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In this study, a surface-enhanced resonance Raman scattering (SERRS) method has been developed for the
accurate detection and identification of carbapenem-resistant and carbapenem-sensitive Escherichia coli.
A total of 89 human isolates of Enterobacteriaceae, comprising 41 strains of carbapenem-sensitive E. coli
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Extensive and non-standard use of antibiotics has led to clinical
antimicrobial drug resistance, which has become one of the
foremost threats to human health in the last decades.® This
drug resistance is responsible for 1.8 million deaths each year
worldwide.> The emergence and spread of carbapenem-
resistant Escherichia coli (CREC) is particularly becoming
a serious problem, because it is the pathogen responsible for
difficult-to-treat and some untreatable infections among
hospitalized patients.>* Many studies indicated that carbape-
nem resistance in Escherichia coli (E. coli) is mainly caused by
plasmid-encoded carbapenemases.® Rapid and accurate iden-
tification of CREC is crucial for selecting proper antibiotic
treatment and reducing the death rate of patients.

The current gold standard methods for detecting pathogenic
bacteria are microbial culture-based tests, which are mainly
based on phenotypic characteristics.*” These methods require
at least 24 h for bacteria growth and biochemical characteriza-
tion and an additional 24-72 h following antibiotic suscepti-
bility testing. As alternative, some nucleic acid-based methods
(polymerase chain reaction and DNA sequencing) and protein-
based methods (matrix-assisted laser desorption ionization-
time of flight mass spectrometry) have been developed for
rapid bacteria detection.®® However, these methods also involve
tedious procedures, bulky sophisticated instruments, and
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proposed SERRS method as a clinical tool, and the results showed almost 100% accuracy.

skilled personnel, thereby limiting their widespread application
to point-of-care diagnosis.

Surface-enhanced Raman scattering (SERS) has been shown to
be a powerful and promising tool in bacteria identification
because of its high sensitivity, simple preparation, high speed,
comparatively low cost, and portability."™"* Several pathogenic
species have been identified by SERS, such as Klebsiella pneumo-
niae,” E. coli,”* Pseudomonas aeruginosa,"* Acinetobacter bau-
mannii,"* Salmonella enterica,'® Staphylococcus aureus,” and
Lactobacillus plantarum.”® The growth of media-cultured clinical
isolates can be distinguished by their SERS-fingerprinting spectra
when combined with multivariate data analysis procedures. The
major vibrational bands of the observed bacterial spectra are
attributed to the entire structure of the organism, such as nucleic
acids, protein, lipids, and carbohydrates.” Due to drug-resistant
and sensitive strains of bacteria have similar components, thus
using the SERS technique to distinguish drug-resistant bacterial
pathogens has been scarcely reported.

Herein, we reported a surface-enhanced resonance Raman
scattering (SERRS) methods for accurate identification of CREC
and carbapenem-sensitive Escherichia coli (CSEC) based on the
use of plasmonic silver-coated gold nanorods (Au@Ag NRs).
Given that the plasmon peak of Au@Ag NRs at 785 nm matches
the excitation wavelength of the laser, the sensitivity of Raman
scattering spectroscopy arises from the resonance enhance-
ment effect,’*?* thus leading to a high resolution and infor-
mative characteristic spectra of detection bacteria. We
performed a label-free SERS test on 89 E. coli samples including
41 strains of CSEC and 48 CREC by mixing Au@Ag NRs with
bacteria directly. High-quality SERS spectra from all bacteria
samples were acquired and analyzed using the orthogonal
partial least squares discriminant analysis (OPLS-DA) algo-
rithm. This method can accurately distinguished CREC and
CSEC. As far as we know, this study is the first to use plasmonic
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Fig. 1 Schematic of the SERRS measurements for bacteria detection
based on Au@Ag NRs. The bacteria were mixed with Au@Ag NRs, and
the mixture was excited by a portable Raman system with a 785 nm
laser to obtain the SERRS signal.

Au@Ag NRs as SERRS substrate to achieve bacteria-sensitive
detection. We believe this method indicated a new route in
field applications for rapid diagnosis of drug-resistant bacterial
pathogens.

All 89 strains included in this study had been prospectively
collected from Affiliated Hospital of Xuzhou Medical University,
and they have been identified using VITEK2 COMPACT high
intelligent automatic microbial identification system (bio-
Meérieux, La Balme-les-Grottes, France). Carbapenem resistance
was defined according to the Clinical and Laboratory Standards
Institute breakpoint criteria (CLSI M100, S27). Table S1f
provides the bacteria sample information.

Fig. 1 shows the operating principle of the SERRS method for
bacteria detection. The bacteria were mixed with Au@Ag NRs
directly, and the mixture was excited by a portable Raman system
with a 785 nm laser. The representative Raman fingerprinting
spectra of the bacteria can be directly obtained by bringing the
bacterial cell near the plasmonic Au@Ag NRs. In a typical
experiment, the clinical isolation bacterial strains were cultured
and grew on Columbia agar supplemented with 5% horse blood
(bioMérieux, La Balme-les-Grottes, France) for 10 h. The selected
colony was collected using a 1 pL sterile inoculating loop and
suspended in 10 pL distilled water. Then, we mixed 5 pL of
concentrated Au@Ag NRs (10-fold) with 5 pL of bacterial
suspension (approximately 1 x 10° cells per mL), and the mixture
was pipetted on top of a clean Si substrate prior to detection.
After quick drying in air, SERS signals were recorded with
a portable Raman system. In measuring the Raman spectra, the
accumulation time was set at 10 s, and the incident power was set
at 20% of the laser power. Fig. S1a in the ESI{ shows the repre-
sentative patterns of E. coli samples prepared on the SERS
substrates. The ring zone was selected at the ideal position to
screen bacteria samples considering the coffee-ring effect of
colloid SERS substrates (Fig. S1b¥).>*** Relatively uniform SERS
spectra of E. coli isolates recorded from 20 different spots on the
ring zone were measurable, as shown in Fig. Sic.T The relative
standard deviation (RSD) of Raman intensity was 10.3%, thereby
indicating the good reproducibility of this method.

Here, the Au@Ag NRs were utilized as SERRS substrates to
obtain high-resolution fingerprint spectrum. Compared with
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the commonly used Au or Ag colloids, the Au@Ag NRs have two
advantages: (i) the plasmon peak that matches the Raman
excitation wavelength (785 nm) produced the strongest plas-
monic coupling effect and (ii) the higher efficiency of Ag shells
in comparison with Au NRs. We have synthesized Au@Ag NRs
with longitudinal plasmon resonance peak located at 785 nm by
the in situ growth of Ag shells on the surface of Au nanorods, as
reported previously.**?® Experimental section in the ESI{ pres-
ents the detailed fabrication process. The transmission electron
microscopy (TEM) images in Fig. 2a and b show the character-
istic structures of Au NRs and Au@Ag NRs, respectively. The as-
prepared Au NRs are uniform in shape and size with dimen-
sions of approximately 70 nm x 17 nm, with an aspect ratio of
4.1. The thickness of the Ag shell can easily be controlled by
varying the volumes of AgNO; and ascorbic acid, which makes
the LSPR of Au@Ag NRs tunable for obtaining maximum SERS
signals at a given excited wavelength (785 nm). After Ag shell
encapsulation, the length and width of the resulting Au@Ag
NRs are increased to 72 nm and 19 nm, respectively. The core—-
shell structure could be clearly seen in the inset of Fig. 2b, and
the Ag shell thickness was approximately 2 nm. The character-
istic UV-vis plasmon peak of the Au NRs is at 824 nm, as shown
in Fig. 2¢ (black line). After Ag shell coating, the plasmon peak
blue shifted to 785 nm because of the reduced aspect ratio and
Au-Ag plasmon coupling.””

Subsequently, the SERS activity of Au NRs, Au@Ag NRs,
Au@Ag core-shell nanoparticles (Au@Ag NPs) and commonly
used Ag NPs was tested. Fig. S2 and S3 in the ESIT show the TEM
images and UV-visible absorbance spectroscopy of the Ag NPs
and Au@Ag NPs, respectively. These prepared nanoparticles
were mixed with 5 pL E. coil sample first, and the mixtures were
then dropped on the silicon chip and dried at room temperature
for SERS measurement. Fig. 2d shows the recorded the SERS
spectra, and the major vibrational modes of E. coli can be
observed as enhanced by four kinds of nanoparticles. The
typical Raman peaks at 655, 729, 958, 1244, 1325, 1371, 1461,
1585, and 1694 cm ' were observed and well confirmed by
previous reports categorized in Table 1."*° Obviously, the SERS
signal of the Au@Ag NRs (red spectrum), whose plasmon peak
was adjusted to match the given laser excitation wavelength
(785 nm), was approximately 4.5 times that of Au NRs (purple
spectrum), and twice that of Ag NPs (black spectrum). Moreover,
we found that the SERS spectrum of bacteria sample mixed with
Au@Ag NRs has more Raman peaks that can provide more
fingerprint information for bacterium identification. To further
corroborate the relationship between the SERRS activity and
particle morphology, we used Au@Ag NPs as more persuasive
control samples to assess the SERS performance of Au@Ag NRs
under 785 nm excitation. It can be roughly estimated that the
SERS ability of the Au@Ag NRs is enhanced by at least 1.5 times
compared with the spherical Au@Ag NPs from Fig. 2d. These
results demonstrate that the superior SERS performance of the
Au@Ag NRs is simultaneously coming from the plasmonic
coupling effect and Ag shell, which is in good agreement with
other reported results.***

Using Au@Ag NRs as SERRS substrate, we have successfully
acquired high-quality SERS spectra from 89 Enterobacteriaceae

This journal is © The Royal Society of Chemistry 2018
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Fig.2 Characterization of Au NRs and Au@Ag NRs. TEM images of (a) Au NRs and (b) Au@Ag NRs. (c) UV-vis absorbance spectra of Au NRs (black

line) and Au@Ag NRs (red line). (d) SERS performance of Au@Ag NRs.

Table 1 The tentative band assignment of the SERS spectra of the
E. Co[ia11,28—30

1

Raman shift/cm™ Component Band assignments

655 Amino acids 4(CO0-)

729 DNA Adenine, glycosidic ring mode
958 Proteins »(CN)

1040 Proteins CC ring breathing

1128 Nucleic acids »(COC), ring breathing

1242 Proteins Amide III

1325 Proteins »(NH,) adenine, polyadenine
1371 DNA/RNA Ring breathing (T/A/G)

1461 Lipids 6(CH,)

1585 Proteins Phe, amide II

1694 Proteins Amide I

¢ Approximate description of the modes (v, stretch; 4, bend).

isolates of human (41 strains of CSEC and 48 strains of CREC).
Fig. 3 shows a comparison of the normalized mean SERS
spectra obtained from CSEC and CREC samples. The red and
black lines were obtained from the 41 strains of CSEC and 48
strains of CREC, respectively, and the blue line was the
normalized subtracted SERS spectrum between the two groups.
The positions of all the major peaks of CSEC and CREC are very

This journal is © The Royal Society of Chemistry 2018

similar because the two bacteria belong to a single species, but
the relative intensities of the vibrational peaks showed some
differences. For example, important spectral differences in the
bands near 655, 729, 958, and 1325 cm™' can be clearly
distinguished; these differences correspond to bands assigned
to amino acids, nucleic acid, and proteins.**** The resistance
mechanism of CREC results from the combination of extended-
spectrum P-lactamase production, cephalosporinase over-
expression, and/or porin deficiency. Most of these are caused by
plasmid-encoded carbapenemases, a form of B-lactamase that
hydrolyzes the B-lactam ring, which is an essential component
of B-lactam antibiotics such as cephalosporins and carbape-
nem.***” Moreover, the resistant plasmids could be transferred
through conjugation and may change the components of the
cell wall such as membrane protein and lipopolysaccharide.
Thus, the differences of the SERS spectra of CSEC and CREC
could be ascribed to the changes of bacterial plasmid and cell
wall components. This condition allows fingerprinting poten-
tial for bacteria identification and drug resistance detection.
OPLS-DA was performed to further differentiate the bacterial
strains based on the SERS spectra, which can provide an accu-
rate and intuitive view of the differences in fingerprint.*® The
OPLS-DA was performed in the entire spectral region between
550 and 1700 cm ™" for all examined bacterial stains based on

RSC Adv., 2018, 8, 4761-4765 | 4763
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Fig. 3 Average SERS intensity of CSEC (red line, n = 41) and CREC
(black line, n = 48), and their signal difference (blue line). The spectra
were collected under 785 nm excitation (25 mW, 10 s), baseline sub-
tracted, and then shifted vertically for clarity. The grey shadowed area
indicates the standard deviation.

SIMCA 14.0 software (Umetrics, Umea, Sweden). Raman spec-
tral data were preprocessed by removing the autofluorescence
background and were smoothened and normalized with
Bwspec4 (B&W Tek). Fig. 4a shows the 2D OPLS score plots of
the bacteria SERS spectra for CSEC and CREC samples. The
model was generated using 89 E. coli stains (41 stains for CSEC
and 48 stains for CREC). We conducted five measurements for
each of the samples, and all spectra were used to analyze. Data
points are clustered into two completely separated groups
without overlap, indicating that the SERS spectra of the CSEC
and CREC samples can be clearly distinguished. The ellipse is
expressed as 95% confidence interval, and the 2D scatter plot of
the first two principal components with the largest explain the
variance which accounts for 67.7% of the total. Moreover, the
differences among the CSEC and CREC can clearly be illustrated
by the loading 3D plots presented in Fig. 4b. The three principal
components are the most diagnostically significant, which
explains the 47.3%, 20.4%, and 15.9% of the variance in the
analyzed dataset.

Furthermore, 10-fold cross-validation was applied to esti-
mate the classification efficiency of our method.*** In brief, the
spectrum data of all bacteria samples were divided into 10
subgroups randomly, and each subgroup (test set) was tested by
a training set model built with the remaining nine subgroups.
Then, the average accuracy rates of the training and test sets
were obtained after 10 operations. The average accuracy rates of
the training and test sets are 100% and 99.43%, respectively,
thereby indicating the excellent accuracy of the OPLS-DA model
(Table S2t). These results proved that the proposed SERRS
methods combined with OPLS-DA analysis are a powerful tool
to identify CSEC and CREC based on label-free SERS spectra.

In summary, we presented an efficient SERRS method to
identify CSEC and CREC. We detected the SERS signals of 41
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Fig. 4 The 2D OPLS score plots (a) and 3D OPLS score plots (b) of
the SERS spectrum for CSEC (red, n = 41 x 5) and CREC (black, n =
48 x 5).

strains of CSEC and 48 strains of CREC using plasmonic Au@Ag
NRs as SERRS substrate and analyzed the SERS spectra with
OPLS-DA. Results show that the proposed method has almost
100% accuracy rate for CSEC and CREC identification. This is
the first study to confirm that SERRS can potentially be used for
rapid and accurate detection of drug-resistant bacterial
pathogens.
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