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Raman-based sensors represent a promising solution to enable both detection and fingerprinting of anionic
pollutants in the water distribution network. Due to the weak nature of Raman scattering, a signal intensity
enhancement mechanism, such as surface enhanced Raman spectroscopy (SERS), is required. Given the combina-
tion of SERS being a first layer effect and the low affinity for metallic surfaces shown by anions, functionalization
of the SERS substrates using positively charged self-assembled monolayers (SAMs) is required to guarantee a
strong SERS signal. In this work, the performance of three thiol-based coatings, namely, 2-mercapto-4-methyl-
pyrimidine, cysteamine, and 2-dimethyl-amino-ethanethiol, is systematically compared for the detection of
nitrite, nitrate, and perchlorate ions in water. For each coating, the limit of detection of those analytes is studied in
combination with commercial SERS substrates. Cysteamine-coated SERS substrates are shown to provide the low-
est limit of detection for the three analytes of this study. Evaluation of this coating on real drinking water samples is
reported. © 2019 Optical Society of America

https://doi.org/10.1364/AO.58.009345

1. INTRODUCTION

Drinking water is an extremely valuable resource that ensures
the prosperity of societies around the world. Nevertheless,
human activity is frequently the cause of the decrease of the
quality of the drinking water supply [1,2]. Contamination
outbreaks in the distribution network have impacts on both
the economy and the health of a nation [1,3,4]. Monitoring of
the distribution network is therefore essential to detect possible
contamination events and reduce their consequences. The
presence of different anionic species in drinking water, such as
perchlorate (ClO−4 ), nitrite (NO−2 ), and nitrate (NO−3 ) anions,
is especially relevant, considering the health effects produced
in the population when ingested in concentrations above a rec-
ommended limit [5–10] (i.e., 704 nM for perchlorate, 65 µM
for nitrite, and 844 µM for nitrate). The standard methods for
detecting the presence of these anions in water [10], which,
depending on the required limit of detection may include
complex techniques such as ion chromatography (IC) [11] and
liquid chromatography-mass spectrometry (LC/MS) [12],

often require sample preparation, specialized laboratories, and
long analysis times. Thus, a new low-cost solution that provides
on-line (i.e., with automatic sampling and return of the analyzed
water sample to the original flow in the distribution network)
detection and fingerprinting of pollutants in drinking water
without the need for sample preparation is highly desirable.

Raman spectroscopy permits the fingerprinting of different
substances based on their vibrational spectra [13]. Given the
low Raman cross section of water molecules and their relatively
low light absorption in the NIR region [14], pollutants in water
can be readily identified by their Raman spectrum. However,
the weak scattering signal produced by the analytes [15] leads to
long measurement times and high limits of detection (LOD).
Surface enhanced Raman spectroscopy (SERS) has been widely
utilized to enhance both the excitation intensity and the gen-
eration of Raman scattered photons [16]. This technique is
based on the local electromagnetic field enhancement induced
by localized surface plasmons produced by various types of
metallic nanostructures, which produces an increased density
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of optical states [17]. Additionally, the chemical interaction
between the molecules under study and the nanoparticles can
also produce a chemical enhancement [18]. Both phenom-
ena lead to an enhancement of the Raman signal. However,
due to the high confinement of the electromagnetic field to
the metallic nanoparticles and the short range of the chemical
interactions, only molecules placed in very close proximity
(i.e., tens of nanometers) of the surface are detected [19]. SERS
enhancements up to∼1014 have been reported [20].

Bringing anions in close proximity of metal nanoparticles is
limited by the low affinity of anions for metal surfaces, which,
in combination with the typical hydrophobic behavior of SERS
substrates [21,22], requires specific surface functionalization.
Cationic self-assembled monolayers (SAMs) can be utilized to
modify both the affinity of the SERS nanoparticles for anions
and the surface wettability. Suitable coatings must be thin,
stable in water, create a hydrophilic environment, and have a
positively charged head group. Thiol SAM coatings, which are
commonly used due to their easy preparation and relatively
high stability [23], fit these requirements. Three thiol SAMs
typically reported to enable the SERS detection of anionic com-
pounds in water are 2-mercapto-4-methyl-pyrimidine (MMP),
cysteamine, and 2-dimethyl-amino-ethanethiol (DMAET)
[24–29]. Multiple experiments report detection of perchlorate
and nitrate anions using SERS substrates functionalized using
these coatings [24–29]. From the available results, however,
it is difficult to extract a figure of merit that enables selecting
the best coating, given the variety of measurement conditions
utilized, including laser power, wavelength used, and chosen
SERS substrate.

In this work, we present a comparative study of the use of
MMP, cysteamine, and DMAET coatings for the detection
of perchlorate, nitrite, and nitrate anions using SERS. The
performance of the coatings is tested under equal experimental
conditions and using identical SERS substrates, permitting us,
therefore, to understand the relative performance of these coat-
ings. The lifetime of the functionalized SERS substrates using
the optimum coating is evaluated when measuring a perchlorate
solution in both deionized (DI) and drinking water.

2. MATERIALS AND METHODS

Sodium nitrate (99.5%) and sodium nitrite (99%) were
obtained from Merck (Darmstadt, Germany). Sodium per-
chlorate (98%) was obtained from Sigma Aldrich (Schnelldorf,
Germany). All aqueous solutions were made with DI water
(18.2 MOhm · cm) with a system from Millipore Milli-Q
(Amsterdam-Zuidoost, The Netherlands). All anions were used
with sodium as a co-ion. Sodium was chosen as it is a safe, stable,
broadly used, and easily available substance. Sodium by itself is
not Raman active, thereby minimizing the background signal.
A 1 M stock solution for each of the analytes was prepared in a
50 mL volumetric flask. A 5 min sonication step was performed
to improve the dissolving process. Multiple dilution steps with
targeting concentrations in the order of 10−1

− 10−8 M were
carried out with 50 mL volumetric flasks and a 5 mL volumet-
ric pipette, with an expected < 2% concentration error. All
solutions were made and stored in sealed volumetric flasks.

Non-SERS “flat” gold (Au) substrates were fabricated by
evaporating 50 nm of Au on a silicon substrate using a 2 nm
titanium adhesion layer. The as-evaporated Au samples were
cleaned in a piranha solution (3:1 sulphuric acid: hydrogen
peroxide) for 10 min to eliminate any organic residue.

“SERStrate” SERS substrates were purchased from Silmeco
(Copenhagen, Denmark). We chose SERStrate SERS sub-
strates because of their relatively low cost, the availability of
information about the fabrication process, their superior per-
formance compared to other SERS substrates, their SERS signal
uniformity, and their low background signal. The SERStrate
substrates are made of Si pillars with an Au cap on top. The Si
pillars are approximately 600 nm high and 40 nm in diameter.
The Au caps on top are 250 nm long and 120 nm in diameter.
Field enhancement takes place in the space in between the gold
caps [30]. A complete description of the fabrication, enhance-
ment mechanism, and intrinsic properties of the substrates,
with an emphasis on reproducibility and signal homogeneity,
can be found in [31]. A scanning electron microscope (SEM)
micrograph of one of the substrates can be seen in Fig. 1. The
maximum recommended laser power density for excitation of
the SERStrate substrates is 10 W/cm2. SERS substrates were
used directly from the packaging without any cleaning steps to
prevent damage to the surface.

Cysteamine hydrochloride (cysteamine HCl, 98%), 2-
dimethyl-amino-ethanethiol hydrochloride (DMAET HCl,
95%), and 2-mercapto-4-methyl-pyrimidine hydrochlo-
ride (MMP HCl, 99%) were obtained from Sigma Aldrich
(Schnelldorf, Germany). Absolute ethanol (99.9%), sulfuric
acid (95%), and hydrogen peroxide (33%) were obtained from
VWR Chemicals (Fontenay-sous-Bois, France). The different
SAM coatings were all deposited using a common protocol.
Cysteamine (0.5 g), DMAET (0.12 g) or MMP (0.02 g) were
dissolved in ethanol (60 mL) followed by a 5 min sonication
step. The SERS substrate was then introduced in the beaker
with the corresponding solution, and an argon-filled balloon
was used to prevent evaporation of the ethanol while counter-
balancing any possible gas leakage from the system. After 24 h,
the samples were thoroughly rinsed with ethanol to remove
the excess of the coating molecules and dried under nitrogen.
Contact angle measurements (Krüss G10 drop-shape ana-
lyzer) were carried out before and immediately after the coating
process in order to verify the formation of the SAM.

Raman measurements were performed with a WITec
Alpha300 R/A/S confocal Raman microscope (WITec, Ulm,
Germany) in combination with an Olympus MPLFLN 10×

Fig. 1. SEM image of a SERStrate substrate: (left) general overview
of the substrate showing a high density of nanopillars, (right) detail of
the nanopillars.
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objective (10×, 0.3 NA). The used excitation laser has a wave-
length of 785 nm and a maximum power of 200 mW. A laser
power of 0.1 mW was used during the SERS measurements to
prevent damage to the substrates. The polarization of the excita-
tion field is parallel to the surface of the SERS substrates. A 600
lines/mm grating, giving a resolution of 0.127 nm, was utilized.
The SERS substrates were placed on a Nunc plastic petri dish
#150318 with diameter 35 mm and height 10 mm. The petri
dishes were filled with 5 mL of the desired analyte solution and
placed under the objective of the Raman microscope. Initial
focusing was done using the bright field function of the micro-
scope, with fine tuning done by optimizing the captured Raman
intensity in the 0−300 cm−1 region. The optimum position
was considered to be the focal position on the hotspots region,
where enhanced background signal is generated. Scanning of the
samples surface was done to find a clean and undamaged spot
to carry out the measurements. An integration time of 30 s with
10 averages was set during the measurements unless otherwise
indicated. Upon analyzing a new solution, the sample was first
rinsed in a DI water flow for 3 s and then dried with nitrogen gas
before immersion in the new solution. Given the relatively high
concentrations used during the measurements (≥10−7 M), the
presence of multiple analyte molecules in the measurement vol-
ume was assumed in all measurements. Reference measurements
were captured prior to each measurement round following the
previously introduced measurement protocol with DI water as
the target analyte. The obtained spectra were post-processed
using MATAB. Cosmic-ray removal was performed on both the
reference and measurement spectra by substitution of a limited
number of points (e.g., three data points) around the cosmic-ray
locations with the values of smoothed versions of the same spec-
tra (moving average filter, length=10 points). When processing
SERS measurements data, the different spectra are corrected
for focusing errors by subtracting the minimum intensity value
of each smoothed version of the spectra and by normalizing by
the intensity of a reference peak present in the SERS spectra of
the selected SAM molecules. The intensity values at 982, 643,
and 760 cm−1 were taken as a reference for MMP, cysteamine,
and DMAET, respectively. Background subtraction was done
by direct subtraction of the reference spectra from the post-
processed measurement data. Selection of the region of interest
followed. Additionally, the resulting spectra were normalized by
their maximum intensity, and an intensity offset was applied in

order to facilitate the comparison of the different spectra in each
measurement series.

3. RESULTS AND DISCUSSION

First, the LOD of the three anions of interest was character-
ized by spontaneous Raman spectroscopy. In this experiment,
multiple un-patterned uncoated Au substrates were immersed
in nitrite, nitrate, and perchlorate solutions with decreasing
concentration. Between measurements, the substrate was rinsed
with DI water and dried with a stream of nitrogen gas. No signal
crosstalk from the analyte previously present on the substrate
was observed. A laser power of 140 mW, integration times of
6 s and 30 s, and 10 averages per measurement were used. The
Raman spectra of the introduced pollutants are well known in
the literature: perchlorates have their main Raman peak in the
range between ∼ 912 and ∼ 940 cm−1 [32,33], nitrite shows
peaks at ∼ 815 cm−1 and ∼ 1330 cm−1, and nitrate shows a
characteristic peak at∼ 1050 cm−1 [34,35]. Comparison of the
results (Fig. 2) allows for the estimation of the relative Raman
cross section of the different analytes. Nitrite is the analyte that
shows the weakest Raman cross section, with a LOD in the order
of 10−1 M. Nitrate has higher cross section, with possible detec-
tion of samples with concentrations equal or higher to 10−2 M.
Finally, perchlorate is the analyte with the highest Raman cross
section, with a LOD in the order of 10−3 M.

Second, experiments using bare (i.e., as-received) and coated
SERStrate substrates were carried out. No signal from any of
the considered analytes was obtained. Contact angle measure-
ments [Fig. 3(a)] show that the as-received substrates are highly
hydrophobic, which prevents the analytes from getting close
to the regions of field enhancement. Therefore, the proposed
SAMs should not only change the surface charge of the SERS
substrates but also increase their wettability. In fact, contact
angle measurements after formation of the different SAMs on
the surface of the SERS surfaces showed perfectly hydrophilic
surfaces [Fig. 3(a)]. All compounds used here are rather polar:
whereas cysteamine and DMAET can be expected to be proto-
nated when in contact with water, leading to a polar, positively
charged headgroup, MMP forms hydrogen bonds readily with
water using its pyridine nitrogens as hydrogen bond acceptors.
The background SERS Raman signal generated by the coatings
was then characterized [Fig. 3(b)]. The weakest background

Fig. 2. Normalized spontaneous Raman spectra of the analytes of interest, namely, nitrite, nitrate, and perchlorate on unpatterned, uncoated gold
substrates. An integration time of 30 s was used for concentrations below 10−3 M. The main peaks of the analytes of interest are indicated. A vertical
offset is added to each spectrum in the series in order to visualize the results.
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Fig. 3. (a) Contact angle measurements: before (∼ 146◦) and after
(less than 15◦) functionalization of the substrates. (b) SERS back-
ground of the different thiol species studied during the experiments.
An offset was added to make comparison of the measurements easier,
but no normalization was applied to the different spectra.
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Fig. 4. Considered SAM coatings in the experiments: (a) MMP,
(b) cysteamine, and (c) DMAET.

is given by DMAET, followed by cysteamine and MMP. The
structure of these molecules is shown in Fig. 4. As described
above, these molecules can promote the binding of anions, with
different selectivities and using a variety of interaction types,
including electrostatic, pi-pi stacking, and hydrogen bonding
[24–29].

Third, we used SAM coatings to enable and enhance the
SERS detection of the different analytes of interest (Fig. 5).
MMP showed very poor affinity for nitrite, obtaining a
very weak spectrum after background subtraction, undis-
cernible from the noise level. The LOD obtained for nitrate

is ∼ 10−0 M. The coating showed the best affinity for per-
chlorate, giving a 10−4 M LOD. Relatively poor background
subtraction was achieved in most measurements, with extra
peaks and valleys present in the resulting spectra. This suggests
variation of the SERS background of MMP due to the presence
of the analytes of interest (i.e., interaction between the MMP
molecules and the measured anions).

The results obtained with a cysteamine-functionalized SERS
substrate can be seen in Fig. 6. A LOD of 10−3 M was obtained
for nitrite. Nitrate concentrations above 10−5 M and perchlo-
rate concentrations above 10−6 M could also be detected using
this substrate. The resulting signal after background subtraction
contains no significant artifacts or peaks from the cysteamine
monolayer spectra.

Figure 7 shows the measurements using a DMAET-coated
SERS substrate. A LOD of 10−3 M was achieved for nitrite,
which is comparable with the results achieved using cysteamine.
Concentrations above 10−3 M and 10−5 M could be detected
for nitrate and perchlorate, respectively. The LOD for nitrate
is 2 orders of magnitude lower when compared to the results
for cysteamine. A possible explanation would be the lower
affinity of DMAET for nitrate. Extra artifacts are found in the
spectra after background subtraction, suggesting changes in the
DMAET SAM spectra due to the presence of the analytes of
interest.

Figure 8 shows the relation between the intensity of the main
peak of the different analytes and the chosen concentration
during the experiments for the three types of SAMs studied in
this work. Table 1 summarizes the obtained LODs. The LOD
achieved using spontaneous Raman on flat gold samples is also
included for comparison purposes. Several orders of magnitude
improvement can be observed when comparing the SERS and
spontaneous Raman results. The improvement is more pro-
nounced when considering the different excitation powers used
(i.e., 0.1 mW in the SERS experiments versus 140 mW on the
flat gold samples). Cysteamine exhibited the highest affinity
for the considered analytes. Using this SAM, both perchlorate
and nitrate anions could be detected at concentrations close to
or lower than the maximum concentrations in drinking water
recommended by the World Health Organization (WHO, i.e.,
704 nM for perchlorate, 65 µM for nitrite, and 844 µM for
nitrate). The low Raman cross section of nitrite combined with
the possible lower affinity of the coatings and the low required
LOD for this analyte is an issue that must be tackled before

Fig. 5. SERS spectra of nitrite, nitrate, and perchlorate anions attracted by a MMP SAM. The given spectra are after background subtraction. The
main peaks of the analytes of interest are indicated. An offset is added to each spectrum in the series in order to visualize the results.
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Fig. 6. SERS spectra of nitrite, nitrate, and perchlorate anions attracted by a cysteamine SAM. The given spectra are after background subtraction.
The main peaks of the analytes of interest are indicated. An offset is added to each spectrum in the series in order to visualize the results.

Fig. 7. SERS spectra of nitrite, nitrate, and perchlorate anions attracted by a DMAET SAM. The given spectra are after background subtraction.
The main peaks of the analytes of interest are indicated. An offset is added to each spectrum in the series in order to visualize the results.

Fig. 8. SERS intensity versus measured concentration for the different characterized SAM. Ipeak is defined as the dominant peak (806 cm−1 for
nitrite, 1040 cm−1 for nitrate, and 929 cm−1 for perchlorate) amplitude measured from the background baseline. Concentration (C) is expressed in
Moles/l.

combined detection of the three analytes of interest using SERS
can be achieved. The use of SERS substrates with improved
mechanical properties and higher tolerance to higher excita-
tion laser power will help to improve the reported LODs. It
is important to highlight here that the LODs obtained in this
work are by no means the ultimate LOD that can be achieved
using SERS substrates coated with the monolayers studied. In
fact, many studies have reported lower LOD for a given SERS
nanostructure-coating combination [36,37]. The results of this
study are useful to determine which coating to use for a target
analyte.

Finally, measurements with cysteamine-coated SERStrate
substrates were made to evaluate the loss of sensitivity due to
the presence of competing analytes in drinking water and the

Table 1. Summary of LOD Values Found in Our
Experiments

Experiment
LOD (M)

NO−

2 NO−

3 ClO−

4

SERS MMP – 100 10−4

Cysteamine 10−3 10−5 10−6

DMAET 10−3 10−3 10−5

Spontaneous Raman 10−1 10−3 10−4

mechanical degradation of the substrates in permanent contact
with both DI and drinking water. Drinking water samples from
three locations in the Netherlands (i.e., De Punt, Assen, and
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Fig. 9. Signal degradation with a SERStrate substrate stored in DI water and in drinking water. The main peak of perchlorate is indicated. An
offset is added to each spectrum in the series in order to visualize the results. The signal-to-noise ratio (SNR) is calculated as the ratio between the
peak amplitude in a window of 200 cm−1 centered at the location of the main peak and the noise amplitude measured in the edges (i.e., first and last
70 cm−1) of the calculation window.

Annen) were provided to this study by the Water Laboratorium
Noord (WLN). The samples were pre-analyzed, showing a
concentration of nitrite below 347 nM and a concentration
of nitrate ranging between 8 and 29 µM, both outside the
detectable range of the cysteamine-coated SERS substrates.
Many different anions that can interact with the substrate and
deteriorate the SERS enhancement are present in the drink-
ing water sample. To investigate the effect of the competing
molecules on the SERS signal intensity, a drinking water sam-
ple containing a nitrate concentration lower than 8 µM was
spiked to obtain a final perchlorate concentration of 500 µM.
Competing anions such as chloride (Cl−, 310µM), bicarbonate
(HCO−3 , 2.89 mM), and sulfate (SO2−

4 , 36 µM) were also
present in the sample. A cysteamine-coated SERStrate substrate
was used for the Raman measurements. Control measurements
were made with a 500 µM perchlorate solution in DI water
using an additional functionalized substrate. Comparison of
the spectra captured at the beginning of the experiment (Fig. 9,
day 1) shows a lower signal-to-noise ratio of the perchlorate
peak for the measurement in drinking water (1.87) compared
to the one of the measurement in DI water (4.81), which is
attributed to different anions competing for their position in the
enhancement area of the SERS substrate.

Additionally, we studied the degradation of the SERS sub-
strates with time when stored in both DI water and drinking
water. Daily experiments were carried out using the functional-
ized substrates and solutions containing 500 µM of perchlorate
anions in DI water or drinking water. At the end of each mea-
surement, the substrates were stored back in a beaker filled with
the corresponding water type (i.e., DI water or drinking water).
The measurements in DI water show deterioration of the signal-
to-noise ratio of the perchlorate signal over time, which is not
surprising considering the solubility of the used SAM molecules
in water. This deterioration is initially slower in the case of the
sample being stored in drinking water, but no perchlorate signal
was detectable after day 2. Possible causes for the lack of signal
are the degradation of the SAM or the deposition of a new layer
on the surface of the sensor (i.e., biofouling), given the lack of
residual chlorine in the Dutch water distribution network [38].

Degradation of the SERS signal over time needs to be tackled
during the development of future water-quality sensors based in
SERS. Further experiments are necessary to study and improve
the selectivity and stability of the cysteamine-functionalized
SERS substrates in both DI and drinking-water solutions.

4. CONCLUSION

In this work, the LOD of nitrite, nitrate, and perchlorate anions
by spontaneous Raman spectroscopy has been investigated,
obtaining LODs of 10−1, 10−3, and 10−4 M, respectively.
Comparison of the results with the values given by current
regulations and recommendations justifies the need to employ
advanced techniques such as SERS to enhance the Raman
scattering intensity generated by these analytes. Commercial
SERS substrates are a cheap and fast alternative to evaluate the
technique. Uncoated SERStrate substrates were unable to detect
any signal from aqueous solutions with the analytes of interest.
Hydrophobicity of the substrates combined with low affinity
of the metals for anionic pollutants were identified as the main
causes of the lack of signal. Cationic thiol-based coatings were
utilized to enable measurements of the analytes of interest using
SERStrate substrates. The performance of MMP, cysteamine,
and DMAET coatings was tested under similar conditions.
Using the thiol-based coatings, the LOD of the analytes of
interest could be reduced by 2 orders of magnitude using 1400×
lower excitation power. Analytes such as perchlorate or nitrate
anions could be detected at concentrations close to or lower than
the maximum concentrations in drinking water recommended
by the Environmental Protection Agency (EPA, USA) and
WHO.

Comparison of the results shows superior performance of cys-
teamine versus MMP and DMAET, with a superior affinity for
the three analytes of interest. Preliminary measurements with
cysteamine-coated substrates shows a lower SERS intensity for
perchlorate in drinking water due to the presence of competing
anions. Additionally, a higher degradation when the functional-
ized samples are in continuous contact with drinking water has
been reported. The use of substrates with improved mechanical
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stability and the investigation of anti-biofouling layers may be
two possible paths to tackle this problem.
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