogeneous,
high density, assembly of Ag-NPs on the fiber tip was achieved,
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Fig. 2. Scheme for the SERS experiments using the Ag-NP-OFT devices.

s observed before for Ag-NPs depositions on planar glass slides
Fan and Brolo, 2009).

.3. SERS spectra

The SERS spectra were obtained in a Renishaw InVia Raman
pectrometer, equipped with the 632.8 nm line from a He–Ne laser
4.5 mW of power on the objective). The objective used was a 50×

agnification, with NA (numerical aperture) = 0.75. The full-width
t half-maximum (FWHM) of the He–Ne laser spot for this objec-
ive is 0.9 �m. The spectrometer is also equipped with a motorized
tage that allows the computer-controlled XYZ positioning of the
ample, which was used to obtain the Raman mappings.

The SERS spectra were obtained sending the laser light through
he 50×objective to the unmodified proximal tip of the optical fiber,
ith the distal Ag-NPs-modified tip immersed in the analyte aque-

us solution, as shown in Fig. 2. The SERS mapping was obtained
y moving the motorized stage of the Renishaw InVia microscope

n both X and Y directions at step size of 0.5 �m. A SERS spectrum
as recorded in each spot from the proximal fiber tip (unmodi-
ed tip). To obtain the SERS map, the peak area of the strongest
ERS band (1508 cm−1) of R6G was plotted as a function of the
–Y position. The SERS intensity is color-coded; the brighter colors
epresent higher intensities. It should be noticed that methanolic
olutions were also used, but the SERS performance of the Ag-NP-
FT was lower in this solvent. Both excitation and collection were

n the proximal tip of the modified fiber, which is the configuration
uitable for remote sensing (Fan and Brolo, 2009).

. Results and discussion

The optical fibers used in the work were single mode in the
isible light range, and the diameter of their core was 2 �m. The
iameter of the core used in this work is smaller than that in previ-

us works (Stoddart and White, 2009), which is justified by the fact
hat it is a single-mode optical fiber in the 632.8 nm region. This will

inimize light loss during the SERS measurements. The small core
aused the coupling of light possible only in a small area of the fiber
ip. In order to get the best possible coupling, the fiber holder was
Fig. 3. (A) Raman mapping for the 1508 cm−1 band of R6G on a 5 layers Ag-NPs-
MOFT. (B) and (C) Raman spectra corresponding to the points of the Raman mapping
indicated by the green arrows from (A).

mounted on the motorized stage in the Raman microspectrometer
as shown in Fig. 2.

The Raman spectra were acquired sending the laser light from
the proximal unmodified tip throughout the whole fiber length, and
collecting the light backscattered from the distal modified fiber tip,
as depicted in Fig. 2. The setup shown in Fig. 2 is intended to allow
the use of the device for remote sensing, because the modified tip
can be directly introduced into the sampling environment. In the
present work, the samples were in vials away from the spectrome-
ter, the Ag-NPs-modified optical fiber tip was simply immersed in

the sample solution without any special mount.

A Raman mapping at the unmodified tip was performed to find
an optimum spot that presents the maximum SERS signal, which is
expected to be at the center of the fiber core. In this kind of mea-
surement, the computer-controlled motorized XYZ-stage stop in
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Fig. 5. (A) SERS of R6G at different concentrations obtained from a 5 deposition
made Ag-NPs-MOFT. The baseline was subtracted and the spectra were offset for
clarity; (B) (black squares) a signal–dose curve for R6G in water using the band
(peak area) at 1508 cm−1; (red line) fitting of a Langmuir–Freundlich isotherm curve
ig. 4. (A) SERS performance of the NPs-MOFT as a function of the number of Ag-NPs
eposited (only the odd deposition numbers are shown). (B) Average normalized
ERS intensity distribution of the 150 cm−1 band intensity for 7 different 5 Ag-NPs
onolayer samples.

ne spot and one Raman spectrum is taken; following this, the XYZ-
tage moves to the next spot and a new spectrum is obtained. This
rocess is repeated in a pre-determined area of the sample. After
he completion, the intensity of a certain band can be plotted as a
unction of the position on the sample, generating a 2D-plot. The
aman intensity is color-coded; the brighter colors representing
igher intensities.

Fig. 3 shows the Raman mapping for the 1508 cm−1-region of the
roximal unmodified tip for a Ag-NPs-MOFT immersed in a 10 �M
6G dye solution. The Raman mapping in Fig. 3A shows that no
ERS from R6G can be detected in most of the area of the fiber tip
Fig. 3B), but only from a small spot, which corresponds to the fiber
ore, the R6G SERS spectra with a high signal-to-noise ratio can be
bserved (Fig. 3C). The SERS performance evaluation of the device
as based on the most intense spectra from the Raman mappings,
hich corresponds to the middle of the fiber core, where most of

he light is coupled.
The “layer-by-layer” procedure allows multiple depositions of

g-NPs on glass using the APTMS sol–gel as linker (Fan and Brolo,
009). Fig. 4A presents the SERS intensity of the 1508 cm−1 band of
0 �M R6G on the NPs-MOFT devices as a function of the number
f Ag-NPs layers deposited.
It can be noticed in Fig. 4A that the SERS intensity is maxi-
ized after 5 Ag-NPs depositions. The maximum SERS intensity
as roughly 10 times higher than for just one deposition. Further

ncrease in the number of Ag-NPs deposition decreased the SERS
ignal. Fan and Brolo (2009) studied the SERS intensity dependence
to the experimental points, used to obtain the LOD for the Ag-NPs-MOFT device. (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)

with the number of Ag-NPs deposition on glass slides and found that
the maximum intensity was from 6 layers of Ag-NPs. Also, further
increase in the number of Ag-NPs deposition on glass slides did not
affect the SERS intensity after the maximum. The decrease in SERS
signal after 5 Ag-NPs deposition, shown in Fig. 4A, can be rational-
ized by taking into account the SERS measurement configuration.
The laser excitation must travel through the fiber, excite the Ag-NPs
at the tip from the glass side and interact with molecules adsorbed
at the Ag NPs - solution interface. The scattered light must couple
back into the fiber to reach the spectrometer. Therefore, it must be
a balance between the thickness of the metal layer and the arrange-
ment of the nanostructures to generate the required hot-spots for
SERS. The increase in SERS intensity from 1 to 5 depositions might
be assigned to an increase in the number of hot-spots accessible
to the adsorbed species. After 5 Ag-NPs deposition, the thickness of
the metal layer become significantly large, decreasing the efficiency
of both excitation and collection through the metal film.

One of the major concerns on the development of SERS sub-
strates is the sample-to-sample reproducibility of the SERS signal.
Fig. 4B presents the SERS intensity from R6G 10 �M solution for

seven samples of the optimized 5 layers Ag-NPs-MOFT device. The
relative standard deviation (RSD%) for this device was around 25%,
which is consistent with previous reports (Fan and Brolo, 2009,
2008).
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ig. 6. SERS spectra of 1.0 �M aqueous solutions of the dyes: (A) Nile Blue A; (B) D
pectra.

The minimum amount of analyte that can be detected by the
g-NPs-MOFT was also explored. Fig. 5A presents SERS spectra

rom 200 and 500 nM R6G solutions obtained using an optimized
g-NPs-MOFT device. It is worth mentioning that the two mea-
urements were made with the same Ag-NPs-MOFT, starting from
he lowest concentration and with a washing step between mea-
urements. One can notice in Fig. 5A that it is possible to observe
he characteristic SERS bands of R6G for concentration as low
s 200 nM. In previous reports on metal-modified single optical
ber tips for backscattering detection using SERS, Polwart et al.
2000) detected crystal violet down to 100 nM and Lan et al. (2009)
eported optrodes that could detect R6G down to 10 nM with the
ddition of NaCl to the solution containing the dye. Shi et al. (2008)
eported the detection of R6G in concentrations as low as 1 nM with
he addition of Ag-NPs to the analyte solution, and Kostovski et al.
2009) reported the detection of one monolayer of thiophenol and
00 �M of R6G. In Fig. 5B, a calibration curve for one of our Ag-
Ps-MOFT is shown. The SERS intensity (in peak area) versus the
oncentration of R6G was well fitted using a Langmuir–Freundlich
sotherm (R2 = 0.998), and the limit-of-detection (LOD) was deter-

ined to be 3 nM for the Ag-NP-MOFT device in remote sensing
ode. To our knowledge, this report is probably one of the low-

st concentrations achieved using the real time remote sensing
onfiguration, and without the help of any extra reagents other
han the analyte. The equilibrium constant for R6G adsorption on
g-NPs and the saturation coverage were also obtained from the

sotherm, and they are in good agreement with a previous work
Hildebrandt and Stockburger, 1984), as discussed in more details
n the Supporting Information.

Hence, this high sensitivity property, in addition to the ease fab-
ication and high reproducibility, shows a considerable promise for
his SERS device in remote sensing.
It is also worth mentioning that the sensor area that actually
ontributes to the SERS signal contains hot-spots within the ca.
�m2 fiber core. The surface coverage of R6G is expected to be low
t these concentrations (dos Santos et al., 2009; Hildebrandt and
) Congo Red. The chemical structure of the dyes is shown on the right of the SERS

Stockburger, 1984), the combination of low surface coverage and
small number of hot-spots limits the probability of R6G molecules
to populate the sites that contribute mostly to the signal (hot-spots)
(dos Santos et al., 2009). The detection of R6G for concentrations
lower than 200 nM, as observed in our previous report for Ag-NPs
adsorbed on glass slides (Fan and Brolo, 2009), could be achievable,
but it would probably require a long immersion time to collect the
sample due to the even lower probability of R6G molecules to find
a hot-spot.

The stability of the Ag-NPs-MOFT device was also examined.
It was found that there is no loss of SERS activity for the device
when stored in air for 72 h. However, the SERS performance of
the device decreased dramatically after storage in water for 24 h,
and it was completely lost after storage in methanolic solution for
the same period of time. The decrease in SERS intensity might be
related to the solvolysis of the silane linker layer (Plueddemann,
1991). This limitation affects prolonged measurements using a sin-
gle Ag-NPs-MOFT device, especially in methanolic environment.
These limitations are offset by some of the advantages of the device;
including easy fabrication involving standard chemicals and well-
established wet chemistry methods that can be easily extended to
mass production, and, most importantly, the reasonable sample-
to-sample reproducibility (RSD% of ∼25%).

Metallic NPs made from different methods usually are known
to have different surface charges, and hence favour the adsorp-
tion of certain types of analytes, which strongly correlates with the
average SERS intensity (Alvarez-Puebla and Aroca, 2009). Hence,
the ability to detect molecules with very different structures and
charges without pre-treatment of sample is an extremely desirable
property for SERS remote sensors. This kind of property could make
the sensor useful for cellular studies in the future, where label-
ing with multiple organic dyes are common practice (Hanson and

Hanson, 2008). The Ag-NPs-MOFT device was then tested using a
large range of analytes. Fig. 6 presents the SERS spectra of NBA,
DCM and CR in concentration of 1 �M on NPs-MOFT devices. These
dyes were chosen because they have different charges, as can be
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oticed by the chemical structure in the right-hand side of Fig. 6.
BA is a cation, DCM is neutral and CR is an anion and they would
ave very different affinities for the Ag-NPs surface.

The SERS spectra shown in Fig. 6 confirm that the NPs-MOFT
evice is able to detect molecules with very different chemical
tructures at a concentration as low as 1 �M, also without the needs
f additional reagents, but with comparable sensitivities to litera-
ure reports (Polwart et al., 2000). In the NBA case, the He–Ne laser
ine is inside the absorption band of the analyte, and presents an
dditional enhancement due to resonance Raman, characteristics of
he surface-enhanced resonance Raman scattering (SERRS) effect.
ue to this additional enhancement, the SERS intensity for the 1 �M
BA solution is higher than for the other dyes. It is also worth notic-

ng that the well known silica interference, with a maximum at
60 cm−1 (marked with an asterisk in Fig. 6A) is much weaker than
he NBA band at 593 cm−1.

. Conclusions

This work presented the construction and optimization of the
Ps-MOFT device for SERS detection of several analytes. The opti-
ization procedure showed that the highest SERS intensity can be

btained after 5 depositions of 50 nm Ag-NPs by a sol–gel procedure
n the tip of the optical fiber. Using the optimized 5-layer Ag-NPs-
odified device it was possible to detect 200 nM of the R6G dye, and

t is also possible to detect molecules with different net charges at
he micro-molar concentration limit, including anions, cations and
eutral molecules.

The results showed a flexible remote SERS sensor with a very
igh sensitivity. Although there is some issue with the long time
tability when expose to solvents, this problem does not hinder
he usage of the device when stored in air. The Ag-NPs-MOFT device
an be used as a single-use remote sensing element, since it is easy
o fabricate and provide good sample-to-sample reproducibility. It
an be envisioned that this kind of device could also be used as a
ERS-based biosensor.
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