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ABSTRACT

This paper reports an improved way for performing highly reproducible surface enhanced Raman scattering
of different analytes using an automated flow system. The method uses a confocal Raman microscope to
prepare SERS active silver spots on the window of a flow cell by photo-reduction of silver nitrate in the
presence of citrate. Placement of the flow cell on an automated x and y stages of the Raman microscope
allows to prepare a fresh spot for every new measurement. This procedure thus efficiently avoids any carry
over effects which might result from adsorption of the analyte on the SERS active material and enables highly
reproducible SERS measurements. For reproducible liquid handling the used sequential injection analysis
system as well as the Raman microscope was operated by the flexible LabVIEW based software ATLAS
developed in our group. Quantitative aspects were investigated using Cu(PAR), as a model analyte.
Concentration down to 5 x 10~ M provided clear SERS spectra, a linear concentration dependence of the
SERS intensities at 1333 cm~' was obtained from 5x 107> to 1x 10~> with a correlation coefficient
r=0.999. The coefficient of variation of the method V,, was found to be 5.6% and the calculated limit of
detection 1.7 x 10~ M. The results demonstrate the potential of SERS spectroscopy to be used as a molecular

specific detector in aqueous flow systems.

© 2013 Published by Elsevier B.V.

1. Introduction

Surface enhanced Raman scattering (SERS) has attracted a lot of
attention in recent years because it allows highly sensitive and
molecular specific measurements of different types of analytes.
Successful application can be found in many different areas
ranging from life sciences to environmental monitoring as well
as biomedical diagnostics to name a few [1-3]. SERS is observed
when the analyte of interest is in close vicinity or adsorbed on
rough surfaces of noble metals such as silver or gold. As the
observed enhancement factors strongly depend on the geometry
and the structure of the SERS material, a lot of research efforts
have been devoted to this subject in recent years [4-8]. Important
goals of the performed activities are optimization of the SERS
active structures to maximize the enhancement factors as well as
the integration of SERS in biomedical assays for maximum
selectivity also in case of complex samples. Another aspect to
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consider, especially when discussing the applicability of SERS from
a practical point of view is the robustness of the detection method
itself. In SERS this not only includes the shelf life of prepared SERS
substrates such as colloids or especially designed nanostructured
particles or arrays. Of equal importance is the way SERS detection
is implemented in a given analytical protocol. Among the different
possibilities to do so, the combination of SERS and automated flow
analysis, either in a standard or miniaturized format is a popular
option [9-11]. One reason for this is the need for a destruction free,
but highly sensitive molecular specific detector in separation
techniques [12] as well as lab-on-a-chip type microfluidic systems
[13], where SERS is being regarded as a potential candidate for
highly sensitive detection [14-18]. The miniaturization of reaction
systems offers practical advantages over the conventional bench-
top systems. Methods have been proposed to enhance the signal
from such experimental systems and to improve detection limits.
Such techniques have included the use of mechanical traps to
aggregate the colloid at a narrowing of the channel, in order to
concentrate the analyte as it flows over the colloidal particles
[19,20] and, hence, improving the SERS signal.

Automated flow systems are a very versatile platform for
carrying out sequences of highly reproducible sample and reagent
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manipulations. These sequences may include many different unit
operations including reproducible manipulation of beads [9,21] as
well as levitated droplets [22]. In previous work, we showed that
in the case of preparation and application of hydroxylamine
reduced silver sols, important benefits in terms of precision and
robustness of the overall measurement protocol could be achieved.
This is mainly due to the fact that for each subsequence measure-
ment a new SERS active surface was prepared. A common
characteristic of popular methods which are based on a chemical
reduction of silver nitrate to produce SERS active silver surfaces,
either using citric acid [23], boron hydride [10,24,25] or hydro-
xylamine [26], is the release of gaseous reaction products which
are produced during the reduction step. The release of these gases
makes it difficult to implement these chemical SERS preparation
techniques in the closed conduits of flowing systems. A way to
overcome these issues related to gas release during silver reduc-
tion is to prepare SERS active silver spots by photo reduction. This
technique is based on a work by Bjerneld et al. [27] who showed
that the photochemical reduction of silver nitrate is possible. Upon
illumination with light a mixture of silver nitrate and citric acid
reacts to colloidal silver as well as acetone-1,3-dicarboxylate as
well as carbon dioxide [28,29]. Ag photo-reduction has been used
previously to generate silver nanoparticles (AgNPs) by means of
laser photo-reduction of a silver nitrate solution [30,31]. This
approach was then also used for SERS detection in capillary
electrophoresis [32]. In this application the HeNe laser of the
confocal Raman spectrometer was used to produce the required
SERS colloid as well as to record SERS spectra of the analytes. Due
to the fact that only a very small amount of silver is reduced the
amount of released carbon dioxide is small and thus readily
dissolved in the flowing liquid. Therefore, preparation of SERS
substrates by photo-reduction is well compatible with in-line SERS
detection in flow systems. This was shown later in a follow-up
paper by Herman et al. [33] where repeated analysis of different
samples in a flow injection system was successfully demonstrated.
Common to both papers was the addition of silver nitrate and
citrate to the buffer system in case of electrophoresis and to the
carrier solution in case of flow injection system. However, as can
be seen from both papers, memory effect remained a serious
problem. This was because SERS substrate preparation and appli-
cation was always carried out at the same spot.

This paper describes a, what we believe, significant improve-
ment as it solves the problem of memory effects in flow systems
efficiently. First, we propose to turn to sequential injection analysis
for improved computer of the whole system. Second, and more
relevant, we propose to take advantage of the small spot size of
the photo-reduced SERS active silver spot and to move the flow
cell where SERS detection is to be performed a few micrometre
after each measurement. Third, for fast preparation of a SERS
active spot, we redesigned the flow cell and suggest the use of a
flow cell made up by two planar CaF, windows. In this case a faster
SERS spot synthesis can be achieved and continued alignment of
the detection unit, despite movement of the flow cell, can be
realized.

2. Expermintal
2.1. Experimental setup and used instumentation

A schematic view of the experimental setup is shown in Fig. 1.
The sequential injection analysis system (SIA) consisted of a 5 ml
syringe pump of Cavro Scientific Instruments (Sunnyvale, CA,
USA), a 6-port selection valve of VICI (Valco Instruments Co. Inc.)
and of PTFE tubings with an internal diameter (i.d.) of 0.75 mm.
For Raman measurement the SIA system was connected to a flow-

Confocal Raman Microscope

250 cm
0.75 mm

Water
Holding coil

Reagent 53

1 ml/min

Syringe Pump Selection Valve

Fig. 1. Schematic view of the experimental setup for automated multianalyte
sequential SERS detection in a flow cell.

cell, initially designed for mid-IR spectroscopy, which consisted of
two 2 mm thick rectangular Calcium Flouride (CaF,) windows
which were separated by a 200 um thick PTFE spacer.

The flow cell was placed on the computer controlled X, y, and z,
stages EK32 75 x 50-0.4 mm (Madrzhduser Wetzlar GmbH, Ger-
many) of the confocal Raman spectrometer LabRam HR800(Horiba
Jobin Yvon, Bensheim, Germany) which is based on an Olympus
B x 41 optical microscope.

For recording SERS spectra a HeNe laser line (632.8 nm), a
Nikon objective ( x 20, NA 0.35, and WD 20.5) and a 600 lines/mm
grating were used along with a charge coupled device detector
(CCD). Furthermore, neutral density filters were used to attenuate
the HeNe laser beam. The slit width was set to 100 um and spectra
in the relevant range from 540 to 1660 cm~! were recorded using
a 2 s integration time.

For full computer control of the whole experimental set-up,
including SERS spectrum acquistion, we used our in-house devel-
oped LabVIEW based ATLAS software [34] to which, as a new feature,
remote operation of the LabRAM sepectrometer was added.

Characterization of the prepared SERS substrate was done with
scanning electron microscopy (SEM). For this purpose SEM images
were obtained with a FEI Quanta 200 (FEI Company, Eindhoven,
The Netherlands). Images were performed with electron beam
energy of 15 keV and detecting back scattered electrons.

2.2. Chemicals

4-(2-Pyridylazo)resorcinol (PAR), rhodamine 6G (R6G), methy-
lene blue (MB), copper(ll) sulphate pentahydrate, sodium citrate
dihydrate and silver nitrate were of analytical grade. Deionized
water was used to prepare the solution and as a carrier liquid. PAR
complexes with Cu(Ill) were prepared by mixing solutions of
103 M copper(ll) sulphate pentahydrate and PAR at 1:1 M ratios,
resulting in Cu(PAR), complexes, PAR forming bidentate com-
plexes with Cu(Il) [35].

For preparation of the SERS active silver spot an aqueous
solution containing 0.5 mM silver nitrate and 5 mM sodium citrate
with a pH of 7.5 was used. This solution was prepared freshely
each day.

3. Results and discussion

The aim of this study was the development of a fast measure-
ment protocol for highly precise SERS measurements of different
analytes void of memory effects, using the proposed combination
of SIA with automated preparation and use of photo-reduced silver
spots for SERS detection.
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As both preceeding papers [32,33] reported the use of the Cu
(PAR), complex as a model analyte and because of its strong
memory effects, this analyte was used for testing of the whole
system. The memory effects of the Cu(PAR), resulted in significant
peak tailings in capillary elcetrophoresis and required extended
rinsing (10 min) in flow injection analysis prior to a subsequent
analysis.
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Fig. 2. SERS spectra of citrate anions on silver spot using different laser illumina-
tion times (5, 10, 20, 30, 40 and 60 s). The concentration of the reagent solution
(0.5 mM silver nitrate and 5 mM sodium citrate).

During the experiments carried out in this study the flow cell
was kept at a constant position for each sample injection and
moved 50 pm upstream prior to the analysis of the next sample.
First, 500 pl of the reagent solution required for preparation of the
SERS active spots, which contained 0.5 mM AgNO; and 5 mM
sodium citrate at pH 7.5, was introduced to the holding coil via the
selection valve and pumped to the flow cell at a flow-rate 1 ml/
min. During passage of the reagent solution the laser was turned
on and focused on the surface of the lower CaF, window using the
20 x magnification objective. During this time period, Raman
spectra with an accumulation time of 2 s were recorded. Using
these conditions, the formation of photoreduced silver spots could
be observed already after an illumination time of 5s. The forma-
tion of the SERS active spots also lead to SERS spectra of the citrate
ions which were attached to the silver surface. The intensity of
these spectra increased during SERS spot fabrication as can be
seen from Fig. 2. In an effort to characterize these SERS active
silver spots, a CaF, window carrying a number of spots produced
by different laser illumination times were characterized by sec-
ondary electron microscopy (Fig. 3). The corresponding images
confirmed the formation of rough silver surfaces as required for
SERS spectroscopy.

After injection of the reagent solution the samples containing
different analytes were injected again via the selection valve. As an
example the sequential injection of the Cu(PAR), complex (10~% M),
rhodamine 6G (10~° M), and methylene blue (3 x 10~% M) is shown
in Fig. 4A. Due to the intensity in the recorded SERS spectra of these
analytes the presence of citrate cannot be detected. For each analyte
increasing SERS intensities are obseved as soon as the analyte enters
the flow cell. Movement of the stage after 30 s enables measurement

Fig. 3. SEM images of laser-induced silver substrates prepared on a CaF, window after 5, 10, 30 and 60 s of laser exposure.
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of the subsequent injected sample independently of the one pre-
viously measured. From the obtained recording selected spectra have
been extracted and depicted in Fig. 4B, to show the high quality of
the obtained data, which clearly shows that it is indeed possible to
avoid cross contamination and to record clear SERS spectra of three
different analytes in less than 120s.

The Cu(PAR), complex was used in previous literature as a model
analyte for flow injection analysis [33] and capillray electrophoresis
[32]. In both applications this analyte exhibited a strong memory
effect. In capillary elcetrophoresis this resulted in significant peak
tailings. In case of flow injection analysis it required rinsing for up to
10 min to regenerate the SERS substrate for subsequent analysis.
Therefore, this analyte was selected for detailed testing of the whole
analysis system developed in this work.

During these tests the influence of the flow rate (Fig. 5A) and
the sample volume (Fig. 5B) on the recorded intensities of the
SERS spectra of Cu(PAR), were investigated in the range of 0.5-
3.5 ml/min and 5-60 pl, respectively. As may be seen in Fig. 5A, the
slower the flow rate, the more intense is the SERS spectrum of the
analyte. This clearly shows that dynamic processes are involved
that govern the overall observed SERS intensities. One such
process is the establishment of the adsorption equilibrium of the
analyte on the silver substrate [10]. A second contribution to this
behaviour is seen in the fact that strongly laminar flow condition
prevail in the flow-cell, thus the only process which brings the
analyte molecules close to the SERS surface is diffusion. Therefore,
an increased residence time in the flow cell which is achieved at
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Fig. 4. (A) Sequentially recorded SERS spectra of the 10~4 M Cu(PAR),, 10~ M R6G
and 3 x 10-5M MB. The flow rate was 1 ml/min. (B) SERS spectra of the three
analytes in the flow cell.

lower flow-rates will allow more analyte molecules to get close to
the SERS active silver spot.
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Fig. 5. (A) SERS spectra of 30 ul (10~% M) Cu(PAR), complex using 3.5, 2.8, 2.5,
1 and 0.5 ml/min flow rates. (B) SERS spectra of different volumes of the 10~ M Cu
(PAR), complex usingl ml/min flow rate. The volumes are 5, 10, 20, 30, 40 and
60 pl.

Table 1
SERS intensities at 1333 cm ™" of the Cu(PAR), complex during repeated analysis.

No.  SERS Intensity® (arbitrary units) x 10°

5x107°M 1x107°M 5x107°M 1x107*M 5x10"*M 1x1073

M

1 5.80 6.49 1.3 141 37.5 68.5
2 5.90 6.33 1.2 13.6 38.2 70.9
3 5.90 6.43 1.2 13.9 38.6 68.7
4 6.58 14.2 37.6 68.1
5 6.65 13.8 37.2 70.2
6 6.54 13.7 379 69.3
7 6.39 14.0 383 69.4
8 6.47 13.9 38.7 68.5
Mean 5.83 6.48 1.3 13.9 38.0 69.2
SD 0.0577 0.104 0.0577 0.200 0.539 0.954
RSD  0.989 1.60 0.511 1.44 1.42 1.38

(%)

@ Injected volume: 30 ul and flow rate: 1 ml/min.
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The major point of this paper, however, concerns repeatabilty
which can be achieved by this new approach. For this purpose six
different concentrations of Cu(PAR), were prepared and analysed.
Four concentrations were injected eight times, whereas two concen-
trations were analysed in triplicate. In each case 30 pul were injected
and a flow rate of a 1 ml/min used. For quantitative evaluation of the
recorded SERS spectra the intensity of the strong band at 1333 cm !
corresponding to in-plane bending of the benzene ring was selected
[35]. The intensity readings at 1333 cm™~ for all injections are stated
in Table 1. As can be seen from the calculated r.s.d. values a very high
repeatability in the range of 0.51-1.6% was obtained throughout the
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Fig. 6. Calibration curve of 30 ul Cu(PAR), complex using 1 ml/min flow rate at
1333 cm~! (the upper inset) SERS spectra of different concentrations 30 ul Cu
(PAR), complex (1x1073,5x 1074 1x10~4, 5x 1075, 1x 10~° and 5 x 10~° M).
The flow rate was 1 ml/min.

studied concentration range. Statistic evaluation of the whole data set
using the software programme Validata in Excel revealed that for a
confidence level of 95% the linear range of the calibration curve
extended from 3 x 107> to 1 x 10~ mol/l [36]. The obtained calibra-
tion curve is shown in Fig. 6 together with representative SERS
spectra of the individual Cu(PAR), concentrations. Fig. 7 shows the full
recording of eight repetitive injections of a the Cu(PAR), complex at a
concentration of 10~ mol/l. It can be observed that highly repeatable
recordings were obtained and that any memory effect could be
avoided by having a new SERS active spot available for every
subsequent analysis. The inset in Fig. 7 shows a picture of the created
SERS spots which are equally distributed on the planar CaF, surface of
the window of the flow cell at a distance of 50 pm. Due to the small
spacing of the individual SERS spots and because of the width of the
free space in the spacer of 10 x 20 mm a large number of individual
measurements can be performed using one single CaF, window.

4. Conclusion

This paper introduced a new way for highly repeatable SERS
detection in automated flow systems such as in sequential injec-
tion analysis. We consider this approach an important step for
establishing SERS as a reliable detection method in flow systems
because it significantly improves the current state of the art in
terms of robustness. The advantages of this simple procedure for
SERS detection in flow systems are mainly due to full computer
control of the flow system including the Raman spectrometer and
its x, y, and z stages. This full computer control allowed the
synthesis of new and thus clean SERS active silver substrates prior
to each sample injection, a prerequiste for highly repeatable and
fast analysis. In future work it is planned to expand on this
technique and to evaluate its application also in separation
systems such as liquid chromatography and electrophoresis.
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Fig. 7. Sequentially recorded SERS spectra of eight replicates of 30 ul (10~ M) Cu(PAR), complex using 1 ml/min flow rate, (the upper inset) Optical image of the laser-
induced silver substrates in eight replicates for four concentration levels of the complex formed in the lower window of the flow cell.



M.R. EL-Zahry et al. / Talanta 116 (2013) 972-977 977

Acknowledgement

M.R. E-Z is grateful for a 2 years fellowship received from the
Egyptian government for studies abroad. B.L. acknowledges finan-
cial support was provided by the Austrian research funding
association (FFG) under the scope of the COMET programme
within the research network process.

References

[1] S. Lee, ]. Choi, L. Chen, B. Park, ].B. Kyong, G.H. Seong, ]. Choo, Y. Lee, K.H. Shin,
E.K. Lee, S.W. Joo, K.H. Lee, Anal. Chim. Acta 590 (2007) 139-144.
[2] K. Chen, K.C. Vo-Dinh, F. Yan, M.B. Wabuyele, T. Vo-Dinh, Anal.Chim. Acta 569
(2006) 234-237.
[3] W.R. Premasiri, J.C. Lee, L.D. Ziegler, J. Phys. Chem. 116 (2012) 9376-9386.
[4] S. kheybari, N. Samadi, S.V. Hosseini, A. Fazeli, M.R. Fazeli, DARU 18 (2010)
168-172.
[5] H. Jiawen, B. Zhao, W. Xu, Y. Fan, B. Li, Y. Ozaki, Langmuir 18 (2002)
6839-6844.
[6] 1. Sondi, D.V. Goia, E. Matijevi, ]. Colloid Interface Sci. 260 (2003) 75-81.
[7] M.V. Canamares, J.V. Garcia-Ramos, ].D. Gomez-Varga, C. Domingo, S. Sanchez-
Cortes, Langmuir 21 (2005) 8546-8553.
[8] S. He, J. Yao, P. Jiang, D. Shi, H. Zhang, S. Xie, S. Pang, H. Gao, Langmuir 17
(2001) 1571-1575.
[9] B. Lendl, H. Ehmoser, J. Frank, R. Schindler, Appl. Spectrosc. 54 (2000)
1012-1018.
[10] L.M. Cabalin, A. Rupérez, JJ. Laserna, Anal. Chim. Acta 318 (1996) 203-210.
[11] L.M. Cabalin, A. Rupérez, ].J. Laserna, Talanta 40 (1993) 1741-1747.
[12] N. WeiRenbacher, B. Lend], ]J. Frank, H.D. Wanzenbdck, R. Kellner, Analyst 123
(1998) 1057-1060.
[13] H. Chon, C. Lim, S.-M. Ha, Y. Ahn, E.K. Lee, S.-I. Chang, G.H. Seong, J. Choo, Anal.
Chem. 82 (2010) 5290-5295.
[14] K.R. Strehle, D. Cialla, P. Rosch, T. Henkel, M. Kohler, J. Popp, Anal. Chem. 79
(2007) 1542-1547.

[15] LX. Quang, C. Lim, G.H. Seong, ]. Choo, KJ. Do, S.K. Yoo, Lab Chip 8 (2008)
2214-2219.

[16] R. Wilson, S.A. Bowden, ]. Parnell, J.M. Cooper, Anal. Chem. 82 (2010)
2119-2123.

[17] KK. Strelau, R. Kretschmer, R. Moller, W. Fritzsche, ]. Popp, Anal. Bioanal.
Chem. 396 (2010) 1381-1384.

[18] X. Zhang, H. Yin, J.M. Copper, S.J. Haswell, Anal. Bioanal. Chem. 390 (2008)
833-840.

[19] K.R. Ackermann, T. Henkel, J. Popp, ChemPhysChem 8 (2007) 2665-2670.

[20] A. Walter, A. Marz, W. Schumacher, P. Rosch, J. Popp, Lab Chip 11 (2011)
1013-1021.

[21] MJ.A. Canada, A.R. Medina, J. Frank, B. Lendl, Analyst 127 (2002) 1365-1369.

[22] N. Leopold, M. Haberkorn, T. Laurell, J. Nilsson, J.R. Baena, J. Frank, B. Lendl,
Anal. Chem. 75 (2003) 2166-2171.

[23] P.C. Lee, D. Meisel, J. Phys. Chem. 86 (1982) 3391-3395.

[24] ]J.A. Creighton, C.G. Blatchford, M.G. Albrecht, ]J. Chem. Soc., Faraday Trans. 75
(1979) 790.

[25] R. Keir, E. Igata, M. Arundell, W.E. Smith, D. Graham, C. McHugh, J.M. Cooper,
Anal. Chem. 74 (2002) 1503-1508.

[26] N. Leopold, B. Lendl, J. Phys. Chem. B 107 (2003) 5723-5727.

[27] EJ. Bjerneld, K. Murty, J. Prikulis, M. Kall, ChemPhysChem 3 (2002) 116-119.

[28] C.H. Munro, W.E. Smith, M. Garner, ]. Clarkson, P.C. White, Langmuir 11 (1995)
3712-3720.

[29] M. Maillard, P. Huang, L. Brus, Nano Lett. 3 (2003) 1611-1615.

[30] A.M. Ahern, R.L. Garrell, Anal. Chem. 59 (1987) 2813-2816.

[31] M. Muniz-Miranda, J. Raman Spectrosc. 35 (2004) 839-842.

[32] N. Leopold, B. Lendl, Anal. Bioanal. Chem. 396 (2010) 2341-2348.

[33] K. Herman, L. Szabé, L.F. Leopold, V. Chis, N. Leopold, Anal. Bioanal. Chem. 400
(2011) 815-820.

[34] C. Wagner, A. Genner, G. Ramer, B. Lendl, in: R. De Asmundis (Ed.), Modeling,
programming and simulations using LabVIEW™ software, 2011, pp. 1-20.

[35] N. Leopold, L. Szabo, A. Pirna, M. Aluas, L.F. Leopold, V. Chis, O. Cozar, J. Mol.
Struct. 107 (2009) 94-99.

[36] International Standard (ISO 8466-1), Statistical evaluation of the linear
calibration function, 1990, pp. 1-8.





