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Three of the most common meningitis pathogens, Neisseria meningitidis, Haemophilus influenzae, and
Streptococcus pneumoniae, have been successfully detected and identified in clinical cerebrospinal fluid
(CSF) samples using a new class of a surface-enhanced Raman scattering (SERS) assay. Bacterial
meningitis is a disease of the nervous system that is extremely serious and often fatal (an inflammation
encompasses the lining around the brain and spinal cord). The approach presented in this study
challenges the current SERS-based method of microorganism detection in terms of sensitivity and, more
importantly, reveals a simple, quick (on a timescale of seconds), label-free detection of multiple
components from very small volumes of clinical samples. This new SERS class of assay, based on the
combination of two types of Au/Ag-coated, nuclepore track-etched polycarbonate membranes, allow
simultaneous filtration of CSF and immobilization of CSF components, enhancing their Raman signals
and enabling detection of the spectra of a single bacteria cell present in the analyzed CSF samples. The
multivariate statistical method, principal component analysis (PCA), was applied (i) to extract the
biochemical information from the recorded bacterial spectra, (ii) to perform the statistical classification
of analyzed microorganisms, and, finally, (iii) to identify the spectrum of an unknown sample by
comparing it to the library of known bacterial spectra. The three meningitis pathogens, namely, N.
meningitidis, H. influenzae, and S. pneumoniae, were detected and identified simultaneously using
a label-free SERS method. This method of detection produces consistent results faster and cheaper than
traditional laboratory techniques and demonstrates the powerful potential of SERS technique in medical
applications. Additionally, the present study was undertaken to evaluate the CSF neopterin level in

patients with diagnosed meningococcal meningitis. The results of this study confirmed that bacterial
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Accepted 5th May 2016 meningitis caused by N. meningitidis, H. influenzae, and S. pneumoniae is associated with elevated

cerebrospinal fluid neopterin levels compared with control CSF samples. The neopterin concentration
can be used to predict meningitis, but cannot be applied to qualify the species of bacteria inducing the
meningitis infection.
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is a promising technique for various applications in biochem-
ical and analytical studies,>* clinical diagnosis,>®
mental monitoring,” forensics,® and other areas. Especially,

1. Introduction

environ-

Surface-enhanced Raman scattering (SERS) spectroscopy has

recently received increasing attention due to its huge potential
in the highly selective and sensitive detection of various types of
molecules, even at a single-molecule detection level."* SERS, in
which the scattering cross-section is considerably enhanced for
molecules upon their adsorption onto metallic nanostructures,
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SERS holds great possibility for investigating biological mate-
rials, from single macromolecules to whole tissues.”** SERS
analysis of biological molecules can provide rich structural
information as well as quantitative and qualitative analysis,
with the ability to simultaneously detect multiple analytes.
Moreover, it can be applied to samples under physiological
conditions in a non-destructive way.'” Despite the great advan-
tages of this technique, development of practical applications in
biomedical and analytical tests is still hampered by difficulties
in the generation of SERS-active nanostructures. Classical SERS
substrates are based on three metals, Au, Ag, and Cu, which
have localized surface plasmon resonances in the visible and
near-infrared spectral regions. An ideal SERS substrate should
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exhibit a uniform and high enhancement factor (EF), chemical
stability, and a cheap and reproducible production method.
Researchers have explored numerous techniques that could be
used to prepare efficient SERS substrates. These include elec-
trochemical methods,”® nanosphere lithography,** electron-
beam lithography," nanoimprinting lithography,'® vapor layer
deposition,'” and colloidal suspension.'® In the last few years,
our research group has developed several types of novel SERS
substrates that satisfy all the requirements mentioned above
and show great potential for biological and medical applica-
tions.'*? In this study, we present a new SERS assay format that
uses a combination of different SERS-active surfaces based on
Au-Ag coated polycarbonate membranes for the label-free and
rapid detection of Neisseria meningitidis, Streptococcus pneumo-
niae, and Haemophilus influenzae, the three main bacteria that
cause acute bacterial meningitis. Meningitis is an inflammation
of the protective membranes covering the brain and spinal cord,
known as the meninges, and may be caused by infection with
bacteria, viruses, or other microorganisms, and less commonly
by certain drugs.** Meningitis caused by above-mentioned
bacteria is usually very serious (5% to 10% of patients die,
typically within 24 to 48 hours after the onset of symptoms) and
requires a rapid detection method and urgent medical attention
with appropriate antibiotic therapy. Taking into account the
high mortality rates, the rapid detection of these bacteria in
body fluids and subsequent effective treatment is essential.
Recently, Gracie et al.* presented a disease-specific DNA-based
SERS assay for the detection of these three bacteria. This
identification assay was based on the detection of labeled DNA
sequences coding for N. meningitidis, S. pneumoniae, and H.
influenzae. Detection was carried out in a multi-step process by
monitoring the characteristic SERS peaks of the fluorescent
dyes (Raman probes) attached at the 5’ end of phosphate-
modified oligonucleotides. Therefore, the approach presented
in this paper is a promising alternative to that described above
and to the conventional biological methods; it enables rapid
and accurate detection of pathogenic bacteria in biological
fluids.

Additionally, we broaden our research attempt to investi-
gate the presence of neopterin, a new diagnostics marker used
in the determination of bacterial meningitis infections. Neo-
pterin is produced by activated macrophages, monocytes and
dendritic cells upon stimulation by interferon gamma
produced by T-lymphocytes.>® The presence of neopterin
indicates the state of activation of the cellular immune system
during subsequent stages of various diseases, such as rheu-
matoid arthritis (RA),”” neuropsychiatric abnormalities,*®
cardiovascular disease,* insulin resistance,’® allograft rejec-
tion, some tumors,** viral infections®**~** (hepatitis A, B, and C;
cytomegalovirus; measles; rubella; influenzae) and bacterial
infections.*”

The measurement of neopterin levels can provide reliable
information regarding the disease diagnosis, disease stage,
prognosis, and the evaluation of therapy. Bacterial meningitis
might be associated with both elevated serum and cerebro-
spinal fluid (CSF) neopterin levels compared with control
samples.*® In this study, we have determined the neopterin level
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in CSF clinical samples of patients with meningitis in relation to
the analyzed bacteria that caused the disease.

Moreover, in this work, principal component analysis (PCA)
was performed over the pre-processed SERS spectra in order (i)
to evaluate the spectral differences among the clinical samples
infected by N. meningitidis, S. pneumoniae, and H. influenzae
along with the normal (control) type and (ii) to develop models
allowing the simultaneous discrimination and classification of
these three meningitis pathogens in clinical samples.

2. Experimental section

2.1. Chemicals and materials

Neopterin was purchased from Tocris Bioscience (Bristol, UK).
Phosphate-buffered saline (PBS) packs (10 mM, pH = 7.2) from
Sigma-Aldrich (Dorset, UK) were used without further purifica-
tion. Water (resistivity over 18 MQ), purified using a Milli-Q plus
185 system, was used throughout the process. In our experi-
ments, we used CSF samples with N. meningitidis and S. pneu-
moniae obtained from the National Reference Centre for
Bacterial Meningitis (NRCBM) in the National Medicines
Institute (NMI) in Warsaw. H. influenzae strain was obtained
from the Institute of Microbiology, University of Warsaw. CSF
samples were evaluated for the presence of neopterin by using
the commercial enzyme-linked immunoassay test (ELISA, IBL
International GmbH, Hamburg).

2.2. Instrumentation

SERS spectroscopy measurements were carried out with
a Renishaw inVia Raman system equipped with a 785 nm diode
laser. The light from the laser passed through a line filter and
was focused on a sample mounted on an X-Y-Z translation
stage with a 20x microscope objective, NA = 0.25. The beam
diameter was approximately 5 um. The laser power at the
sample was 0.5 mW or less. The microscope was equipped with
1200 grooves per mm grating, cutoff optical filters, and a 1024
x 256 pixel Peltier-cooled RenCam CCD detector, which allowed
the registration of the Stokes part of the Raman spectra with 5-6
em™ ' spectral resolution and 2 cm ™! wavenumber accuracy. The
experiments were performed at ambient conditions using
a back-scattering geometry.

Collecting of SERS spectra. The analyzed CSF samples were
applied onto the SERS platform, and the recording of the
spectra was started immediately after placing this chamber
under the microscope lens. During the period of at least 10 min,
SERS spectra were repeatedly recorded, while at the same time,
the focus of the laser beam was readjusted. To detect bacteria in
CSF samples, a single SERS spectrum was recorded with 30 s
using the mapping mode. To detect neopterin in CSF samples
(including construction of calibration curve and measurements
of clinical CSF), the SERS spectra with 4 x 40 second acquisi-
tion were collected.

The obtained spectra were processed with the Opus software
provided by Bruker. Some of the spectra required post-pro-
cessing involving spike removal, smoothing and six-point
baseline correction.

This journal is © The Royal Society of Chemistry 2016
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SEM measurements were performed under high vacuum
using the FEI Nova NanoSEM 450 with an accelerating voltage of
2 kv under high vacuum.

2.3. Specimen collection

Clinical samples were obtained as part of a routine activity of
the NRCBM. All experiments were performed in compliance
with the European Parliament and Council decision for the
epidemiological surveillance and control of communicable
disease in the European Community.*”*® During the study, we
used N. meningitidis of serogroup B (603/2011) and S. pneumo-
niae ATCC 49619 obtained from the NRCBM, and H. influenzae
type b (Hib) obtained from the University of Warsaw, which
served as reference strains in PCR reactions.

Microbiological confirmation of N. meningitidis, S. pneu-
moniae, and H. influenzae. In the case of negative culture, the
NRCBM has been receiving clinical materials, including CSF,
from patients with suspected invasive diseases. The DNA iso-
lated from these samples was used for polymerase chain reac-
tions to identify N. meningitidis, S. pneumoniae, or H.
influenzae.**

Bacterial culture and SERS sample preparation. To multiply
microbial organisms, we cultivated S. pneumoniae and N.
meningitidis on BHI (brain-heart infusion) agar and H. influ-
enzae on a sBHI (supplemented BHI) agar at 37 °C for 24 h.
sBHI was prepared by adding 10 mL of a 1 mg/1 mL hemin
stock solution per liter of BHI and 5 mL of a 2 mg mL ™' NAD
stock solution per liter of BHI. After that, some bacterial
colonies were redispersed in saline solution (sterile 0.9%
NacCl solution) and centrifuged for 5 min at 4000 rpm (to avoid
destroying the cell membrane). The centrifugation process in
the fresh saline solution was repeated 4 times to obtain
a solution of clean bacterial cells. Then, we dispersed the
analyzed bacteria in saline solution to obtain the final
concentration of 10° CFU mL™". The density of bacterial cells
was determined by counting the amount of colonies that have
grown on the Petri dish with a known amount of medium.
Count was taken after one day of cultivation at 37 °C. Before
carrying out Raman measurements, 10 pL of an aqueous
bacterial solution was placed over the SERS substrate.
Measurements were taken after 5 minutes.

2.4. Chemometrics

The SERS spectra were prepared for principal component
analysis (PCA) using a two-step approach. First, using OPUS
software (Bruker Optic GmbH 2012 version), the spectra were
smoothed with Savitzky-Golay filter, the background was
removed using baseline correction, and then the spectra were
normalized using the so-called min-max normalization (the
area of band around 963 cm ™). All the data were transferred to
the Unscrambler software (CAMO software AS, version 10.3,
Norway), where the PCA analysis was performed. PCA is
a multivariate technique that reduces the dimensionality of
complex spectroscopic data from many wavenumber assign-
ments to a few principal components (PCs), making it easier to
identify the majority of variations within the spectra.*

This journal is © The Royal Society of Chemistry 2016

View Article Online

Analytical Methods

PCA is based on a linear transformation of spectra regarded
as N-dimensional vectors, where N is the number of data points
in a single spectrum, into a new coordinate system in which the
new vectors are orthogonal to each other. All the spectra can
then be expressed in a much simpler manner through a small
number of principal components (PCs) that account for the
maximum variance in the data. In a PCA model, the matrix
containing the set of spectra (X) is decomposed into two smaller
matrices (the scores (T) and the loadings (P): X = TP" + E), where
E is the residual containing information that is not described by
the multiplication of the scores and the loadings for each
spectrum. Typically, systems of orthogonal axes (score plots) of
two or three components (PCs) are used to represent the point-
spectra, where the first PC maximizes the spectral variance, the
second is orthogonal to the first and maximizes the residual
variance, etc. By plotting the principal component scores,
similarities between the samples are revealed. Additionally,
plotting loadings as a function of the wavenumber reveals the
most important diagnostic vibrations in the spectra.

In the present work, PCA was carried out on five different
data sets consisting of spectra obtained for normal CSF (without
microbiological confirmation of N. meningitidis, S. pneumonia,
and H. influenzae infections), for three CSF samples infected by
these pathogens separately, and for one CSF sample containing
all three bacteria.

3. Results and discussion

3.1. Detection of N. meningitidis, S. pneumoniae, and H.
influenzae in clinical CSF samples

The most common causes of bacterial meningitis are menin-
gococci (N. meningitidis), pneumococci (S. pneumoniae), group B
streptococci (Streptococcus agalactiae), and rod-like H. influen-
zae. Conventional detection of the meningitis pathogens is
based on phenotypic and biochemical -characterization.
However, biochemical methods require time-consuming
bacteria cultivation and have relatively low sensitivity, especially
when antibiotics have been given to the patient prior to
sampling.**** It has been reported that identification of the
above-mentioned bacteria can take up to 36 hours*® using the
traditional method. The use of nucleic acid amplification tests,
such as quantitative polymerase chain reaction (qPCR), has
enabled more sensitive and rapid detection of pathogens in
respiratory secretions and cerebrospinal fluid. Several qPCR
assays for the detection of S. pneumoniae, H. influenzae, and N.
meningitidis have been developed,”* and multiplex detection
of several target DNAs in a single tube is achievable.* Still, the
specificity of methods used is an underestimated problem, and
commonly used targets have been shown to be unspecific and
cause misleading results.

In this study, we present a new class of SERS assay based on
two types of polycarbonate membranes with different pore sizes
coated with Au-Ag for the label-free detection of N. meningitides,
S. pneumoniae, and H. influenzae in clinical CSF samples. The
morphology of these SERS substrates is presented in ESI,
Fig. S1.7

Anal. Methods, 2016, 8, 4521-4529 | 4523
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Fig. 1 shows the experimental setup used for the detection
of bacterial meningitis pathogens. The applied technique is
simple and allows filtration and/or concentration of CSF
composites (leucocytes, albumins, globulins, and bacteria)
within a small area of the platform. The setup for the proposed
method consists of (1) a high-precision syringe pump system
(NE-1000, New Era Pump Systems Inc., USA) used for automated
control of flow, (2) syringe, and (3) two syringe holders built-in
with two types of SERS substrates based on Au/Ag-coated,
nuclepore track-etched polycarbonate membranes with
different pore sizes (0.3 um and 3 pm).

In the first step (Fig. 1), 1 mL of saline solution was flushed
through the SERS assay (coupled syringe filters with SERS
substrates) at the rate of 3.5 uL min~" in order to remove air
bubbles and fill the dead space volume in syringe filters. In the
next step, the appropriate CSF samples were injected into the
SERS assay at the rate of 1.5 uL min™ .

Taking into account the size of pores in the first and second
membrane, 3 and 0.3 pm, respectively, the size of CSF compo-
nents (leucocytes from 10 pm up to 15 um,** albumins from 3 up
to 10 nm,* and the sizes of the analyzed pathogens (N. menin-
gitidis ranges from 0.6 to 1.0 pm;* S. pneumoniae—from 0.5 to
1.25 pm;* and H. influenzae—is about 1 x 0.3 pm (ref. 55)), we
were able to separate these bacterial cells from CSF compo-
nents. The largest leukocytes (the main component of CSF)
remain on the first membrane, while the smaller proteins and
bacteria pass through and finally fall on the second membrane
with about 0.3 pm pore size.

A total of 350 spectra were collected, including 100 spectra
from 10 control patients without meningitis and 250 spectra
from 38 meningococcal meningitis patients. The SERS spectra
of control and patients with meningitis are depicted in Fig. 2.

Fig. 2 shows typical SERS spectra (after averaging, baseline
correction, smoothing and normalization) of the bacteria fil-
trated and detected from clinical samples according to the

Fig. 1 Experimental setup of the SERS-based detection method of
bacteria from CSF samples. This setup consists of syringe pump,
syringe, filter holders with Au/Ag polycarbonate membranes (working
as SERS-active platforms) and polymer vial (working as a waste
collector). Please see ESI{ for SEM pictures of SERS-active platforms
based on nuclepore track-etched polycarbonate membranes.
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Fig. 2 SERS spectra of control CSF (a) and CSF infected by (b) S.
pneumoniae; (c) N. meningitidis, and (d) H. influenzae bacteria
recorded on the polycarbonate membrane (0.3 pum pore size)
according to the procedure illustrated in Fig. 1. Experimental condi-
tions: 0.5 mW, 785 nm excitation, 30 seconds acquisition time
(mapping mode). The SERS spectra have been baseline-corrected,
normalized and shifted vertically for better visualization. Each SERS
spectrum was averaged from 20 measurements in different places of
the SERS platform.

procedure described above (Fig. 1). The SERS spectra were
analyzed to obtain general biochemical information and to
perform the band assignment for each data group: (i) control
group and groups infected by experimental (ii) S. pneumoniae,
(iii) H. influenzae, and (iv) N. meningitidis samples.

We have performed the SERS measurements and band
assignments of these bacteria, S. pneumoniae, H. influenzae, and
N. meningitidis, inoculated onto BHI agar plates directly from
pre-cultures in order to obtain the reference spectra of these
pathogens. Fig. S21 presents the SERS spectra of bacteria
multiplied and then deposited on the Au/Ag polycarbonate
membranes. These results show no differences (except for the
recorded SERS signal intensities) between the SERS spectra of
particular bacterial species trapped via SERS-based assay (Fig. 2)
and the SERS spectra of the reference bacteria (Fig. S21). As can
be seen in Fig. 2b-d, the SERS spectra exhibit common spectral
features for all bacteria with some differences in the band
position, their relative intensity ratios and/or the appearance of
new peaks. The spectra depicted in Fig. 2b-d reveal a combi-
nation of SERS bands typical for bacteria and arising from the
molecular vibrations of nucleic acid, amides, n-alkanes, flavins,
and other constituent compounds of bacterial cell.***” All tested
bacterial species show a common intense spectral feature at
about 732 cm ™" (H. influenzae and N. meningitidis) and 721 cm ™"
(S. pneumoniae). This band is observed also in many types of
bacterial species, such as Escherichia coli, Salmonella enterica,
Staphylococcus epidermidis, Staphylococcus aureus and Bacillus
megaterium. It is assigned to the C-N stretching mode of the
adenine part of the lipid layer in the cell wall or to the purine
ring breathing mode.*®** Jarvis et al,* on the other hand,
attributed the same peak to the glycosidic ring mode from cell

This journal is © The Royal Society of Chemistry 2016
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wall peptidoglycan building blocks, N-acetyl-p-glucosamine
(NAG) and N-acetylmuramic acid (NAM). All spectra of S. pneu-
moniae, H. influenzae, and N. meningitidis show also a common
peak at 957 cm~ ' (C=C deformation or C-N stretching), 1003
em™" (phenylalanine, C-C aromatic ring stretching), 1327 em ™"
(amide III (protein), C-H deformation), 1338 cm ™" (phospho-
lipids), and 1460 cm ™' (CH, deformation).®* Apart from these
common bands, all bacteria species reveal their own individual
spectral characteristics, which aid in the whole-organism
fingerprint analysis. For example, the band at 647 cm ™" can be
seen in the S. pneumoniae spectrum, but not in N. meningitidis
and H. influenzae spectra. To distinguish between S. pneumoniae
and N. meningitidis, the ratio of intensities of the peaks at 647
em ' and 731 em ™' can be used. S. pneumoniae can be distin-
guished from other bacteria using bands at 1209 cm™* for H.
influenzae and 1173 cm™ ', 1223 cm ', and 1540 cm™ ' for N.
meningitidis. Table 1 shows the main bands observed in S.
pneumoniae, H. influenzae, and N. meningitidis spectra and the
corresponding band assignments.

The SERS spectrum of control CSF samples, analyzed in the
same way as bacterial meningitis samples using the proposed
SERS assay, reveals very weak bands at 726, 747, 833, 856, 1098,
1330, 1449 and 1543 cm ™' (Fig. 2a). These bands correspond to
vibrations of small proteins®* that can pass through pores of
SERS substrates. For example, the band at 1330 cm™' is
assigned to amide III vibrations of proteins, and the band at
1543 cm ™! corresponds to 6(NH**) and/or amide II vibrations of
proteins. Most of these bands, but with higher intensity, we can
find in both control and meningitis pathogens infected CSF
spectra recorded before filtration via SERS-assay (see Fig. 3Saf).
For example, in H. influenzae-infected CSF samples (Fig. 3Sdf),
the aromatic amino acid residues, tyrosine, phenylalanine and
tryptophan have bands at 720, 852, 1000 and 1330 cm ™. The
intensive bands in the CSF spectra at 728, 1096, 1135, 1337,
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1466 and 1596 cm ™ (see Fig. 3Sat) were assigned to vibrations
of the nitrogenous bases of DNA and lipids.*

Additionally, the reproducibility of S. pneumoniae, N.
meningitides, and H. influenzae recorded SERS spectra were
calculated with a Savitzky-Golay second derivative method (see
Fig. 4S and Table 1S in ESIt). The lowest value of the calculated
average correlation coefficient is 0.92, which is sufficient for
identification purposes.

All these results clearly indicate that the proposed new class
of SERS assay, based on the combination of two types of Au/Ag
polycarbonate membranes with different pore sizes, enables
simultaneous filtration of CSF components, thus enhancing
their Raman signals, and detection of spectra from single
bacteria cell present in the analyzed CSF samples.

Additionally, for further development of diagnostic algo-
rithms for improving: (i) the discrimination among tested
bacteria and (ii) the differentiation between normal and the
bacterial meningitis samples, principal component analysis
(PCA) has been applied. The main information obtained from
the PCA is explained by the three first principal components PC-
1, PC-2, and PC-3, which explain 92% of the total variance in the
data. Fig. 3 shows two large clusters corresponding to the
control and meningitis CSF samples and three clusters inside
the meningitis group associated with three types of bacterial
pathogens that cause acute bacterial meningitis. Fig. 3 displays
the score plot of the first three principal components, PC-1 (77%
of the total variance), PC-2 (10% of the total variance) and PC-3
(5% of the total variance), of the control CSF and CSF infected
with bacteria.

The statistical data demonstrate the significant differences
between normal and meningitis groups and also reveal a huge
difference among meningitis samples for the classification of S.
pneumoniae, H. influenzae, and N. meningitidis bacterial
infections.

Table 1 The main bands observed in S. pneumoniae, H. influenzae, and N. meningitidis spectra and band assignments260.64-67¢

Neisseria Streptococcus Haemophilus
Assignment Range meningitidis pneumoniae influenzae
Guanine, tyrosine 640-675 ++ + +
Adenine, glycoside 713-740 ++ ++ ++
Cytosine, uracil 745-790 + - -
0-P-O (RNA) 800-815 + - +
C=C deformation, C-N stretching 930-990 + + +
Phenylalanine, C-C aromatic ring stretching 1000-1010 + + +
C-C stretching (phospholipids, carbohydrates), C-N stretching 1025-1060 + + +
O-P-O (DNA), C-C or C-O-C stretching (carbohydrates) 1080-1105 + + —
=C-0-C= (unsaturated fatty acids in lipids) 1130-1145 - + -
C-O ring, aromatic amino acids in proteins 1150-1185 + - —
Amide III (random), thymine 1215-1295 + + +
Amide III (protein), C-H deformation 1315-1325 —
Adenine, guanine, C-H deformation 1330-1345 + ++ ++
COO- symmetric stretching 1390-1415 + - +
CH, deformation 1440-1475 + + +
Amide II 1510-1560 + — +
Adenine, guanine (ring stretching) 1570-1595 + + +

¢ Assignments: — absent; + present; ++ strong.

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 PCA score plots showing the comparison between control and
infected samples. The meningitis group includes the red cluster (N.
meningitidis), the blue cluster (H. influenzae), and green cluster (S.
pneumoniae) scores.

The differences among the S. pneumoniae, H. influenzae and
N. meningitidis are due to the peaks analysed above and are
clearly illustrated by loadings plots presented in Fig. 4B and
Fig. S5B.T The loadings of the PCs provide information on the
variables (wavenumbers of the spectra) that are important for
group separation. Fig. 4B displays the loadings plot of PC-1 for
the entire wavenumber region, 500-1600 cm ", for all studied
meningococcal meningitis samples. By analyzing this plot, one
can recognize the most important diagnostic variables in the
analyzed data set. Variables with high loading values are the
most important for diagnostic purposes. Unlike the SERS
spectrum, the loading spectrum contains positive and negative
bands, and their corresponding frequencies can be correlated
with some of the major variations in the molecular structure
among analyzed samples. On the basis of SERS spectra analysis
and loadings plots from PC-1, the most important variations
among these three meningitis pathogens, N. meningitidis, H.
influenzae, and S. pneumoniae, were found to be associated with
the peaks at 644, 738, 744, and 1330 cm ™' corresponding to the
main compounds of bacterial cells (see Fig. 2 and Table 1). The
PCA analysis performed for these three pathogens in the entire
fingerprint area gives the sum of PC-1 and PC-2 equal to 91% of
total variance. Moreover, taking into account the loadings plot
versus variables, calculations of PCA in the area of the most
pronounced marker bands at 644, 738, and 744 cm™ ' were
performed. The PCA scores calculated for regions of the chosen
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Fig. 4 The comparison of the calculated PCA analysis for three
bacteria: S. pneumoniae (green diamonds), H. influenzae (blue
squares) and N. meningitidis (red circles): (A) PC-1 versus PC-2 scores
for the whole region, (B) PC-1 loadings plot.

markers give a value of 97% (PC-1 and PC-2) of the total variance
in studied samples (see Fig. S5, ESIt).

Importantly, the differences between samples belonging to
the same group of classification (one type of pathogen) are
diagnostically significant. These results clearly demonstrate
that PCA-based SERS technique has potential for the detection
and discrimination of the meningitis pathogen in clinical CSF
samples.

3.2. Detection of neopterin level in CSF samples as a marker
of bacterial meningitis

Neopterin appears in cerebrospinal human fluid, blood, and
urine, and its increased levels indicate activation of the immune
system involved in the pathogenesis and/or affected by malig-
nant diseases. An earlier literature report®® reveals that neo-
pterin characterization can serve as a useful method of the
diagnosis and monitoring of many diseases, such as rheuma-
toid arthritis (RA),”” neuropsychiatric abnormalities,® cardio-
vascular disease,* allograft rejection, some tumors,*' and viral
and bacterial infections.’**

Our previous reports®™ showed that neopterin as a biomarker
is biologically and chemically stable in human biological fluids,
gives very strong SERS signals, and can be easily quantified
using surface-enhanced Raman spectroscopy.

The present study was undertaken to evaluate the CSF neo-
pterin levels in patients with diagnosed meningitis caused by
three meningitis pathogens: S. pneumoniae, H. influenzae, and
N. meningitidis. In the first step, the SERS spectroscopic

This journal is © The Royal Society of Chemistry 2016
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Table 2 CSF neopterin concentration for samples infected by N.
obtained using two methods, SERS and ELISA
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meningitidis, S. pneumoniae, H. influenzae, and normal (control) samples

SERS (new method)

ELISA (reference method)

Control CSF; nmol L™*
Infected CSF; nmol L™ (with N. meningitidis)

Infected CSF; nmol L™ (with S. pneumoniae)
Infected CSF; nmol L™ (with H. influenzae)

characterization of CSF samples from both healthy subjects and
patients with confirmed bacterial meningitis caused by the
three analyzed pathogens was performed. Fig. S21 presents the
normalized SERS spectra of CSF samples infected by N. menin-
gitidis (b), S. pneumoniae (c), H. influenzae, (d) and the control
CSF samples (a) deposited onto the SERS substrate. Detailed
SERS analysis of both control and infected CSF samples is
presented in ESI.} There are distinctive SERS features and
intensity differences for normal and infected CSF samples in
the spectral ranges of 1200-1260 cm ™', 1270-1380 cm™ " and
1500-1650 cm ™~ *. These differences in the SERS spectral pattern
could reflect changes in the quantity and structure of proteins
and peptides of CSF associated with the abnormal metabolism
of patients with bacterial infections. It should be highlighted
that the major difference between control and infected CSF
samples concerns the band at 695 cm ™", which corresponds to
the C-C vibration and ring modes of neopterin. It can be
observed only in the infected samples, but not in control
subjects. Fig. S6t1 presents the SERS spectrum of neopterin
adsorbed onto the polycarbonate membrane-based SERS plat-
form from 35.0 nmol L™ " neopterin solution in PBS buffer.

In order to test the performance of the SERS method and to
calculate the neopterin concentration in the analyzed clinical
samples, the calibration curve, i.e. plot of SERS intensity of the
marker band at 695 cm ™" versus the concentration of neopterin
in CSF, was constructed. Fig. S7 (ESIt) shows a calibration curve
obtained by plotting the intensity of this marker band versus the
concentration of neopterin in the range from 0.0 to 90.0 nmol
L' (neopterin was artificially added to normal CSF solution).
Based on this calibration line, the concentration of neopterin in
clinical samples of CSF infected by the three meningitis path-
ogens and control CSF samples was estimated. The same
samples were also evaluated for neopterin concentration by
using a commercial enzyme-linked immunoassay (ELISA, IBL
International) (Table 2).

The level of neopterin was significantly higher in CSF
samples infected by N. meningitidis, (30 nmol L"), S. pneumo-
niae (38 nmol L"), H. influenzae (32 nmol L") compared to
normal (control) CSF samples (3.8 nmol L™ '). It should be
highlighted that, taking into account the error bars of per-
formed calculations, the value of neopterin concentration can
be used to predict meningococcal meningitis, but cannot be
applied to qualify the type of bacteria inducing the meningitis
infection.

To summarize, the results of our study clearly demonstrate
that: (i) neopterin may be used as a novel marker in the
screening tests to detect bacterial meningitis and (ii) in the

This journal is © The Royal Society of Chemistry 2016
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positive response, the simultaneous identification of three of
the most common meningitis pathogens, e.g., Neisseria menin-
gitidis, Haemophilus influenzae, and Streptococcus pneumoniae in
clinical cerebrospinal fluid sample is possible using our new
class of SERS substrates. Therefore, the approaches presented
in this study challenge current methods of meningitis micro-
organism detection from body fluids in terms of using a very
small volume of clinical materials, which are additionally
selected by the neopterin test from all bacterial meningitis-
suspected CSF specimens.

4. Conclusions

We have demonstrated that SERS spectroscopy combined with
multivariate analysis (PCA) can be applied with high accuracy to
label-free, simultaneous and rapid identification of all three
meningitis pathogens: Neisseria meningitidis, Haemophilus
influenzae, and Streptococcus pneumoniae in clinical CSF
samples. PCA (i) permits the selection of significant variables
from the spectra among three analyzed meningitis pathogens:
N. meningitidis, H. influenzae, and S. pneumoniae present in CSF
samples; (ii) shows the possibility of their simultaneous
differentiation in a mixture within the CSF clinical samples; and
(iii) allows differentiation of healthy and meningitis patients
using neopterin test.

In this study, we also confirmed that neopterin is an impor-
tant inflammatory marker and a strong predictor of central
nervous system disease caused by meningitis pathogens. Cere-
brospinal fluid neopterin concentrations from 38 meningitis
patients have been measured using our newly developed label-
free SERS technique. The level of neopterin was significantly
higher in CSF samples infected by N. meningitidis, (30 nmol L),
S. pneumoniae (38 nmol L"), and H. influenzae (32 nmol L")
compared to normal (control) samples (3.8 nmol L™ ).

The results of this study illustrate the huge potential of SERS
spectroscopy for the rapid detection of a variety of bacterial
diseases. The developed method is of practical interest, as it is
fast, it requires very simple sample preparation without the
need for sample amplification by a bacterial culture and by
polymerase chain reaction (PCR), and no chemical reagents are
necessary to specifically mark cell components.

Future studies should be designed to investigate the corre-
lation between elevated neopterin level and the stage of infec-
tion, length of hospitalization, age and gender of patients. Such
detailed cerebrospinal fluid neopterin characterization can
serve in monitoring the central nervous system inflammatory
effects and can give valuable information regarding the cause of
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ongoing brain pathology. Future studies should be designed
also to examine additional meningitis markers such as C-reac-
tive protein (CRP) or interleukins (IL) from both CSF and clin-
ical blood samples to search for other clinical characteristics of
this illness.
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