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Rapid and accurate identification of bacteria is essential to ensure food safety and prevent pathogenic
bacterial infection. In this study, a highly efficient method was established for accurately identifying
bacterial species by applying Ag NP-filter paper based Surface enhanced Raman spectroscopy (SERS)
analysis and Partial Least Squares-Discriminant Analysis (PLS-DA) statistical methods. The flexible Ag NP
filter paper substrate with high sensitivity and uniformity was prepared by a facile and low-cost silver
mirror reaction at room temperature, which exhibited desirable SERS activity in bacteria detection.
Furthermore, PLS-DA was successfully employed to distinguish SERS spectra from S. aureus CMCC
26003, E. faecalis ATCC29212 and L. monocytogenes ATCC 19115 with a sensitivity of 93.3-100%,
specificity of 96.7-97%, and overall predicting accuracy of 95.8%. This exploratory study demonstrates
that a Ag NP-filter paper based SERS sensor coupled with PLS-DA has great potential for rapid and
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1. Introduction

In recent years, safety incidents caused by pathogenic bacterial
pollution in food have occurred frequently.* Pathogenic
bacterial pollution has become a high-risk problem threatening
global public health security.® It is estimated that more than
a quarter of deaths worldwide are caused by infectious diseases
every year, which is second only to cardiovascular disease.*
Therefore, the accurate identification and discrimination of
bacteria play a vital role in ensuring food safety and reducing
pathogenic bacterial infection. Previously, several analytical
methods have been used to detect bacteria, such as the tradi-
tional bacterial culture detection method, polymerase chain
reaction (PCR), flow cytometry (FCM)*” and enzyme-linked
immunosorbent assay (ELISAs).® Although, these methods pre-
sented excellent accuracy and sensitivity in bacterial detection
they are inherently time-consuming, laborious, expensive, and
complex, and require well-trained personnel and cumbersome
facilities, making them less attractive than low-cost and rapid
detection applications. Thus, it is highly desired to develop
a fast, reliable, cost-effective, high sensitivity and specificity
method for identification.

SERS technology has been widely applied in bacterial
detection, and its high sensitivity and inherent specificity
fingerprints provide the potential capability of bacterial
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effective detection and identification of bacteria.

identification and discrimination.>'® Some studies have re-
ported the successful detection and identification of bacteria by
combining SERS detection with multivariate analysis."*

As we all know, SERS based bacteria identification heavily
relys on the sensitivity and repeatability of individual SERS
spectra. However, SERS based bacteria detection suffers from
poor sensitivity as current available SERS substrates lack suffi-
cient uniformity or interaction with bacterial cells.”> To address
the above issues, a variety of SERS substrates, such as Au NRs,"*
Fe;0,@Ag magnetic nanoparticle,* lectin-modified BCNCs,"*
Ag@TiO, nanofibrous felts,'® Ag/Au NPs/SiNWs,"” have been
developed for bacterial detection. Although significant progress
has been made in the fabrication of SERS active substrates,
some non-negligible problems still hinder further application
in bacterial detection. For example, the traditional colloidal
substrate undergoseasy aggregation and poor signal reproduc-
ibility,"* while the main drawbacks to the solid substrate fixed
on the rigid support (such as glass and silicon) are either high
production cost, poor uniformity, complex preparation process
or low batch-to-batch reproducibility.*®

Filter paper is emerging as an ideal scaffold for fabricating
SERS substrate due to its quality of rich natural resources,
affordable, 3D porous structure, portability, and flexibility.">*®
Filter paper substrate can continuously collect the samples via
swabbing or capillary suction,” making the bacteria more
closely bound to the substrate, thus improving the sensitivity
and reproducibility of bacterial testing.*»** In addition, the 3D
structure of filter paper fiber can not only provide a larger
surface for assembling more nanoparticles, but also help to
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form more abundant “hot spots”, which is beneficial to
generate stronger SERS enhancement.”***

Herein, the performance of filter paper based SERS substrate
is investigated by using R6G as probe molecules. The SERS
performance of Ag NPs filter paper substrate was studied and
optimized. Through capillary force suction bacteria sample, the
optimized substrate was applied to detection of S. aureus CMCC
26003, E. faecalis ATCC29212 and L. monocytogenes ATCC 19115.
In order to improve the efficiency of bacterial species identifi-
cation, PLS-DA models was user to effectively identify the SERS
of these bacterial species.

2. Experimental section
2.1 Chemicals and regents

Three different bacterial species used in the experiment were
obtained from Beijing Microbiological Culture Collection
Center. Silver nitrate (AgNO;, 99.7%) and glucose were
purchased from Sinopharm Chemical Reagent Co, Ltd
(Shanghai, China). Ammonium hydroxide were purchased from
Aladdin's Reagent (Shanghai, China). Filter paper was
purchased from Fushun filter paper factory. All reagents were
not further purified.

2.2 Apparatus

Field emission scanning electron microscope coupled with
EDS-system (Hitachi $4800, Japan) was employed to elucidate
the morphologies and composition of Ag NPs-filter paper
substrate. The crystal phase of Ag NPs-filter paper substrates
were measured on X-ray powder diffraction using Cu Ka radia-
tion (A = 1.5406 nm) (XRD, Bruker, D2 PHASER). The SERS
spectra were measured using a DXR Raman microscope
(Thermo Fisher Scientific, Inc. USA) equipped with CCD
detector, excitation wavelength of 780 nm laser, and a 10x
objective lens.

2.3 In situ growth Ag NPs on filter paper

In order to prepare Ag NPs-filter paper substrate, the filter
papers were cut into pieces of 5 cm x 5 cm, and immersed in
20 mL freshly prepared Tollens solution of 10 mM Tollens for
10 min. Then 1 mL 0.6 mol L™ aqueous glucose solution was
dropwise added with shaking. Subsequently, it was standing for
a certain time at room temperature. Afterwards, the Ag-filter
paper substrate were drawn from solution and washed succes-
sively with plenty of deionized water and ethanol to remove
impurities and unbonded Ag NPs, and then, it was dried with
nitrogen and stored in a brown vacuum desiccator for further
use.

2.4 SERS detection of small molecules

To demonstrate the performance of Ag NPs -filter paper
substrate, R6G was used as probe molecules for testing. Firstly,
the as-prepared Ag NPs filter paper substrates were cut into 3 X
4 mm small paper and immersed in R6G solutions with
different concentrations for 20 min, then washed with deion-
ized water, and put it on a clean glass slide. After the solution
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was evaporated and dried, SERS test was carry out by using
a DXR Raman microscope. The excitation power was 5 mW with
an exposure time of 5 s and accumulation of two times.

2.5 Bacterial culture and SERS detection

All bacterial species used in this work, including S. aureus
(CMCC 26003), E. faecalis (ATCC29212) and L. monocytogenes
(ATCC 19115) were cultured in Luria Bertani (LB) broth medium
at 37 °C for 24 h shaking at 180 rpm respectively. Following
incubation, 5 mL bacteria suspension (~10” CFU mL ") were
centrifuged at 6000 rpm for 5 min, and washed three times with
sterilized deionized water to eliminate the interference of
culture medium, and then resuspended in sterilized deionized
water to obtain a final concentration of 10>~10” CFU mL ™.

The bacterial SERS spectra were collected on a DXR Raman
microscope. The excitation laser with a power of 5 mW was
focused on the bacteria through a 10x objective lens (3 um
focus diameter). The integration time was set to 10 s with
accumulation of two times. Each sample was measured for at
last 5 times and take the average spectral.

2.6 Data analysis

The pretreatment and multivariate statistical analysis for
bacteria SERS spectra were performed on MATLAB R2014a
(MathWorks, USA). Prior to multivariate statistical analysis, all
of bacteria SERS spectra were preprocessed by baseline correc-
tion, Savitzky—Golay smoothing and area normalization in the
range of 300-2000 cm™ ‘. The preprocessed bacteria SERS
spectral data was analyzed by using PLS Toolbox in the Matlab
software. The SERS spectral date of bacterial were randomly
divided into 2/3 training data set and 1/3 test data set. The PLS-
DA model was established on a training data set along with
venetian blinds cross-validation, and then the testing data set
was used as a blind sample to external verify the accuracy of the
PLS-DA model.

3. Results and discussion

3.1 Preparation and characterization of Ag NPs-filter paper
substrate

Here, we introduce a facile, low-cost and eco-friendly strategy
for in situ synthesis of Ag NPs on filter paper with high unifor-
mity and density. The fabrication processing was illustrated in
Fig. 1.

First, a new filter paper with the size of 5 x 5 cm® w was
soaked in the Tollens for 10 min, which is easy to attach posi-
tively charged Ag(NH;)," through capillary attraction and elec-
trostatic attraction.”® Then aqueous glucose solution was
dropwise added and allowed to stand for a certain amount of
time at room temperature, which caused a slow silver mirror
reaction between Tollens and glucose, resulting in the in situ
growth of Ag NPs on the filter paper*® based on reaction (1-1).

CH,OH(CHOH),CHO + 2Ag(NH;),OH — CH,OH(CHOH),_
COONH4 + 2Ag + 3NH3 + 2H20 (1'1)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the fabrication process for AgNPs-filter paper substrate.

It is well known that the SERS substrate performance is
highly associated with the particle size and aggregates
morphology of Ag NPs, which is well controlled by adjusting the
reaction time. The sensitivity of Ag NPs-filter paper substrates
prepared at different reaction times were investigated by using
R6G as probe. As shown in Fig. 2A, the SERS intensities of R6G
increased with the increase of reaction time ranging from 0.5 h
to 2.5 h, and reached a maximum at 2.5 h. Interestingly, the
SERS intensity of R6G decreased slowly with further prolonging
the reaction time. As we all know, the sensitivity of SERS
depends mainly on the size, shape and neighboring particle
interaction. The results reported in this work showed that the
size, shape of neighboring particle of silver nanostructures
obtained at 3 h provide the highest Raman signal enhancement.

To improve the uniformity of the substrate, a strategy of in
situ synthesis of Ag NPs was successfully conducted by reducing
silver ammonia solution with glucose at room temperature. In
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comparison with silver nanoparticles prepared at 60-80 °C, the
superior uniformity of the AgNPs distributed on the filter paper
was attributed to the slower nucleation and growth rate of Ag
NPs at room temperature.”® According to the typical SEM image
of Ag NPs-filter paper substrate obtained with a reaction time of
3 h (Fig. 2B), the surface of filter paper was covered by homo-
geneous and dense Ag NPs with an average particle size around
120 nm (Fig. 2C), by which a large number of “hot spots” were
able to form between neighboring Ag NPs, thus providing
a high-activity and reliable SERS response. Fig. 2D shows that
the XRD patterns of the as-prepared Ag NPs-filter paper
substrate exhibit not only the diffraction peaks of Ag NPs, but
also strong diffraction peaks of filter paper.”® Among them, the
diffraction peaks at 26 values of 16.6°, 22.7° and 34.2° belong to
filter paper. The diffraction peaks at 26 values of 38.2°, 44.3°,
64.6° and 77.5° can be assigned to the reflections of (111), (200),
(220) and (311) planes of face centered cubic (FCC) silver
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Fig.2 (A) The SERS spectra of R6G (10~ M) measured on Ag NPs-filter paper substrate with different silver mirror reaction time; () SEM image of
the Ag NPs-filter paper substrate. Inset is the higher magnification image; (C) histograms of size distribution of Ag NPs on filter; (D) XRD spectra of
filter paper and the Ag NPs-filter pape. Insets are the partial enlarged image.
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Fig. 3 (A) SERS spectra of R6G with different concentrations measured on Ag NPs-filter paper substrate; (B) the SERS spectra of R6G collected
from the random-selected 15 points of the same Ag NPs-filter paper substrates; (C) the corresponding SERS intensity variations of the peaks at
1358 and 1507 cm™* on different point; (D) the SERS spectra of R6G collected from 10 different Ag NPs-filter paper substrate; (E) the corre-
sponding SERS intensity variations of the peaks at 1358 and 1507 cm ™ on different substrates.
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(JCPDF, no. 04-0783), respectively,?”*® demonstrating the pure
and well crystallized nature of the produced Ag NPs.

3.2 Evaluation of SERS substrate

The main advantage of the as-prepared Ag NPs-filter paper was
possessing high activity and reproducibility of the SERS spectra.
The SERS performances of the as-prepared Ag NPs-filter paper
substrate was preliminarily evaluated by using R6G as probe
molecules. The SERS spectra of R6G of different concentrations
(107°-10 ~** M) were collected on the optimal Ag NPs-filter
paper substrates, as shown in Fig. 3A. The prominent charac-
teristic peak of R6G was observed even at a concentration as low
as 107" M, demonstrating a high sensitivity of the SERS
substrate. To further quantitatively evaluate the enhancement
ability of the as-prepared SERS substrate, the analytical
enhancement factor (AEF) for R6G was calculated based on the
following equation:**?°

AEF = Isgrs X Craman
CSERS X IRaman

where Csgrs and Isggs are R6G concentration (1 x 10~'" M) and
SERS intensity collected on the as-prepared SERS substrate,
respectively. Craman and Iraman are R6G concentration (1 x 1072
M) and Raman intensity collected on a gold wafer (Fig. S17),
respectively. Consequently, the AEF of the as-prepared SERS
substrate was as high as 4 x 10° and 2.9 x 10° for R6G at
1358 cm™ ' and 1507 cm ™, respectively, which indicates that it
has better SERS activity.

As we all know, signal reproducibility is also a crucial factor,
affecting its performance and reliability for SERS substrate used
in the practical application. The homogeneity and reproduc-
ibility of the as-prepared Ag NPs-filter paper substrate were
evaluated by measuring 15 points that were randomly selected
on the same substrate loaded with 10~7 M R6G, as shown in
Fig. 3B and C. The relative standard deviation (RSD) values of
spot-to-spot SERS peak intensity at 1358 and 1507 cm ' are
6.6% and 6.5%, respectively, indicating good reproducibility,
which may result from the uniform distribution of Ag NPs on
the surface of filter paper. For another, the reproducibility of the
SERS spectra between different batches is also a key factor
affecting the application. The reproducibility of Ag NPs-filter
paper substrate from batch to batch were also investigated,
and the results are shown in Fig. 3D and E. The RSD of the SERS
spectra intensity at 1358 and 1507 cm™ " from different batches
were 10.4% and 9.2%, respectively, revealing high batch-to-
batch reproducibility. Therefore, this method has the poten-
tial for mass production.

3.3 SERS detection of bacteria

The SERS substrate is provided with high SERS sensitivity and
signal reproducibility which lays a foundation for the detection
of bacteria.** The S. aureus was employed to evaluate the
detection ability of the as-prepared Ag NPs-filter paper substrate
to bacteria. The S. aureus was diluted to bacterial densities in
the range 10>-10° CFU mL ™" with steriled deionized water, and
then, 5 mL of the S. aureus solution was centrifugated.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Subsequently, the bacteria was collected on the flexible Ag NPs-
filter paper substrate by swabbing the bottom of the centrifuge
tube. After that, The SERS spectra of S. aureus were captured by
focusing the laser spot with a microscope. As shown in Fig. S2.7
The SERS spectrum of S. aureus was significantly enhanced on
the Ag NPs-filter paper substrate. As the concentration of S.
aureus decreased, its spectral shape was very stable and its
intensity gradually decreased. The limit of detection of S. aureus
was at the level of 10> CFU mL .

3.4 SERS classification of bacterial species

To verify the identification capability for bacterial species, three
different bacterial species (S. aureus, E. faecalis and L. mono-
cytogenes) were investigated based on the Ag NPs-filter paper
substrate combined with multivariate statistical method. For
each of the bacterial species, 5 mL pure bacteria solution (~10”
CFU mL ') were centrifuged at 6000 rpm for 5 min, and then
resuspended in 50 pL sterilized deionized water. Subsequently,
10 pL bacterial solution was dripped onto the Ag-filter paper
substrate and used for SERS detection after dried. The average
SERS spectra belonging to S. aureus (n = 23), E. faecalis (n = 23)
and L. monocytogenes (n = 26) were shown in Fig. 4A. As can be
seen clearly, the characteristic SERS peaks from different
bacteria species showed strong similarities and the positions of
the characteristic peaks are very close, because of the similar
component of cell wall, membrane and nucleic acid of different
bacteria species. The characteristic peaks of these three bacte-
rial species mainly around at ~648, ~725 ~950, ~1087, ~1326,
~1375, ~1457, 1576 cm™'. According to some literature on
SERS peak assignment, the assignment of these peaks was
shown in Table 1.

It's confirmed that different bacterial species present unique
fingerprint SERS spectra, however, it is difficult to distinguish
bacterial species by visual observation as the SERS spectra of
different bacterial species are similar due to biochemical
composition among different species.

To distinguish the SERS spectra of different bacterial species
more effectively, a PLS-DA based model was developed as
a differentiation tool to analyze the bacterial SERS spectra ob-
tained from 23 S. aureus CMCC 26003, 23 E. faecalis ATCC29212
and 26 L. monocytogenes ATCC 19115, in which the 72 bacterial
SERS spectra were randomly divided into 48 training date set
(15 S. aureus CMCC 26003, 15 E. faecalis ATCC29212 and 18 L.
monocytogenes ATCC 19115) and 24 testing date set (8 S. aureus
CMCC 26003, 8 E. faecalis ATCC29212 and 8 L. monocytogenes
ATCC 19115). Prior to multivariate statistical analysis, all raw
SERS spectra were pre-processed by baseline correction,
Savitzky-Golay smoothing and area normalization in the range
of 300-2000 cm ™~ using MATLAB R2014a software to eliminate
the influence of measurement conditions on bacterial classifi-
cation. The three-dimensional scores plot distribution of
bacterial SERS spectra on the first three latent variables were
shown in Fig. 4B. It can be seen that the spectra of three
different bacterial species were separated from each other,
while the spectra of the same type of bacteria were well clustered
together. The PLS-DA model displayed a high sensitivity of
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(A) Average SERS spectra of L. monocytogenes, E. faecalis and S. aureus measured on Ag NPs-filter paper substrate; (B) three-dimensional

score plots of SERS spectra acquired from three bacterial species. LV: latent variable. (C) Strict class prediction for 24 blind bacterial SERS spectra

by the PLS-DA model.

93.3%, 100%, 94.4% and a specificity of 97%, 97%, 96.7% for S.
aureus CMCC 26003, E. faecalis ATCC29212 and L. mono-
cytogenes ATCC 19115, respectively. To further evidence the
performance of PLS-DA model, the ROC curve with an AUC was
also made in Fig. S3.1 The AUC value of S. aureus CMCC 26003,
E. faecalis ATCC29212 and L. monocytogenes ATCC 19115 were
0.97, 1.00 and 0.99, respectively, which further demonstrated
that the PLS-DA-based bacterial SERS spectral classification
method has the potential capability for species identification.

Table 1 SERS peak positions and vibrational mode assignments®>32

The prediction accuracy of the PLS-DA model for bacterial
classification was further evaluated by blind predicting 24
spectra originating from three different bacterial samples. The
prediction results were shown in Fig. 4C. It can be seen that
except for one E. faecalis ATCC29212 was wrongly identified as
L. monocytogenes ATCC 19115, the vast majority of spectra were
correctly classified into their respective classes with an overall
accuracy of 95.8%. These results fully proved the identification
ability of this method in bacterial species.

Peak position cm™*

S. aureus E. faecalis L. monocytogenes

CMCC 26003 ATCC29212 ATCC 19115 Assignments

648 648 648 Ring vibration of guanine
725 725 725 Ring vibration of adenine
951 952 954 Polysaccharide

1087 1087 1087 Aliphatic esters

1323 1326 1326 Ring vibration of adenine
1373 1375 1372 Amino acids, protein
1454 1451 1457 Saturated lipids

1576 1572 1582 Protein amide II
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4. Conclusions

In summary, a method for rapid discriminating of bacteria
species was developed by combining Ag NPs filter paper based
SERS detection with PLS-DA multivariate analysis. The advan-
tages of the filter paper substrate allows silver nanoparticles to
uniformly in situ deposited on filter paper at room temperature.
This facile preparation process is not only cost-saving but also
has the potential of massive production, which provides the
possibility for the practical application of SERS technology. The
as-prepared Ag-filter paper substrate showed excellent SERS
performance, which can be used for highly sensitive detection
of bacteria. Furthermore, a PLS-DA model for SERS spectra
analysis was developed and successfully employed for bacteria
identification with an overall accuracy rate of 95.8%. In future
work, we will apply this new SERS-PLS-DA approach to study
more bacteria species.
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