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a b s t r a c t

Lung infections with Pseudomonas aeruginosa (PA) is the most common cause of morbidity and mortality
in cystic fibrosis (CF) patients. Due to its ready adaptation to the dehydrated mucosa of CF airways, PA
infections tend to become chronic, eventually killing the patient. Hydrogen cyanide (HCN) at ppb level
has been reported to be a PA biomarker. For early PA detection in CF children not yet chronically lung
infected a non-invasive Surface-Enhanced Raman Spectroscopy (SERS)-based breath nanosensor is being
developed. The triple bond between C and N in cyanide, with its characteristic band at �2133 cm�1, is an
excellent case for the SERS-based detection due to the infrequent occurrence of triple bonds in nature. For
demonstration of direct HCN detection in the gas phase, a gold-coated silicon nanopillar substrate was
exposed to 5 ppm HCN in N2. Results showed that HCN adsorbed on the SERS substrate can be consis-
tently detected under different experimental conditions and up to 9 days after exposure. For detection
of lower cyanide concentrations serial dilution experiments using potassium cyanide (KCN)
demonstrated cyanide quantification down to 1 lM in solution (corresponding to 18 ppb). Lower KCN
concentrations of 10 and 100 nM (corresponding to 0.18 and 1.8 ppb) produced SERS intensities that
were relatively similar to the reference signal. Since HCN concentration in the breath of PA colonized
CF children is reported to be �13.5 ppb, the detection of cyanide is within the required range.

� 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cystic fibrosis (CF) patients have a salt imbalance of the secre-
tory cells leading to excessive, salty sweating and swelling of the
pancreatic duct, accompanied by an insufficient uptake of proteins
and lipids. The most commonly known symptom is swelling of the
bronchial wall due to vastly dehydrated and thickened mucus and
bacterial infections, leading to coughing and loss of breath. Bacteria
often infect the sinuses, and it has been shown that they adapt to
the lower airways in the sinuses and drop into the lungs e.g. during
sleep or viral infections [12,15]. The bacterium most commonly
associated with morbidity and mortality in CF patients is
Pseudomonas aeruginosa (PA) which is harmless to healthy individ-
uals but well-adapted to the oxygen depleted environment in the

upper airways [1]. The intermittent PA lung colonization often
becomes chronic, which is why early detection and eradication is
essential [19].

P. aeruginosa emits the poisonous gas hydrogen cyanide (HCN)
to outmatch competitive microorganisms, and HCN has been sug-
gested as a potential PA biomarker [4,9,16]. Selected ion flow tube
mass spectrometry (SIFT-MS) and other MS based principles are
among the most frequently applied techniques for human breath
analysis, detecting HCN levels between 0 and 81 ppb [2,7,9–
11,21,29]. Because HCN is also formed in the oral cavity of adults
it has been suggested to only use nose exhaled breath for analysis
in adult CF patients. A ‘‘cut-off’’ value of 10 ppb has been suggested
as ‘‘elevated’’, indicative of a PA infection [10]. In the breath of CF
children with a PA airway colonization HCN has been reported to
lie between 8.1 and 16.5 ppb, with a median value of 13.5 ppb
[9]. For a definition of PA colonization versus chronic infection
please refer to [14].
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For mouse model systems secondary electron spray ionization
mass spectrometry (SESI-MS) has been used for in vivo breath diag-
nosis of lung infection models [30,31]. The authors point out that
in vitro studies cannot be expected to mimic in vivo results because
only between 25% and 27% of the in vitro and in vivo PA peaks were
shared. For analysis of sputum and broncho-alveolar lavage (BAL)
samples various electrochemical probes have been used to
measure cyanide content at micromolar level [3,11,22,27]. The
techniques for breath analysis are either, expensive, inflexible,
time consuming or they demand a high level of operator skills
[5]. Therefore, there is a need for a fast, inexpensive and sensitive
sensor for the detection of P. aeruginosa in the breath of children
with cystic fibrosis.

Raman scattering spectroscopy is a widely used fingerprinting
method for small molecules. However since it is not a very sensi-
tive method, millimolar concentration seems to be the limit of
detection [6]. Surface-Enhanced Raman Spectroscopy (SERS) using
gold nanoparticles in a sol–gel has been used to detect ppb level
cyanide in waste water [20], and in 2011 Senapati et al. reported
to have detected cyanide in the ppt range by the use of Au SERS
aggregation [26]. In the presence of noble metals, cyanide can be
detected due to its high affinity towards metals. These approaches
demand cyanide to be in solution for SERS detection and there is
much sample preparation. We propose a fast and cheap technique
based on the SERS substrate developed by Schmidt et al. [24] that
can be used both in solution and for the direct detection of cyanide
in gas phase as a precursor for PA breath detection. The substrate
consists of gold coated silicon nanopillars which can be brought
to lean against each other, forming so-called ‘‘hot spot’’ regions
with considerate plasmonic effect for Raman signal enhancement
to take place. It is well-known that Raman is a quantitative method
[25] and in some cases it is also possible to perform quantitative
SERS, although it has yet to be demonstrated to a wider extent [8].

Hydrogen cyanide is a potential PA biomarker. If a point-of-care
device could detect HCN in the breath of young CF patients with a
pulmonary PA colonization, the need for invasive techniques and
repeated anesthesia for obtaining broncho-alveolar lavage to
diagnose PA would be minimized. To make a simple model system
for the presence of HCN in breath, a gas setup with an open flow
cell connected to a tank of 5 ppm HCN(g) in N2 was used. The
SERS substrate was placed inside the flow cell and exposed to
the gas for 30 s. To vary the amount of HCN molecules exposing
the substrate, the pressure through the open system was changed
among samples.

In the present paper SERS measurements on 5 ppm HCN gas and
on serial dilutions of potassium cyanide (KCN) in the region from
10 nM to 1 mM are presented. A KCN concentration range of
100 nM to 1 lM is the region of relevance, corresponding to ppb
gas levels. The aim of the project is to detect PA colonization in
the patients’ breath at an earlier stage than allowed by today’s
conventional methods.

2. Experimental

2.1. SERS substrate fabrication and measurement procedure

Nanopillars were etched into a Si wafer in an Advanced Silicon
Etcher, applying alternate portions of SF6 and O2 plasma (dry etch),
followed by an O2 cleaning step. The resulting nanopillars are
400 nm in height, 50 nm in width, and with a density of approxi-
mately 18 pillars/lm2. A 225 nm thin Au layer was then deposited
onto the silicon nanopillars, producing freely standing Au-capped
Si nanopillar structures (Fig. 1(a)). The wafer was diced into
6 � 6 mm2 squares using a diamond cutter and the substrates were
used within 1–2 days after Au deposition.

The measurements were conducted in a DXR dispersive
SmartRaman spectrometer with thermoelectric CCD cooling, an
optical microscope and a 780 nm excitation laser from Thermo
Fisher Scientific. An optical microscope was coupled to a single
grating spectrometer with 5 cm�1 FWHM spectral resolution and
±2 wavenumber accuracy. Two times 5 s scan time at a laser power
of 5.0 mW was applied through a 25 lm slit using a 10� magnifi-
cation lens. Raman wavenumber shifts were collected in the region
100–3400 cm�1. In each experiment all SERS substrates were
prepared from the same wafer. In order to avoid cross contamina-
tion of the sensitive substrates, samples with different KCN
concentrations were left to dry separately and kept in small Petri
dishes for transport and storage. One substrate was prepared for
each concentration and 10 points were measured for each SERS
substrate. In the HCN gas experiments each SERS substrate was

Fig. 1. (a) Illustration of the leaning of nanopillars. When immersed in liquid and
subsequently dried, capillary forces make the pillars lean against each other,
creating SERS ‘‘hot spots’’ for enhancement of the Raman signal. (b) SEM images of
the Au-coated Si SERS substrate, before and after leaning (Courtesy of Kaiyu Wu). (c)
SERS spectra of HCN(g) and KCN(aq) on the Au SERS substrate and theoretical
Raman spectrum of HCN. (d) Theoretical Au(CN) and Au(CN)2

� Raman spectra.
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exposed to different HCN gas flow conditions. The SERS signal was
then recorded from 10 random points from each SERS substrate.
Therefore, the data points in Figs. 2(b), 4(b) and 5(b) show the
SERS signal intensity variations (cyanide peaks) measured for a
given experimental condition from 10 different measurement
points from a single SERS chip. Reference SERS signals were
recorded using water droplets prior to KCN or HCN exposures. In
all cases a weak Raman band close to 2120 cm�1 that is likely
due to carbonaceous species on the Au surface is observed [17].

2.2. Gas setup

Five ppm HCN(g) in N2 from the supplier AGA (Linde AG,
Pullach, Germany) was used for cyanide gas exposure. Four ppm
was the lowest stabile concentration the supplier could guarantee.
The setup consists of an open flow cell connected with a pressure
controlled gas inlet, see insert in Fig. 2(a). The meter to the right
indicates the amount of gas left in the tank while the barometer
to the left shows the pressure within the system. The large regula-
tor is for gas flow regulation, and the small one is for opening and
closing the gas flow. Thus, when the gas flow is increased, the pres-
sure inside the system rises which can be read on the barometer.

Via a simple setup using an upturned measuring cylinder in a
water bath it was shown that 0.2 bar in the system corresponds
to 35 mL/s gas flow. The gas flow is expected to correlate with
HCN(g) concentration at low flow-rate. After the regulator, the
gas passes through a steel tube to the flow cell placed in the fume
hood (bottom insert in Fig. 2(a)). The SERS substrate was placed on
a platform inside the flow cell. Prior to gas exposure the SERS
substrate was cleaned by 3 min immersion in very pure ethanol
(Absolute grade, CHROMASOLV�, Sigma–Aldrich) followed by
3 min rinsing in water (Molecular Biology Reagent grade, Sigma–
Aldrich) and left to dry on a clean tissue. The drying caused the
nanopillars to lean against each other, see Fig. 1(a) and (b). The cell
was purged with the relevant flow for 2 min before the SERS
substrate was placed in the flow cell and exposed to the gas for
30 s. In all cases the flow was changed in a random order not to
confound the results by sequence of exposure. The gas setup was
used for verification of gas detection on the SERS substrate.

2.3. KCN solutions

Aqueous cyanide solutions of potassium cyanide (KCN) were
prepared as a model system for precise control of the concentra-
tion of cyanide in solution. According to Henry’s law either the
temperature should be kept low or pH should be high in order to
keep cyanide in the solution, preventing it from evaporating as
HCN(g) [18]. It would not be feasible to maintain a low tempera-
ture, and the approach with pH adjustment was therefore adopted.
KCN solutions from 10 nM to 1 mM were prepared and their pH
was adjusted to 11 by the addition of NaOH. The SERS substrates
were cleaned by 3 min immersion into ethanol (Absolute grade,
CHROMASOLV�, Sigma–Aldrich), followed by 3 min in water
(Molecular Biology Reagent grade, Sigma–Aldrich). From there
they were immersed directly into the KCN solution for 3 min
before drying on a clean tissue, making the nanopillars lean against
each other, ready for measurements. Due to strong gold-cyanide
bonding all cyanide on the substrate is expected to be captured
on the nanopillars while the water evaporates. Water with added
NaOH to pH 11 was used as reference.

2.4. Data analysis

Theoretical Raman spectra in vacuum were calculated using
Gaussian 09W, methods DFT/B3LYP/6-311G and DFT/B3LYP/
LanL2DZ, for HCN and Au(CN)x compounds, respectively (no
scaling applied).

Each spectrum was jointly fitted and baseline corrected using
Voigt profile(s) to fit peaks and a line to adjust for the baseline
[23]. The fitting was done in the local area near peaks so that the
linear baseline was appropriate. The fitting was carried out using
Metropolis–Hastings [13]. Either a mixture of two Voigt profiles
or a single Voigt profile was utilized depending on the number of
peaks. In the cases where two Voigt profiles were jointly fitted each
peak was constrained to be centered ±5 from the desired location.
The intensity of each Voigt profile was then used as the intensity
response.

3. Results and discussion

3.1. HCN gas experiments

In Fig. 1(c) and (d) the 2133 cm�1 vibration is observed in both
gas (HCN) and liquid (KCN) SERS experiments. The HCN theoretical
vibrational spectrum can explain the origin of the 2133 cm�1 mode
and corresponds to stretching of C„N, see insert in Fig. 1(c). In
order to understand the origin of experimentally seen vibrations

Fig. 2. a (insertion) Setup for 5 ppm HCN gas exposure, including the flow cell in
the insertion below. (a) Representative Raman spectra of the pre-leaned SERS
substrates exposed to 30 s 5 ppm HCN(g) at 35; 18; and 9 mL/s flow, 30 min. after
exposure. The C„N stretching band at 2134 cm�1 is clear and distinct, increasing
with increasing flow. (b) 2134 cm�1 peak intensity at various gas flows. Above
35 mL/s the signal saturates, corresponding to a gas concentration of 5 ppm.
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at 290 and 384 cm�1, additional calculations involving Au-cyanide
complexes were performed. We find that Au(CN) and Au(CN)2

display qualitatively similar vibrational spectra, Fig. 1(d). Results
show that both 290 and 384 cm�1 modes originate from HCN
interaction with the Au metal surface, as previously reported by
Senapati et al. [26]. This is in accordance with the Elsner equation
where the aurat (I) ion complex forms when cyanide is added to
gold in the presence of air:

4Auþ 8CN� þ O2 þ 2H2O! 4½AuðCNÞ2�
� þ 4OH�

If base is added, cyanide will stay in the CN� configuration.
In Fig. 2 the SERS spectra of substrates exposed to different

flows of 5 ppm HCN(g) are shown. The spectra are recorded
30 min after gas exposure. At lower flows (35; 18; and 9 mL/s)
the flow change is reflected in the SERS intensity of the C„N
stretching band at 2133 cm�1 (Fig. 2(a)). This indicates that some
quantitation is possible at low HCN gas flows. At higher flows
(70; 105; 140 and 175 mL/s, Fig. 2(b)) the SERS intensity seems
to saturate. Part of the explanation could be that above 35 mL/s
most HCN molecules are being ‘‘flushed’’ past the substrate and
out of the flow cell, not leaving much time for AuACN interaction
to occur; and therefore only a fraction of the HCN molecules get in
actual contact with the SERS substrate. After 4 h the samples were
re-measured, and the C„N stretching band had started to shift +50
wavenumbers. Fig. 3 compares the 35 mL/s gas samples after (a)
30 min, (b) 4 h, and (c) 9 days. It seems as if some dynamics have
taken place in favor of the more stable Au(CN)2

� (aurat (I) ion)
complex, in Fig. 3 represented by the extra peak at 2186 cm�1. In
total, four bands occurred, at 2133 cm�1 and 2186 cm�1, respec-
tively representing the pure C„N stretching mode of CN� and
the Au(CN)2

� complex [6,26], and also the Au-C stretching mode
at 384 cm�1 and the Au-CN bending mode at 290 cm�1 are present
[26]. The results in Fig. 3 are much similar to those obtained by
Premasiri et al. [20] who measured SERS spectra of 0.25–1 ppm
NaCN on an Au sol–gel. They report a +50 cm�1 shift of the CAN
stretching band from low to high CN concentration. We believe
the reason for this shift can be that the higher concentrations of
cyanide have had sufficient time for dissociation of the Au, forming
the mentioned dimer complex. If they had repeated the measure-
ments later either the shift would have been more pronounced
or the cyanide would have evaporated as HCN(g). According to
Senapati et al. [26] it took about 60 min for a cyanide ion concen-
tration of 800 ppb to dissociate their Au nanoparticles completely,
whereas for 800 ppt it would take 180 min. Therefore, at high con-
centrations the dimer complex forms at a higher rate. The samples
of our study were measured again after 9 days, and now the C„N
stretching peak is completely shifted to the 2186 cm�1 mode
(Fig. 4). It seems as if there is a preference towards the more stable
Au(CN)2

� complex, which increases during storage. This again is in
accordance with the results obtained by Senapati et al. [26]. At the
same time the AuACN bending mode at 290 cm�1 decreases, prob-
ably due to a restricted space for this type of movement in the
dimer case. It should be mentioned that the reason why the sub-
strate becomes saturated at a relatively low Raman intensity could
be that many hot spots are occupied due to pre-leaning of the
nanopillars.

3.2. KCN serial dilution

Since it is difficult to precisely control low concentrations of
cyanide in the gas phase, aqueous solutions of KCN were prepared
to carry out serial dilution experiments, mimicking lower HCN
concentrations in a controllable manner and producing quantita-
tive SERS. KCN is a water soluble powder, and since it is the CN part
which is interesting to Raman experiments, KCN in solution works
as an optimal model system for precise analysis. To test the

correlation between CN concentration and CN Raman signal, KCN
solutions from 10 nM to 1 mM were prepared.

Representative SERS spectra of the KCN serial solution experi-
ments are presented in Fig. 5(a). The stretching peak of cyanide’s
triple bond is clear and distinct at �2137 cm�1 where it decreases
with decreasing cyanide concentration. As reference, the back-
ground spectrum of water (with added NaOH to pH 11) is included
for comparison. In Fig. 5(b) the intensity of the stretching peak of
C„N is plotted as a function of KCN concentration. A linear
correlation is seen from 100 nM to 1 mM, although it is difficult
to distinguish between 100 nM, 10 nM and water. In attempt to
distinguish 100 nM from 10 nM KCN and reference samples,
principal component analyses (PCAs) including all three cyanide
related vibration bands (�2137, 384 and 290 cm�1) were
performed, see detailed description in supplementary information.
The results indicate that the observed difference between 100 nM
and 10 nM KCN concentrations can be largely attributed to signal
background fluctuations. However, the results showed nearly a lin-
ear relationship between the KCN concentration and the first
Principal Component in the 10�5–10�7 M KCN concentration range,
see Fig. S.6 in supplementary information. This is similar to results

Fig. 3. Representative SERS spectra of 35 mL/s 5 ppm HCN(g) samples measured
after 30 min; 4 h; and 9 days. The rearrangement of cyanide from the CN
(2133 cm�1) to the Au(CN)2

� (2186 cm�1) configuration is clearly seen. (Not to
scale.)
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reported by Thygesen et al. [28] where only the C„N mode at
�2137 cm�1 was utilized in the data analysis. In the latter work,
the upper detection limit for a linear relationship between the
C„N band signal intensity and KCN concentration utilizing Au
colloids was close to 10�5 M while the lower limit was around
10�6–10�7 M.

According to Enderby et al. [9] the median value of HCN in the
breath of CF children with P. aeruginosa lung colonization is
13.5 ppb, which corresponds to 0.75 lM in solution. Explanation
is given in the following. Take for instance a 0.05 mL drop of
1 lM KCN weighing approximately 0.05 g. This will contain:

0:05 g=ð18:00 g=molÞ ¼ 2:8 � 10�3 mol H2O and

ð1 � 10�6 mol=LÞ � ð0:05 � 10�3 LÞ ¼ 5:0 � 10�11 mol KCN

nKCN=nH2O ¼ ð5:0 � 10�11Þ=ð2:8 � 10�3Þ ¼ 18 � 10�9 ¼ 18 ppb:

13.5 ppb/18 ppb = 0.75. So, when quantitative SERS applies, the
SERS intensity of 0.75 lM cyanide in solution is expected to corre-
spond to the median intensity of the breath of a CF child with PA
lung colonization. Breath concentrations for the present application

are thus expected to correspond to aqueous cyanide concentrations
in the range between 100 nM and 1 lM.

As seen in Fig. 2(b),�2000 cps seems to be the point of saturation
for cyanide in gas phase. The level is similar to 100 lM KCN(aq),
which with the above calculations would give 1.8 ppm and not
5 ppm as was the case. This is no surprise as the Au nanopillars used
for gas detection were pre-leaned prior to cyanide exposure.
Therefore fewer molecules could be ‘‘caught’’ in the hot spots
between nanopillars than with cyanide in solution. By letting the
alkaline KCN solution dry, all cyanide on the substrate will get in
contact with the Au nanopillars, optimizing the AuACN interaction,
including the interaction inside the forming hot spots. It is
well-known that pre-leaning of the pillars leads to a lower signal
than leaning post-exposure [24]. This means the signal might be
expected to be 2–3 times lower with breath than with cyanide in
solution; but preliminary tests have shown that the vapor in
people’s breath is sufficient to make the pillars lean, making
pre-leaning unnecessary.

In the serial dilution experiments the C„N stretching band also
shifted during storage, but only when pH had not been adjusted to
11. Like with gas the shift was about 50 cm�1 towards higher
wavenumbers. Premasiri et al. [20] measured on NaCN(aq) without
adjusting the pH. This way Au could dissociate and form the
Au(CN)2

� complex, which probably has led to the shift of the

Fig. 4. (a) Representative Raman spectra of the HCN(g) exposed SERS substrates re-
measured after 9 days. It is seen that the C„N stretching mode has shifted to the
2186 cm�1 Au(CN)2

� state. (b) (Blue) 2134 cm�1 peak intensity at various gas flows,
re-measured after 9 days. There is not much left of the CN monomer. (Red)
2186 cm�1 peak intensity at various gas flows, after 9 days. Based on the mean
response, Pearson correlation of the intensity of the peaks in Figs. Fig. 2(b) and 4(b)
is 0.92. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 5. (a) Representative SERS spectra of KCN concentrations from 10�8 to 10�3 M
and the reference solvent. (b) Raman intensity of the cyanide stretching peak
around 2140 cm�1 as a function of potassium cyanide concentration. Note log scales
on both axes.
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C„N stretching band. When pH is kept high as in the present case,
Au will most likely stay as Au0 and not oxidize to form the aurat (I)
ion.

4. Conclusion

By use of the applied SERS technique we have shown that it is
possible to quantify the amount of cyanide down to ppb level,
which is needed for detection of P. aeruginosa lung colonization
in the breath of children with cystic fibrosis.

It was possible to distinguish samples with different KCN
concentration down to 1 lM (corresponding to 18 ppb) using the
C„N stretching region located close to 2133 cm�1, thus the
detection limit was between 18 ppb (detected) and 1.8 ppb (not
detected). Future work includes measurements on bacterial
cultures and patient samples.
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