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ZnO oxide ﬁlms for ultrasensitive, rapid, and
label-free detection of neopterin by
surface-enhanced Raman spectroscopy†
Agnieszka Kamińska,*a Aneta Aniela Kowalska,a Dmytro Snigurenko,b
Elżbieta Guziewicz,b Janusz Lewińskia and Jacek Waluka
Eﬃcient and low-cost surface-enhanced Raman scattering (SERS) substrates based on Au coated zinc
oxide layers for the detection of neopterin were prepared. These substrates showed high sensitivity to
p-mercaptobenzoic acid ( p-MBA) at a low concentration of 10−9 M and an enhancement factor of over
107 was achieved. The uniform density of SERS-active “hot-spots” on a Si/ZnO/Au surface results in high
reproducibility towards detecting p-MBA at 50 diﬀerent, randomly selected positions on a single substrate
(RSD = 9%) and on six diﬀerent SERS substrates prepared under identical conditions (RSD = 11%). These
SERS substrates show good performance in the detection of neopterin, a biologically important molecule
whose concentration levels reﬂect the stage of activation of the cellular immune system, which is of value
in the studies of pathogenesis and progression of various diseases. The detection limit is found to be as
low as 1.4 nmol L−1 in blood plasma, which is comparable to that of classic ELISA methods. The average
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relative standard deviation (RSD) of the proposed method is less than 10%. Moreover, this label-free strategy of detection gives exact results over a large range, reﬂecting clinically relevant neopterin concentrations in body ﬂuids. The detection and quantiﬁcation of neopterin levels in blood or urine might be
useful in clinical practice for monitoring the disease activity during treatment and for early detection of
many infections and autoimmune, inﬂammatory, and malignant diseases.

Introduction

Surface-enhanced Raman scattering (SERS) is an optical spectroscopy method with high sensitivity and chemical specificity.1,2 The phenomenon of SERS is explained by the
combination of an electromagnetic (EM) mechanism and a
chemical mechanism related to charge transfer (CT) between a
substrate and an adsorbed molecule.3 The electromagnetic
enhancement results from the amplification of light by excitation of surface plasmon resonance (SPR) of the substrate.
The chemical enhancement process involves the CT excitation
between the frontier molecular orbitals of the adsorbate and
the Fermi level of the metal substrate. This excitation may
occur if the excitation wavelength is resonant with the metal–
molecule charge transfer electronic states. Of the two processes, the EM mechanism usually plays a larger role in SERS
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enhancement. Theoretically, the electromagnetic enhancement can reach factors of 103–1011, whilst chemical enhancement factors up to 103 were calculated.4,5 The EM
enhancement is associated with “hot spots”, which are
spatially localized regions that exhibit an extremely high field
enhancement. Hot spots are created not only in the gap
between two nanoparticles,6 but also near sharp edges, tips,
and, e.g., crossed nanowires.7 It has been also proven that the
SERS substrate with a periodic structure leads to strong SERS
enhancement.8
Due to such large enhancement, even single molecules can
be observed by SERS spectroscopy.9 Additionally, the SERS
technique oﬀers nondestructive, reliable, and fast detection of
samples, which leads to various practical applications of this
technique. SERS is powerful in studying nucleic acids and proteins,10 therapeutic agents,11 drugs and trace materials,12
microorganisms,13 and cells.14 The most notable recent
advances in SERS include innovative applications of bimolecular sensors for clinical diagnosis of various diseases, such as
Alzheimer’s or Parkinson’s.15
An ideal SERS substrate should exhibit a uniform and high
enhancement factor (EF), chemical stability, and the possibility of being produced cheaply and reproducibly. Although
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considerable development has been made towards improving
and optimizing SERS substrates, the standard application of
SERS in biomedical and analytical tests is still hindered by the
lack of eﬀective SERS substrates which would satisfy all the
requirements mentioned above. In recent years, many techniques have been used to prepare SERS substrates optimized
in size, shape, and composition. These include electrochemical methods,16 nanosphere lithography,17 electron-beam lithography,18
nanoimprinting
lithography,19
vapor
layer
20
deposition, and colloidal suspension.21
In general, a classical SERS substrate is based on three
metals, Au, Ag, and Cu, which have localized surface plasmon
resonances in the visible and near infrared spectral regions.
Recently, ZnO has been proposed as a promising candidate for
the fabrication of SERS-active substrates.22 ZnO as a semiconductor: (i) oﬀers a high refractive index, which promotes
strong light confinement leading to the increase of the SERS
response,23 (ii) it may enhance the charge-transfer from the
metal to the analyte and also contribute to an improvement of
the SERS eﬀect.24 Additionally, Sinha and co-workers25 demonstrated the photocatalytic properties of ZnO (it is a wide bandgap material) to promote the UV-induced degradation of the
analytes. This eﬀect oﬀers additional opportunities to clean up
the SERS substrates for other measurements.
Usually, the ZnO nanorod and nanowire arrays are used as
templates to fabricate silver or gold-coated nanocomposites for
SERS measurements.26,27 So far, these ZnO based SERS-active
substrates have been used only to test typical probe molecules
such as p-mercaptobenzoic acid and Rhodamine 6G.28
Many diﬀerent fabrication techniques, such as hydrothermal methods, chemical vapor deposition or pulsed laser
deposition, have been used to synthesize ZnO nanostructures.29 Among these various fabrication techniques of
production of SERS substrates, atomic layer deposition (ALD)
is used very rarely. Im et al.30 used the ALD method as one of
the three steps in the fabrication of Ag FON (Ag films over
nanospheres), with a strong field enhancement inside 10 nm
metallic nanogaps. In this approach the gap size was determined by the thickness of the Al2O3 layer, which can be precisely controlled by the number of ALD cycles.
We have developed novel SERS-active substrates based on
Au coated ZnO layers prepared by the ALD method on a commercial silicon template. These substrates are based on ZnO
films grown through a simple, self-limiting atomic layer deposition process. A thin (60 nm) layer of gold sputtered on the
ZnO film provides activity to the obtained SERS platform.
The resulting SERS platforms show a very strong surfaceenhancement factor (1 × 107), high stability (up to three
months under ambient conditions), and high reproducibility,
which could be used in the design of eﬃcient SERS-active platforms for analytical applications. These Si/ZnO/Au substrates
exhibit good performance toward sensitive and reproducible
SERS-based detection of neopterin. In this study we show, for
the first time, the possibility of quantitative SERS analysis of
this marker for cellular immune system activation in human
blood plasma.
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Neopterin, a pyrazonopyrimidine compound, is synthesized
from guanosine triphosphate by human monocytes and
macrophages after stimulation by interferon gamma (IFN-γ)
derived from antigen-activated T lymphocytes.31 It is formed
by GTP cyclohydrolase I that converts GTP into 7,8-dihydroneopterin triphosphate, which is, in the next step, metabolized
to neopterin.32 Determination of neopterin indicates the state
of activation of the cellular immune system during subsequent
stages of various diseases, such as HIV-133 (human immunodeficiency virus type 1) or rheumatoid arthritis.34 The high
level of neopterin is also associated with viral (hepatitis A, B,
and C, cytomegalovirus, measles, rubella, and influenza) and
bacterial infections,35 cardiovascular disease,36 insulin resistance,37 and some tumors.38 So far, several analytical procedures have evaluated the level of neopterin in blood using
mainly high pressure liquid chromatography (HPLC)39 and
enzyme-linked immunosorbent assay (ELISA)40 measurements.
However, both of these methods are time-consuming and
expensive; they also require complex technical equipment and
highly trained personnel. Over the last decade, SERS has
turned out to be promising in bimolecular sensing for clinical
diagnosis. In this work we show the possibility of using SERS
spectroscopy for the quantitative detection of the serum neopterin level. It should be highlighted that elevated neopterin
levels in body fluids were found at the end of the incubation
period before the beginning of clinical symptoms. Therefore,
methods such as SERS, which allows monitoring the neopterin
level even before specific antibodies against the virus become
detectable, are particularly useful. Neopterin level detection
based on SERS measurements might be a unique method to
evaluate the protective eﬃciency of vaccines stimulating cellmediated immunity against viral, bacterial, and parasitic diseases. Additionally, SERS has unique advantages for rapid
label-free detection of analytes because of high sensitivity,
selectivity, elimination of expensive reagent and time-consuming sample preparations.

2. Experimental section
2.1.

Chemicals and materials

was
Neopterin
(D-erythro-1′,2′,3′-trihydroxypropylpterin)
obtained from Tocris Bioscience (Bristol, UK). p-MBA ( p-mercaptobenzoic acid) and phosphate-buﬀered saline (PBS) packs
(10 mM, pH = 7.2) from Sigma-Aldrich (Dorset, UK) were used
without further purification. Water (resistivity over 18 MU),
purified using a Milli-Q plus 185 system, was used throughout
the process. In our experiments we used human blood
samples from 8 healthy volunteers, available by courtesy of the
Regional Blood Center. The samples underwent morphological
analyses prior to use and revealed no abnormalities. All
plasma and serum samples were evaluated for neopterin by
using the commercial enzyme-linked immunosorbent assay
(ELISA, IBL International GmbH, Hamburg) in order to determine the output concentration of neopterin in the studied
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samples. For ZnO deposition commercial 300 µm thick Si
(100) wafers from El-Cat Inc. (USA) were used.

Published on 28 May 2015. Downloaded by Polska Akademia Nauk Instytut Chemii Fizycznej on 02/03/2017 16:49:25.

2.2.

ZnðC2 H5 Þ2 þ H2 O ! ZnO þ 2C2 H6

Instrumentation

Raman and SERS spectroscopy measurements were carried out
with a Renishaw inVia Raman system equipped with a 785 nm
diode laser. The light from the laser was passed through a line
filter and focused on a sample mounted on an X–Y–Z translation stage with a 20× microscope objective, NA = 0.25. The
beam diameter was approximately 5 µm. The laser power at
the sample was 5 mW or less. The microscope was equipped
with 1200 grooves per mm grating, cutoﬀ optical filters, and a
1024 × 256 pixel Peltier-cooled RenCam CCD detector, which
allowed registering the Stokes part of Raman spectra with
5–6 cm−1 spectral resolution and 2 cm−1 wavenumber accuracy. The experiments were performed under ambient conditions using a back-scattering geometry.
Collection of SERS spectra. For the recording of spectra, the
SERS platform was placed in a chamber of 15 μl volume fabricated in polycarbonate. A 10 μl volume of the analyte solution
was applied with a microliter syringe. The recording of the
spectra started immediately after placing this chamber under
the microscope lens. During the period of at least 10 min,
SERS spectra were repeatedly recorded; at the same time, the
focus of the laser beam was readjusted. The time required for
completing a single SERS spectrum was about 40 s.
The obtained spectra were processed with the Wire3 software provided by Renishaw. Some of the spectra required post
processing, involving spike removal and six-point baseline correction. Smoothing of the spectra was not employed.
PXRD ( powder X-ray diﬀraction spectroscopy) data were collected using a PANalytical Empyrean diﬀractometer. Measurements employed Ni-filtered Cu Kα radiation of a copper sealed
tube charged with 40 kV voltage and 40 mA current in a
Bragg–Brentano geometry with a beam divergence of 1/4 deg.
in the scattering plane. Diﬀraction patterns were measured in
the range of 5–140 degrees of the scattering angle by step scanning with a step of 0.01 degree.
SEM measurements were performed under high vacuum
using an FEI Nova NanoSEM 450 with an accelerating voltage
of 10 kV under high vacuum.
2.3.

been created as a result of a double-exchange chemical reaction that takes place at the surface:

SERS substrate preparation

ZnO film preparation. Zinc oxide films were deposited on
Si(100) substrates by atomic layer deposition at 100 °C. The
ALD technique is a growth method similar to chemical vapor
deposition (CVD). The main diﬀerence is a sequential deposition procedure of the ALD process in which two reagents
(called “precursors”) are alternatively introduced into the
growth chamber. This results in a self-limiting chemical reaction occurring only at the surface of the growing film. Because
of this the ALD growth provides conformal and uniform films
with reproducible thickness.
In the present study we used diethylzinc (DEZn) as a zinc
precursor and deionized water as an oxygen precursor. High
purity nitrogen was applied as purging gas. Zinc oxide has
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The growth process was performed in the Savannah-100
reactor. Both precursors, diethylzinc and water, were kept at
room temperature. Before the ALD growth, a silicon wafer was
rinsed out in trichloroethylene, acetone, and isopropanol and
then cleaned in deionized water. The ZnO films used in the
present study were grown with 10 000 ALD cycles, which
resulted in a film thickness of 1.4 µm.
Procedure of gold sputtering: to sputter a layer of gold, we
used the PVD equipment from Leica, model EM MED020. The
gold target was obtained from Mennica Metale Szlachetne,
Warsaw, Poland. The size of the target was 54 mm in diameter
and 0.5 mm in thickness and the gold purity was 5 N. The
vacuum during the gold sputtering was at the level of 10−2
mbar. The sputtering current was 25 mA. After the deposition
process the samples were placed in a sterile Petri dish. Three
diﬀerent thicknesses of gold (30, 80, and 160 nm) were tested
to find the optimal conditions for SERS enhancement. The
30 nm gold layer was not suﬃciently thick to obtain the appropriate SERS signal of the analyte ( p-MBA and neopterin). In
the case of a ZnO layer covered with 80 nm of gold, we
observed the highest SERS enhancement without any signals
from ZnO. We achieved the same level of enhancement for a
160 nm gold layer. For further experiments we chose an 80 nm
thick layer of gold.

3. Results and discussion
3.1.

Characterization of the Si/ZnO/Au surface

The structure and surface morphology of zinc oxide films
grown by ALD strongly depend on parameters of the growth
process such as temperature and purging time.41 For the
present study we chose a low deposition temperature (100 °C)
and a short purging time (2 s), which result in a developed
surface morphology. The Root Mean Square (RMS) of the
surface roughness of the ZnO film without Au coating was
measured by Atomic Force Microscopy (AFM) for ZnO films
with diﬀerent thicknesses. It was found that for a 630 nm
thick ZnO layer, the RMS value is 24 nm, while for a 1 µm
thick ZnO layer the RMS is 38.5 nm, and for the 1.4 µm thick
ZnO films the RMS value is 68 nm. The measured EF values
for the above films are 3.3 × 102, 1.4 × 106 and 4.2 × 107,
respectively. The 1.4 µm thick ZnO layer was chosen for
further studies, as it shows the best EF characteristic. In Fig. 1
we show the lateral view of the ZnO surface (left) and the
exemplary cross-section across the surface. The scale in Fig. 1
(right) is given in nm. One can see that the diﬀerence between
the minimum and the maximum height is about 400 nm and
considerably exceeds the RMS value which is an arithmetic
average. It can be noticed that despite a high roughness the
ZnO surface is very homogeneous.
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(a) The AFM image of the ZnO ﬁlm used as a SERS platform; (b) the exemplary cross-section of the surface of the ZnO ﬁlm.

3.2.

SERS properties of the Si/ZnO/Au substrate

In order to examine the SERS activity of the ZnO/Au substrate,
we calculated the enhancement factors; p-MBA was chosen as
a standard analyte. The obtained normal Raman and SERS
spectra are depicted in Fig. S2.† The ZnO/Au substrate was
incubated in 9.0 mL of 1.0 × 10−6 M p-MBA solution in water
for 60 min and then washed with deionized water. The Raman
bands at 715, 843, 100, 1079, 1374 and 1593 cm−1 are typical
for p-MBA,42 and can be treated as a fingerprint of this molecule. Table S1† summarizes band assignments for the normal
Raman spectrum of p-MBA and its SERS spectrum. The
surface enhancement factor (EF) for p-MBA was calculated
according to the following equation:
EF ¼

Fig. 2 SEM images
magniﬁcations.

of

Au-coated

Si/ZnO

ﬁlms

at

diﬀerent

Fig. 2 shows the representative SEM image of Au-coated Si/
ZnO films at diﬀerent magnifications. A close examination of
the SEM images reveals that the diameter of gold semi-spheres
is about 40–60 nm.
Additionally, PXRD ( powder X-ray diﬀraction spectroscopy)
analysis was employed to investigate the crystal phase of Si/
ZnO and Si/Zn/Au (see the ESI, Fig. S1†). The crystal structures
of both, the ZnO layers and Au sputtered onto ZnO, were
characterized by XRD (PANalytical X’Pert Pro X-ray diﬀractometer) with Cu Kα radiation (λ = 0.15418 nm). Fig. S1† shows
XRD patterns of the ZnO layer without Au coating. The peaks
at 2θ = 31.58°, 34.46°, 36.26°, 56.74°, and 61.73° were assigned
to (100), (002), (101), (110), (103), indicating the hexagonal
wurtzite structure of ZnO. For Au/ZnO/Si films we registered a
gold signal and no signal from the ZnO, concluding that the
layer of gold on the Si/ZnO array is uniform and all SERS
signals come from molecules localized on the surface of gold.

This journal is © The Royal Society of Chemistry 2015

ISERS NNR
INR NSERS

ð1Þ

where NSERS and NNR refer to the number of molecules
adsorbed on the SERS probe within the laser spot area and the
number of molecules probed by regular Raman spectroscopy,
respectively. ISERS and INR correspond to the SERS intensity of
p-MBA on the modified surface and to the normal Raman scattering intensity of p-MBA in the bulk. INR and ISERS were
measured at 1079 cm−1.
The crucial parameters for the quantitative analysis of the
spectra are the laser spot area and the eﬀective illuminated
volume. The latter has been estimated using a formula
recommended by Renishaw:
V ¼ 3:21  λ 3 ðf =DÞ

ð2Þ

where f is the microscope objective focal length and D denotes
the eﬀective laser beam diameter at the objective back aperture. For our setup, V = 2012 ≈ 2 × 103 µm3. The laser beam
diameter, defined as twice the radius of a circle encompassing
the area with 86% of the total power, was about 5 µm; approximately the same values were obtained from the experimentally
obtained laser spot image and from the theoretical formula
(4λf/πD). Assuming the volume in a shape of a cylinder with
the diameter of 5 µm leads to the eﬀective height of 100 µm.
This value was confirmed by recording Raman spectra of Si
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while varying the distance from the focal plane. The SERS
samples were prepared by dipping the substrate in 9.0 mL of a
1.0 × 10−6 M solution of p-MBA. The number of molecules contained in the solution was 5.4 × 1015 (6.02 × 1023 molecules per
mol × 9.0 × 10−3 L × 1.0 × 10−6 mol L−1 = 5.4 × 1015 molecules).
The surface area irradiated by the laser beam (5 µm in diameter) was 19.6 µm2 (3.14 × (2.5 μm2) = 19.6 µm2). The surface
of our samples was 20 mm2. Therefore, about 4.2 × 109 molecules were present in the laser beam spot. The normal Raman
spectrum was observed for a cell filled with a pure p-MBA acid
(154.19 g mol−1; density of 1.06 g cm−3). The eﬀective illuminated volume for our setup is 2 × 103 µm3. Under these conditions, NNR = 8.1 × 1012 molecules were irradiated by the
laser.
From these data of the relative intensity and the number of
molecules sampled from the regular Raman and SERS
measurements, the enhancement factor was calculated to be
about 4.2 × 107. The achieved level of enhancement makes this
method of SERS platform fabrication a promising strategy for
practical SERS applications.
SERS eﬃciency depends on the surface morphology. We
used three diﬀerent ALD procedures to obtain various thicknesses of ZnO layers: 1 μm, 1.4 μm and 630 nm. SERS spectra
of p-MBA molecules cast from 10−6 M aqueous solution onto
these three surfaces have been recorded and presented in
Fig. S3.† Also, the enhancement factor for each surface was calculated using eqn (1) and is presented in Table S2.† The
optimal thickness of ZnO layers (1.4 μm) corresponded to the
highest roughness of the surface (RMS value in Table S2†) and
to the highest EF (Table S2†).
3.3.

Fig. 3 The representative SERS spectra of p-MBA recorded from 50
diﬀerent spots on the SERS surface. Experimental conditions: 5 mW of
785 nm excitation, 4 × 10 seconds acquisition time. Each SERS spectrum
was averaged from seven measurements taken at diﬀerent spots of the
SERS surface. The p-MBA spectra have been baseline-corrected and
shifted vertically for better visualization.

Stability and reproducibility of the SERS substrate

The reproducibility of recorded signals is one of the crucial
parameters for bio-analytical and medical analysis. To verify
the signal reproducibility of our substrate, SERS spectra of
p-MBA molecules (10−9 M solution in water) from 50 randomly
selected places on a Si/ZnO/Au substrate were collected under
the same experimental conditions. As can be seen in Fig. 3,
the Si/ZnO/Au substrate exhibits very good SERS sensitivity
and reproducibility. The Raman spectra of p-MBA are
enhanced strongly at each acquisition point. To obtain statistically meaningful results, the strong band at 1079 cm−1 was
chosen to calculate the relative standard deviation (RSD). The
RSD of the intensity of these Raman vibrations in the 50 SERS
spectra collected on the same platform (area of 0.5 × 0.5 cm2)
is 9%. The reproducibility of the SERS signals recorded from
diﬀerent samples prepared using the same method was also
tested. We collected 20 spectra from 20 diﬀerent (separately
fabricated) SERS platforms. The achieved RSD was 11%, which
clearly indicates that the prepared SERS substrate can be considered as a highly reproducible SERS platform. The obtained
RSD value for our substrates is comparable to the RSD value of
a commercial substrate Klarite (RSD = 14%).
The stability of a SERS substrate determines the range of its
practical applications in chemical and biological analyses. The
crucial parameters are the stability against oxidation for an
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Fig. 4 SERS spectra of p-MBA recorded on (a) a freshly prepared Si/
ZnO/Au surface and (b) a Si/ZnO/Au surface stored for three months
under ambient conditions. Experimental conditions: 5 mW of 785 nm
excitation, 4 × 10 seconds acquisition time. Each SERS spectrum was
averaged from 15 measurements at diﬀerent places across the SERS
surface.

extended period of time. Fig. 4 illustrates the SERS spectra of
p-MBA recorded on a freshly prepared Si/ZnO/Au surface
(Fig. 4a) and on a surface exposed to air for 3 months. Considering the 1079 cm−1 band as a reference, the intensity of
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p-MBA was reduced approximately by only 3% after three
months of storing the surface under atmospheric conditions
(Fig. 4b). Such high stability and reproducibility enables the
quantitative SERS studies of numerous biomolecules and
improves the SERS potential in real applications.
3.4.

Detection of neopterin in the blood plasma sample

Neopterin is a small molecule which is biologically and chemically stable in body fluids, gives strong SERS signals and therefore can be applied for label-free measurements in the
laboratory using the Raman technique.43 Neopterin appears in
both human blood ( plasma, serum) and urine, and its
increased levels show an activation of the immune system
involved in the pathogenesis and/or aﬀected by malignant diseases. An earlier literature report44 reveals that Raman spectroscopic characterization of urine allows to identify the
biomarkers such as neopterin for early detection of oral
cancer. In this study we show the possibility of SERS detection
of neopterin in human blood plasma. Fig. 5 presents the

Fig. 5 SERS spectra obtained for increasing concentrations of neopterin: (a) 3.0; (b) 5.0; (c) 7.0; (d) 10.0; (e) 20.0; (f ) 45.0; and (g)
150.0 nmol L−1 in a PBS buﬀer solution. The insert shows the normal
Raman spectrum of neopterin powder. Experimental conditions: 5 mW
of 785 nm excitation, 4 × 10 seconds acquisition time. The SERS spectra
have been baseline-corrected and shifted vertically for better visualization. Each SERS spectrum was averaged from seven measurements from
diﬀerent places of the SERS platform. Normal Raman spectrum of neopterin powder was obtained with 5 accumulations of 30 s each, using
50 mW of 785 nm excitation.

This journal is © The Royal Society of Chemistry 2015

Paper

normal Raman spectrum of neopterin (Fig. 5 insert) and the
concentration-dependent SERS spectra of neopterin in PBS
buﬀer (Fig. 5a–g).
As can be seen, the normal Raman signal of neopterin
powder is dominated by bands at 668, 698, 963, 1293, 1519,
1544, 1583, and 1688 cm−1. Most of the bands present in the
normal Raman spectrum appear in the SERS spectrum of
neopterin after adsorption onto the Si/ZnO/Au substrate. Some
bands undergo a small shift in position upon adsorption onto
the SERS surface. The SERS spectra of neopterin (Fig. 5a–g) are
dominated by bands at 695, 1308, 1578 and 1690 cm−1 and are
due to C–C vibration and ring modes, N–H bending modes,
NH2 symmetric deformation, and CvO stretching vibrations,
respectively.45
In order to test the performance of our SERS surface in
terms of sensitivity and low detection limit (LOD), the plot of
SERS intensity of the marker band at 695 cm−1 versus the concentration of neopterin in PBS buﬀer was constructed (Fig. 6).
A dilution series was created using concentrations of 0.0,
3.0, 7.0, 10.0, 20.0, 25.0, 30.0, 60.0, 100.0, 150.0, and
250.0 nmol L−1. The intensity of the marker band increases
linearly with increasing concentration of neopterin and
demonstrates the potential of our label-free SERS detection
method for the quantitative determination of neopterin levels

Fig. 6 The relationship between the intensity of the band at 695 cm−1
versus the concentration of neopterin in buﬀer solution in the range
from 0 to 250 nmol L−1. The inserted ﬁgure shows the plot of the intensity of this band versus the concentration of neopterin in the range from
0 to 40 nmol L−1. Experimental conditions: 5 mW of 785 nm excitation,
4 × 10 seconds acquisition time. Each SERS spectrum was averaged
from seven measurements from diﬀerent places of the SERS platform.
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in real blood samples. Fig. 6 shows the relationship between
the intensity of the band at 695 cm−1 versus the concentration
of neopterin over the entire tested concentration range. The
insert in Fig. 6 illustrates a calibration curve obtained by plotting the intensity of this marker band versus the concentration
of the neopterin in the range from 0.0 to 40.0 nmol L−1. The
error bars indicate the standard deviations from seven
measurements of diﬀerent spots for each concentration. In the
linear region the calibration curve was fitted as y = 305.83x +
13.553 and the correlation coeﬃcient (R2) was 0.997. For the
linear calibration curve, it was assumed that the SERS intensity
at 695 cm−1 (y) is linearly related to the concentration of neopterin (x). Additionally, the low detection limit (LOD) was estimated using the signal-to-noise method.46 The results gave
LOD = 1.1 nmol L−1 which is comparable to the commercially
available ELISA test (LOD = 0.8 nmol L−1).47 The above results
indicate that the developed Si/ZnO/Au substrate is ideal for
biomarker detection in human body fluids. Hence, in the next
step, this SERS substrate was evaluated for detecting neopterin
in the human blood plasma. The samples of neopterin in
human blood plasma with diﬀerent concentrations, reflecting
clinically relevant neopterin titers (3–250 nmol L−1), were prepared. Blood plasma was separated from the blood by centrifugation at 3000 rpm for 15 min. In order to find the output
concentration of neopterin in the studied blood plasma, all
samples were evaluated for neopterin by using the commercial
enzyme-linked immunoassay test (ELISA, IBL International).
For each of the eight healthy unvaccinated volunteers the level
of neopterin was 4.2 nmol L−1. The value <5 nmol L−1 is a
typical concentration of plasma neopterin in nonimmune
patients.48 For comparison, in patients in early stages of HIVinfection, extremely high neopterin levels in serum (about
100 nmol L−1) were detected.49 In clinical practice the presence
of neopterin is monitored in whole blood, serum, plasma or
cerebrospinal fluid.
Fig. 7b–f show the selected SERS spectra recorded in the
presence of diﬀerent concentrations of neopterin in blood
plasma. Fig. 7a presents the SERS spectrum from a “pure
human blood plasma” (without adding neopterin) placed onto
the Si/ZnO/Au surface. The SERS spectra were acquired
“in situ” from the SERS-surface placed in plasma solution. In
the range of 350–1750 cm−1 the SERS spectrum of blood
plasma is dominated by a number of bands (652, 1021, 1141,
1233, 1265, 1343, 1588, and 1665 cm−1) arising from proteins,
amino and nucleic acids, and lipids.50 Although this SERS
spectrum is complex and provides a rich source of information
about numerous blood components, the region of blood
plasma (660–720 cm−1), in which the marker band of neopterin should appear (695 cm−1), is signal-free and allows labelfree analysis of neopterin. Moreover, in order to obtain better
diagnostic accuracy, a simple algorithm based on the empirical analysis of Raman spectra51 in terms of the peak intensity
ratio was employed. The ratio of intensities at 695 cm−1 (neopterin marker) and 1005 cm−1 ( phenylalanine marker in
plasma) was used to estimate the concentration of neopterin
in blood plasma. Other bands of neopterin at 1293 and
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Fig. 7 SERS spectra of human blood plasma (a); (b–f ) the SERS spectra
obtained for increasing concentrations of neopterin in human blood
plasma: (b) 5.0; (c) 7.0; (d) 10.0; (e) 50.0, and (f ) 150.0 nmol L−1. Experimental conditions: 5 mW of 785 nm excitation, 4 × 20 seconds acquisition time. The SERS spectra have been baseline corrected and shifted
vertically for better visualization. Each SERS spectrum was averaged
from seven measurements in diﬀerent places of the SERS platform.

1580 cm−1 show very weak intensity and appear in the SERS
spectrum as a shoulder on the bands corresponding to human
plasma. Only for patients with phenylketonuria (genetic
disease) the peak of phenylalanine cannot be considered as
the internal standard because the plasma phenylalanine level
is not stable and ranges from 6 to 80 mg dL−1 depending on
dietary treatment.52 Then to establish the relationship between
the intensity bands versus the concentration of neopterin only
the intensity at 695 cm−1 (neopterin marker) should be taken
into account.
Fig. 8 shows the plot of the intensity ratio of 695/1005 cm−1
SERS bands as a function of neopterin concentration in blood
plasma. The intensity ratio of SERS peaks rises with the
increase in the concentration of neopterin in plasma. The LOD
for neopterin was estimated using the signal-to-noise method
mentioned above. The results show that LO is as low as
1.4 nmol L−1, which reflects the potential of the label-free
SERS method and the developed Si/ZnO/Au-SERS-surface for
biomarker detection in real body fluids. The lower current
limit for a detection specification for the commercial ELISA
test ranges from 0.7 to 2.2 nmol L−1.
The reproducibility of the presented SERS label-free strategy
towards neopterin detection was also investigated. Fig. S4†
shows 15 individual readings from 1 to 15 randomly selected
spots for three diﬀerent Si/ZnO/Au surfaces immersed in
buﬀer solutions with diﬀerent concentrations of neopterin
(5.0, 10.0, and 25.0 nmol L−1). To obtain a statistically valid
result, the marker band of the Raman reporter at 695 cm−1

This journal is © The Royal Society of Chemistry 2015
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tive SERS-based detection of neopterin over a broad, clinically
relevant concentration range (0–250 nmol L−1) was demonstrated for the first time. The detection limit, in blood plasma,
for neopterin on the Si/ZnO/Au-SERS surface was found to be
1.4 nmol L−1. This study will be extended in future to neopterin detection in clinical blood plasma samples of patients
with specific infections. Determination of neopterin levels
might also be used in the future for a more accurate evaluation
of diseases and hence upcoming prognosis.
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