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HIGHLIGHTS

« Different TREC and TSEC strains have
been differentiated by employing
SERS.

« Silver nanoparticles (Ag NPs) are used
as SERS substrate to enhance the
Raman signal.

« Spectra of all strains are compared to
determine features related to TGC
resistance.

« The qualitative discrimination among
all the strains is done by both PCA and
HCA.

o PLS-DA successfully discriminated
the TREC and TSEC strains with 100%
accuracy.
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ABSTRACT

Tigecycline (TGC) is recognised as last resort of drugs against several antibiotic-resistant bacteria.
Bacterial resistance to tigecycline due to presence of plasmid-mediated mobile TGC resistance genes
(tet X3/X4) has broken another defense line. Therefore, rapid and reproducible detection of tigecycline-
resistant E. coli (TREC) is required. The current study is designed for the identification and differentiation
of TREC from tigecycline-sensitive E. coli (TSEC) by employing SERS by using Ag NPs as a SERS substrate.
The SERS spectral fingerprints of E. coli strains associated directly or indirectly with the development of
resistance against tigecycline have been distinguished by comparing SERS spectral data of TSEC strains
with each TREC strain. Moreover, the statistical analysis including Principal Component Analysis (PCA),
Hierarchical Cluster Analysis (HCA) and Partial Least Squares-Discriminant Analysis (PLS-DA) were
employed to check the diagnostic potential of SERS for the differentiation among TREC and TSEC strains.
The qualitative identification and differentiation between resistant and sensitive strains and among indi-
vidual strains have been efficiently done by performing both PCA and HCA. The successful discrimination
among TREC and TSEC at the strain level is performed by PLS-DA with 98% area under ROC curve, 100%
sensitivity, 98.7% specificity and 100% accuracy.
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1. Introduction

Tigecycline (TGC), the first member of glycylcyclines, is a broad-
spectrum semisynthetic antibiotic that has strong in vitro antimi-
crobial activity against an expanded spectrum of pathogens includ-
ing anaerobic, aerobic, gram-negative, gram-positive and atypical
bacteria [1]. It can inhibit amino acid synthesis by obstructing
tRNA’s entry into the A site of ribosome through its reversible
binding to 30S bacterial ribosomal subunit, similar to tetracyclines
[2]. The US Food and Drug Administration (FDA) has approved TGC,
a 9-t-butylglycylamido derivative of minocycline, for the treat-
ment of community-associated bacterial pneumonia, complex
intra-abdominal, soft tissue and skin infections in 2005 [3-5].
TGC has been regarded as a last resort drug against difficult-to-
treat infections caused by carbapenemase (especially NDM) pro-
ducing and extended-spectrum beta-lactamase (ESBL) producing
E. coli which have been emerged recently and have limited treat-
ment options [6]. It is also active against vancomycin-resistant en-
terococci, penicillin-resistant  Streptococcus pneumonia and
methicillin-resistant Staphylococcus aureus [7]. The effectiveness
of antibiotics is undermining due to the dissemination and emer-
gence of antibiotic resistance genes. In multi-drug resistant
(MDR) Enterobacteriaceae, another defense line has been broken
due to the presence of tet(X3) and tet(X4) which are plasmid-
mediated mobile TGC resistance genes [8,9]. Initially, obligate
anaerobic Bacteroides were found to have tet(X) in 1984 [10] and
till 2007 their existence was not reported in aerobic strains [11].
Now, different strains of Enterobacteriaceae, Flavobacteriaceae,
Comamonadaceae and Moraxellaceae have seven variants of tet
(X) genes including tet(X1), tet(X2), tet(X3), tet(X4), tet(X5), tet(X6)
and tet(X7) [8,9,12-16].Fig. 1.Table 1.
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Table 1
Details of E. coli strains used for the comparison.
Strain No. Strain ID Specie TREC/TSEC
1 PKNR 5090 E. coli TSEC
2 PKNR 5073 E. coli TSEC
3 PKNR 4162 E. coli TSEC
4 PK 4375 E. coli TREC
5 PK 4114 E. coli TREC
6 PK 2248 E. coli TREC

Pathogens confer TGC resistance through various mechanisms
that involve mutations in plasmid-mediated resistance genes such
as tet(X), plsC, trm and rps] that encoding flavin-dependent
monooxygenase (FMO), 1-acyl-sn-glycerol-3-phosphate acyltrans-
ferase, SAM-dependent methyltransferase and ribosomal S10
protein which are causing TGC resistance in E. coli [17-21]. Addi-
tionally, overexpression of efflux pumps e.g., multidrug and toxin
extrusion (MATE) pumps, AcrAB-TolC and resistance-nodulation-
cell division (RND) pumps in bacteria can also cause TGC resistance
[3,22,23].

Although conventional bacterial identification culture-based
molecular assays including mass spectroscopy, enzyme-linked
immunosorbent assay (ELISA) and polymerase chain reaction
(PCR) are used as a standard for antibiotics susceptibility testing,
they lack specificity and require long incubation time that delays
the confirmation of results [24-27]. Over the past years, several
nanocrystal-based assays have been used for the detection of bac-
teria due to chemical stability and intrinsic rich optical properties
of nanocrystals [28] including colorimetric, fluorescence [29], pho-
toluminescence, light-scattering [30] and vibrational spectroscopy
[31-33]. The high rate of false positives due to increased luminesce
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Fig. 1. Schematic representation for the SERS combining discriminant analysis technique showing (a) synthesis of Ag NPs (b) E. coli culturing and preparation of samples (c)

SERS spectral acquisition with 785 nm laser light as an excitation source.
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caused by the presence of different moieties and the presence of
common fluorophores in biological species limits the use of photo-
luminescence and fluorescence techniques for bacterial identifica-
tion [34,35]. Infrared (IR) spectroscopy can also be used to
discriminate the different species of bacteria but its application is
limited towards aqueous samples due to interference by water
molecules [31].

Raman spectroscopy has been employed for the rapid detection
and classification of microbes in an aqueous environment by pro-
viding their characteristic whole organism fingerprints corre-
sponding to sample composition [33,36-38]. However, the weak
intensity of the Raman signal can cause sample degradation due
to high laser power and long spectral acquisition time [39].
Surface-enhanced Raman spectroscopy (SERS) has resolved the
issues associated with Raman spectroscopy. In this technique, the
intensity of the Raman signal is enhanced by keeping metallic
nanoparticles or any roughened nanostructured metal surfaces in
proximity to sample molecules causing a surface plasmon effect.
SERS is the most promising method for the precise and rapid detec-
tion of antibiotic-resistant bacteria because it is a non-destructive,
rapid, low-cost and highly sensitive technique [32,40-43].

The discovery of tet(X3)/(X4) has motivated scientists to
develop a rapid detection method for tigecycline resistance in
E. coli. Recently, TagMan-based multiplex real-time PCR assay
has been developed to distinguish the variants of tet(X) [44]. After
that, the tetracycline inactivation method (TIM) based on microbial
growth and matrix-assisted laser desorption ionization-time of
flight mass spectrometry (MALDI-TOF MS) has been developed
for the rapid detection of plasmid-mediated tigecycline resistance
in E. coli and Acinetobacter spp [45,46]. To the best of our knowl-
edge, there has been no report published yet for the surface-
enhanced Raman spectroscopy based identification of tet(X)-
producing E. coli. In the present study, the identification and differ-
entiation of tigecycline-resistant E. coli (TREC) from tigecycline-
sensitive E. coli (TSEC) has been performed by employing SERS
and Ag NPs have been used as SERS substrate to enhance the
Raman signal intensity by surface plasmon effect. The characteris-
tic SERS vibrational features associated directly or indirectly with
biochemical changes that occur due to tigecycline resistance have
been identified by comparing the spectral data of all TREC and TSEC
strains. Moreover, the identification algorithm of Principal Compo-
nent Analysis (PCA) and clustering algorithm of Hierarchical clus-
ter analysis (HCA) are used for the identification of TREC and
TSEC E. coli strains and the successful discrimination among them
has been achieved by Partial Least Square-Discriminant Analysis
(PLS-DA).

2. Material and methods
2.1. Synthesis of silver nanoparticles (Ag NPs)

The chemical reduction method involving tri-sodium citrate
(Na3CgHs07) as both capping and reducing agent and silver nitrate
(AgNOs) as precursor was employed for the synthesis of Ag NPs
that were used as a substrate in the SERS measurements. Briefly,
1 mM solution of silver nitrate was prepared by taking 200 ml of
deionized water in a beaker and then 33.72 mg of AgNOs; was
added to it. The solution was heated until its boiling starts and then
1% Na3CgHs07 solution was added to it followed by its further boil-
ing at 600 rpm with continuous stirring for 1 h. After stopping
heating, stirring was done to bring the solution to room tempera-
ture. The prepared grey-colored Ag NPs suspension was cen-
trifuged for 7 min at 600 rpm to get the NPs by removing the
supernatant [47].
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2.2. Bacterial culture and sample preparation

2.2.1. E. Coli culturing

The 5 ml of Brain Heart Infusion broth in culture dishes were
used as a medium for the culture of six different E. coli strains
(PKNR 5090/5073/4162 and PK 4375/4114/2248) for 18 h at
37 °C followed by centrifugation at log phase for 10 min at
12000 rpm. As a result, the pellet of each strain separated from
the supernatant and dissolved in 1.5 ml of sterilized phosphate-
buffered saline (PBS). The Luria Bertani (LB) agar plate with the
enumeration of these stock solutions in triplicate was incubated
for 24 h at 37 °C to determine the concentration of bacteria in
them.

2.2.2. Ag NPs-E.coli sample preparation

A volume of 50 p of the prepared Ag NPs was mixed with 50 pl
of each sample of E. coli strains in Eppendorf tube with the help of a
micropipette and then kept at room temperature for an incubation
time of 30 min so that there can be sufficient interaction between
sample and nanoparticles for the better enhancement of the
Raman signal.

2.3. Data acquisition

Raman spectrometer (ATR8300BS Optosky, China) equipped
with an excitation source of 785 nm diode laser was used to record
all SERS spectra. The aluminum slide with a small groove was used
to hold the sample. The micropipette was used to transfer each
incubated sample of all strains (50 pl drop) on the aluminum slide
to acquire the SERS spectra. The sample was focused through 40
X/0.6 (N.A) objective lens of Amscope (MA 1000 model) attached
with Raman spectrometer and then laser light of 120 mW power
was used as Raman excitation light. To reduce the electrical noise,
an air-cooled charged coupled detector (CCD) was employed.
Seven spectra were acquired for every sample with an integration
time of 20 sec. The reproducibility, stability, and robustness of our
results were ensured by keeping all conditions for the SERS data
acquisition constant.

2.4. Data Pre-Processing

The raw SERS spectral data of E. coli strains was imported into
MATLAB® 7.8.0 R2009a (The MathWorks Inc., Natwick, MA, USA)
for further preprocessing and data analysis. The SERS spectra were
truncated in the range of 400-1800 cm-'. The algorithms with in-
house built script files of MATLAB® were applied for the smooth-
ing, baseline correction, background removal, and normalization
of the spectra. The SERS data of all strains was compiled into a sin-
gle matrix and then the Savitzky-Golay filtering (S-G) with frame
length 13 and polynomial order 3 was applied for smoothing the
spectra followed by baseline correction in a rubberband fashion.
Then, the same preprocessing was applied on an aluminum spec-
trum (background) and then it was subtracted from the spectra
of all strains by minimizing a non-quadratic cost function. Finally,
the vector normalization (VN) was applied [48,49].

2.5. Data analysis

The SERS signatures associated with tigecycline resistance in
E. coli were identified by comparing the SERS spectral data of each
TREC strain with each TSEC strain. The assignment and interpreta-
tion of all vibrational SERS bands is done based on literature
[40,42,50-59] which are enlisted in Table 2. The relative standard
deviation (RSD) was calculated to determine the reproducibility of
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Table 2

SERS vibrational band assignments for all E. coli strains.
Peak assignments Component SERS shifts (cm™') References
C-0-C ring deformation, skeletal mode Carbohydrates 488 [50,51]
Skeletal mode Carbohydrates 554 [53]
Aromatic ring skeletal, Phenylalanine Proteins 625 [53]
COO~ bending in tyrosine, guanine vibration Amino acids/ Nucleic acids 656 [40,42,53,54,56,58]
Glycosidic ring vibrational mode (adenine, polyadenine, DNA) Nucleic acids 727 [40,42,52-54]
Cytidine, uracil Nucleic acids 785 [51]
Tyrosine, valine and porine (C-N stretching) Proteins 803 [53,54]
Different C-N stretching in Tyrosine Proteins 835-825 [80]
Tyrosine ring breathing Proteins 854 [41,54]
Tryptophan Proteins 893-881
skeletal stretching (COO™, C-C) Proteins 919 [54]
C-N stretching, C = C deformation Proteins 960 [42,53,54,56]
C-H deformation/adenine ring stretching Proteins 1025 [55]
C-C ring breathing Proteins 1044 [42,53]
C-0 and C-C stretching, -C-OH bending Carbohydrates 1095 [54,56,80]
Ring breathing, C-O-C stretching Nucleic acids 1142-1128 [42,53]
C-C and C-H stretching Lipids 1181 [81]
Adenine, polyadenine and DNA or Amide III Nucleic acids / Proteins 1223 [53,54]
Amide III B sheet Proteins 1246 [41,42,56]
Amide III (C-N-H deformation) Proteins 1283 [58]
Adenine, polyadenine and DNA (NH, stretching) Nucleic acids 1334-1320 [40,42,53,54]
COO" stretching Proteins 1376 [54,56]
CH, deformation Lipids 1453 [42,54-56]
Amide II (C-N stretching, N-H bending) Proteins 1545 [53]
CH, deformation 1559 [80]
Ring stretching (Adenine, guanine) Nucleic acids 1588 [42,54,56,59]
Amide I a-helix Proteins 1710-1642 [42,54,57,58 56]

the results. The hidden information between variables is detected
efficiently and effectively by using different tools including PCA,
HCA, and PLS-DA for multivariate data analysis over the entire
spectral range of 400-1800 cm ™. The qualitative analysis of data
was performed by PCA which is a dimensionality reduction tool
that converts a larger number of original variables (correlated vari-
ables) into a smaller number of principal components (uncorre-
lated variables) containing all the useful information without
using any prior information of samples because it is an unsuper-
vised learning algorithm [60]. PCA develops a new coordinate sys-
tem to reduce the complexity of data in which new orthogonal
vectors (basis sets) are made by a linear transformation of the orig-
inal spectra that are considered as N-dimensional vectors where a
total number of data points in one spectrum is indicated by N. Total
number of spectra of all samples (X) are compiled in a single
matrix which is decomposed into loadings (P) and scores (T) in
smaller matrices (X = TP + E). The multiplication of loadings and
scores of each spectrum cannot explain some information that is
known as residual and indicated by E. The important principal
components (PCs) are selected based on their percentage of vari-
ance explained in a multi-dimensional dataset. The similarity in
the features of spectra is revealed by plotting the PCA scores in
clusters and the reason for the variability in the SERS spectral data
of different E. coli strains are explained by extracting the PC load-
ings (diagnostic vibrations) that are the orthogonal dimensions of
the data [61,62].

Moreover, Unscrambler® X 10.4 software (CAMO, Oslo, Norway)
was used for HCA that is another qualitative analysis used to
improve the clustering of the SERS spectral data. The dendrogram
is a graphical representation of HCA that is built based on a hierar-
chy of clusters and sub-clusters that have been formed based on
the resemblances in the data. Ward’s method, a minimum variance
method, is used for HCA that merges the most similar cluster pair
resulting in a minimum total error sum of squares (TSS) within the
group. Furthermore, a discriminant analysis, PLS-DA, was per-
formed to differentiate the SERS spectral data of TREC and TSEC

strains. As compared to PCA, it is a supervised modeling technique
that uses the previous information of classes as y-variable against
spectral data as x-variable. The sensitivity, specificity, accuracy,
and area under receiver operating characteristic (AUROC) were cal-
culated to check the efficiency and performance of the model that
was built on binary classification between spectra of TREC and
TSEC strains.

3. Results and discussion
3.1. Mean spectra

In the current study, Ag NPs have been used as SERS substrate to
enhance the Raman signal. The strong surface plasmon properties
of gold (Au) and silver NPs have equipped them with the highest
SERS enhancement factor. Ag NPs have been extensively used in
several studies as an active substrate for the SERS analysis of differ-
ent bacteria [63-69]. As compared to Au NPs, the SERS enhance-
ment is stronger with Ag NPs because of the enhanced surface
plasmon resonance due to a greater number of active sites (hot-
spots). Additionally, they are easy to prepare, cheap, and have a
high molar extinction coefficient [68,70]. Ag NPs show antibacte-
rial activity which depends on their size, shape, aggregation, type
of bacteria, environmental conditions, generation of reactive oxy-
gen species (ROS), and surface coatings [71-76]. Their antibacterial
activity decrease with decreasing the concentration of Ag NPs and
increasing the particle size of Ag NPs. Spherical Ag NPs show lim-
ited activity as compared to plate-shaped Ag NPs [77,78]. We have
prepared Ag NPs with the previous protocol used in our recent
publication and their TEM characterization has shown that they
are spherical in shape with an average diameter of 53 nm that indi-
cates their limited antimicrobial activity [79].

All spectra of six strains have been pre-processed to extract the
useful information and then the mean was taken for seven spectra
of every strain and they have been shown in the mean spectra plot.
The average/mean is very important in statistics to find the central
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Fig. 2. Comparison of SERS spectra of PKNR 5090 TSEC strain with all SERS spectra of TREC strains (a) PK 4375 (b) PK 4114 (c) PK 2248.

tendency of all the datasets for each strain. Figs. 2, 3, and 4 show the
comparison between the mean spectra of all TSEC and TREC strains.
Every mean spectrum of TSEC has been plotted against each mean
spectrum of TREC to identify and confirm the unique features that
are specifically associated with the tigecycline resistance develop-
ment in E. coli. The reproducibility in the SERS measurements was
checked by calculating the relative standard deviation (RSD) that
was found to be less than 10% for all E. coli strains.

The vertical lines have been drawn for all the SERS spectral fea-
tures of different E. coli strains appeared due to biochemical
changes mainly in the cell wall components of bacteria including
carbohydrates, proteins, lipids, and polysaccharides [68]. These
features are compared with known SERS spectra of biological

molecules and have been enlisted in Table 2. The cell wall of
gram-negative bacteria such as E. coli has greater protein content
than gram-positive bacteria hence the band at 1330 cm™! appears
only in gram-negative bacteria [82]. The adenine, polyadenine, or
adenosine monophosphate (AMP) of bacterial DNA give SERS signal
at 1332 cm™! and intense SERS signal at 730 cm™~! [32,83,84]. The
bands that appear at 488 cm~! and 554 cm ™' are assigned to C'O-C
ring deformation and skeletal modes of carbohydrates [50]. The
region of 1220-1290 belongs to amide III that indicates the rich
protein content in samples [51]. The SERS features of bacteria are
mostly associated with vibrational modes of cell wall components
including lipids, nucleic acids, membrane proteins/lipopolysaccha-
rides, and peptidoglycan [54,85] and the metabolites of purine
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Fig. 3. Comparison of SERS spectra of PKNR 5073 TSEC strain with all SERS spectra of TREC strains (a) PK 4375 (b) PK 4114 (c) PK 2248.

degradation such as adenine, AMP, xanthine, hypoxanthine, uric
acid, and guanine [86]. Live bacteria constantly excrete purine
derivatives [87]. The prominent peak at 727 cm ™' and a weak band
at 1334-1320 cm™! are related to ring breathing mode of purine
and ring vibrational mode of adenine and related components
and they also indicate a close binding between cell wall of bacteria
and SERS-active substrate (Ag NPs). The peak at 727 cm~" also cor-
responds to flavin-bearing molecules such as nicotinamide adenine
dinucleotide (NAD) and flavin adenine dinucleotide (FAD) which
play an important role in the cellular respiration of the bacterial
cell membrane. The presence of a prominent band at 727 cm™!
in all strains shows no disrupted purine mechanism [67,88,89] that
indicates that a limited antibacterial activity of these Ag NPs have
not effected SERS features of bacteria.

The SERS features associated with tigecycline resistance devel-
opment in E. coli have been identified by comparing each SERS
spectra of TSEC with each SERS spectra of TREC strain The spectral
changes that are consistent in all six pair comparison spectra asso-
ciated with the development of tigecycline resistance are marked
at 488 cm™!, 554 cm™!, 625 cm~!, 656 cm™!, 727 cm~ 1,803 cm !,
825-835 cm~', 919 cm~!, 960 cm~', 1025 cm~', 1095 cm™’,
1128 cm™!, and 1223 cm™! that are associated with proteins,
nucleic acids, and carbohydrates and have been indicated by solid
lines. The SERS band at 488 cm~! appear due to C-O-C ring defor-
mation, 554 cm™! due to skeletal mode of carbohydrates, 625 cm™!
due to aromatic ring skeletal mode of phenylalanine, 656 cm™! due
to guanine vibration or stretching mode of carboxylate in amino
acids, 727 cm™! due to glycosidic ring mode of DNA and adenine
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and polyadenine in FAD and NAD, 803 cm™~! due to C-N stretching
of amino acids,825-835 cm™' due to different C-N stretching in
tyrosine, 919 cm~! due to C-C and carboxylate skeletal stretching
in proteins, 960 cm ! due to C-N stretching and C = C deformation,
1025 cm™! due to C-H deformation or adenine ring stretching,
1095 cm~! due to C-O and C-C stretching and -C-OH bending,
1128 cm™! due to C-O-C stretching and ring breathing and
1223 cm™! due to amide Il or adenine, polyadenine, and DNA.
The TREC strains harbour tet(X) gene encoding for TetX protein
which is a flavin-dependent monooxygenase (FMO) causing tigecy-

cline resistance in E. coli. FMO (TetX) can hydroxylate tigecycline
regioselectively into an  unstable compound (11a-
hydroxytigecycline) that undergoes decomposition limiting the
antibacterial activity of tigecycline. The presence of O,, nicoti-
namide adenine dinucleotide phosphate (NADPH), Mg?* is required
for this TetX-catalysed hydroxylation[21,90]. The bands at
803 cm~' (C-N stretching in tyrosine, valine, and porine) and
825-835 cm™! (different C-N stretching in tyrosine) are present
in only TREC strains. In all the TREC strains, the intensity of the
peak at 488 cm~! (C-O-C ring deformation) and 625 cm™'
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(aromatic ring skeletal mode in phenylalanine) is decreased and at
656 cm™! (guanine vibration, stretching mode of carboxylate in
tyrosine) and 919 cm~! (COO~ and C-C skeletal stretching) is
increased as compared to all TSEC strains increased due to
protein-rich content indicating the development of tigecycline

resistance in TREC strains. There is a high-intensity broad peak in
all TREC strains at 554 cm~! (skeletal mode vibration of carbohy-
drates). There are random or irregular changes at 727 cm !,
1025 cm™!, 1095 cm~', 1128 cm™!, and 1223 cm™! between TSEC

and TREC strains. Although the PKNR 4162 is a TSEC strain, it
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Fig. 6. HCA dendrogram showing a hierarchy of all E. coli strains based on the similarity in their features.

shows resistance against carbapenems due to which this strain is
showing some exceptional behavior than other TSEC strains such
as the presence of bands at 803 cm™!' and 825 cm™! and the
decreased band intensity at 488 cm™ .

SERS is a potential technique that can be employed to differen-
tiate bacteria at the strain level. Although all E. coli strains used in
this study belong to only one specie, they show some similarities in
their SERS spectra and many resembling SERS features can be seen
among three TREC strains as well as three TSEC strains because of
their similar behavior towards tigecycline, the individual strains
can be distinguished from each other because every strain pos-
sesses a characteristic SERS spectrum. All E. coli strains have a weak
signal at 1181 cm™! and a weak broad peak for amide-I also
appeared for all strains at 1700 cm™! that is little shifted to
1690 cm™! for PKNR 4162 and 1673 cm™! for PK 4114. The two
TSEC strains (PKNR 5090 and PKNR 5073) have a common strain-
specific feature at 1376 cm™! (carboxylate stretching) that is
absent in all other E. coli strains. There are additional strain-
specific features present in E. coli strains such as a very weak broad
band at 1283 cm™! (C-N-H deformation in amide III) and
1642 cm~! (Amide I a-helix) and a weak shoulder at 1559 cm™!
is present in SERS spectra of PKNR 5073 strain. Moreover, the PK
4114 strain has specific features at 785 cm™! (Cytidine, uracil),
854 cm™! (ring breathing in tyrosine), 881 cm™! (tryptophan),
and there is a shifting of a band at 1334 cm™' to 1320 cm™'
(NH; stretching in adenine, polyadenine, and DNA).

The carbapenem-resistant and tigecycline-sensitive PKNR 4162
strain shows greater variability to all other strains because it has a
large number of additional features at 857 cm™! (tyrosine ring
breathing), 893 cm~! (tryptophan), 1044 cm~! (C-C ring breath-
ing), 1142 cm™! (C-O-C stretching and ring breathing,) and
1545 cm ™! (C-N stretching, and N-H bending in amide II). The band
at 727 cm™! is shifted to 738 cm~! and the band at 1700 cm™! has
appeared at 1690 cm™! in this strain. Notably, the peaks at
1223 cm™! and 1588 cm™! and a low-intensity shoulder at
1246 cm™! appear for all other strains but absent in the PKNR
4162 strain. Some of these unique changes in the SERS spectra of
this strain may be due to carbapenem resistance development
and some can be unique features of this strain.

3.2. Principal Component analysis (PCA)

The potential of SERS is checked by performing PCA for the
rapid and reproducible identification of different E. coli strains
and the differentiation of TREC and TSEC strains. The dimensions
of the original multi-dimensional datasets are reduced by PCA to
minimize the complexity in data and transformed into new vari-
ables that are orthogonal to each other and known as principal
components (PCs). The identical spectra can be accurately differen-
tiated by PCA due to its ability to highlight minor spectral differ-
ences. After applying pre-treatment methods on raw data, the
algorithm of singular value decomposition (SVD) is used to decom-
pose the original variables into loadings, scores, and eigenvalues.
The important PCs are selected based on eigenvalues and explained
variance. The PCs have both eigenvalues and explained variance in
descending order in which PC-1 always has the highest values fol-
lowed by decreasing values for other PCs. The PCs with the lowest
percentage of explained variance or smaller eigenvalues provide no
useful information regarding data and are hence eliminated. The
eigenvalues and explained variance have been plotted against the
first 10 PCs in the scree plot as shown in Fig. 5 (a). In the current
study, the maximum variability in the data is explained by the first
three PCs that accounts for 93.3% of the total explained variance
and all other PCs were ignored. The maximum features containing
useful information for the differentiation of TSEC and TREC strains
and inter-strain level differences can be explained by them.

The changes in the SERS vibrational fingerprints are analysed by
plotting the scores and loadings for the dominant PCs. The scores
for the PC-1 and PC-2 have been plotted in 2D scatter plot with a
95% confidence interval error eclipses (Fig. 5 (b)). The 63.5% and
18.6% of the variance are explained by PC-1 and PC-2 respectively.
The strains are well-differentiated along with both components.
The SERS spectral data of PKNR 4162 strain (TSEC) is clustered
on the positive side of PC-1 while spectra of all other five TSEC
and TREC strains are clustered on the negative side of PC-2 indicat-
ing that this strain is greatly variant from all other strains based on
its SERS fingerprints. As we already know, PKNR 4162 is resistant
to carbapenem antibiotics which is the reason for its variability
compared to the other two TSEC strains. The main discriminant
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Fig. 7. (a) Scores plot for the test dataset of all E. coli strains by PLS-DA (b) Approach of ROC curve with the optimal operating point (blue circle) for checking the performance

of PLS-DA model for different TREC and TSEC strains.

for the differentiation of TREC and TSEC strains is PC-2 because it
has clearly clustered spectral data sets of TREC on the positive side
and TSEC strains on the negative side irrespective of the fact that
PC-1 explains the maximum variance.

The analysis of PCA scores gives an idea about the variability in
our data in the form of visual representation of different group-
ings/clusters but it does not provide any information regarding
the reason for the variability in the data that separates the data
in the form of different clusters. The underlying relationship in
the original variables is determined by performing the PCA load-
ings analysis. Loadings could be described as a vector of correlation
coefficients with each principal component score between vari-
ables of the original dataset. This gives insight into particular fea-
tures that contribute significantly to the clustering of spectra. The

10

high positive or negative loadings of a variable make it useful for
the diagnostic purpose because they play a major role in the data
variability with respective PC as compared to other variables. As
we can see in Fig. 5 (b), only PKNR 4162 strain is present on the
positive axis while all other strains are present on the negative side
so the loadings plot of PC-1 cannot give useful information regard-
ing features that give a significant contribution in the differentia-
tion of TREC and TSEC strains. The scores of PC-2 have
differentiated TREC and TSEC strains so the loadings plot of PC-2
can be used to determine the features belonging to TREC or TSEC
strains. The loadings plot of PC-2 has been plotted against
wavenumbers (variables) to get the significant diagnostic informa-
tion as shown in Fig. 5 (c). The weight of discrimination among
E. coli strains is heavy at SERS vibrational bands of 494 cm™!

)
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539 cm~!, 653 cm™', 709 cm~!, 727 cm~', 740 cm~', 800 cm™ !,
919 cm™!, 1018 cm™!, 1073 cm™!, 1252 cm™}, 1320 cm™},
1458 cm~! and 1676 cm™'. The bands related to TREC strains are
found at 653 cm~! (guanine vibration or COO~ bending in tyro-
sine), 800 cm~! (C-N stretching in amino acids), 919 cm~! (skeletal
stretching in proteins), and 1020 cm ! (C-H deformation) and the
bands linked to TSEC are observed at 494 cm™! (C-O-C ring defor-
mation and skeletal mode of carbohydrates), 727 cm™! (glycosidic
ring vibrational mode of adenine and polyadenine), 1252 cm™!
(amide I1I) and 1458 cm~! (CH, deformation) out of the SERS vibra-
tional features associated with tigecycline resistance have been
identified in mean SERS spectra. Due to band shifting of
727 cm~! to 738 cm™~' in PKNR 4162 strain (Fig. 4), a band can
be seen at 1740 cm™' along with 1727 cm™~'. In addition, some
other strain-specific features are also observed. These findings
are compatible with the mean spectra and show the ability of SERS
as a label-free rapid and reproducible method to differentiate
between SERS spectral data of various TREC and TSEC strains.

3.3. Hierarchal cluster analysis (HCA)

The chemical or physical interpretation of multi-dimensional
data is not disclosed by PCA because it offers only a visual repre-
sentation of widely spread data in the form of clusters. Similar to
identification algorithm (PCA), clustering algorithms also do not
require any previous knowledge of classes. HCA algorithm was
applied to data to construct a dendrogram that shows the hierar-
chy of data in the form of clusters and sub-clusters based on the
similarity in data. The algorithm of Ward’s method was used to
generate a dendrogram over the entire spectral range of 400-
1800 cm~! that was based on Squared Euclidean distance. Ward’s
clustering method is based on merging the pair of clusters that
contain the most similar information to provide the minimum
increase in the total error sum of squares (TESS) within a group.

According to Ward’s method, a total number of spectra of all E.-
coli strains are first assembled into an equal number of clusters
containing a single spectrum in a single cluster and then the num-
ber of clusters is reduced by linking the most similar pair of clus-
ters that reduces within-group TESS. All clusters are merged
following these steps. Fig. 6 shows three major clusters in which
three strains of TREC are assembled in the first cluster (purple),
two strains of TSEC are assembled in the second cluster (red) and
the third cluster (green) is based on a single strain of TSEC (PKNR
4162) which is a carbapenem-resistant strain. Similar to PCA, this
strain shows a greater amount of variability from the other two
strains of TSEC because of its resistance towards carbapenem
antibiotics. Three clusters have mainly six sub-clusters that show
the potential of the SERS technique to differentiate the bacteria
at the strain level. Out of three TREC strains, two of them (PK
4375 and PK 2248) match well each other because they share addi-
tional common strain-specific SERS feature at 1700 cm~! while PK
4114 is showing a little variability due to a greater number of
strain-specific SERS features belong to this strain and shifting of
1700 cm~! peak to 1673 cm™ .

3.4. Discriminant analysis

The inspection of scores of both PCA and HCA provides only
visual differentiation of all E. coli strains and fails to provide any
quantitative information regarding data. The discriminant analysis
such as PLS-DA is based on both partial least squares analysis (PLS)
and linear discriminant analysis (LDA). PLS-DA is a supervised clas-
sification modeling algorithm used for the quantitative discrimina-
tion among TREC and TSEC strains by using the prior information of
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classes. All data is compiled into a matrix followed by its random-
ization to remove biasedness in results. After that, the data is split
independently into a 60% calibration dataset and a 40% validation
dataset.

The Bayes theorem was used to build or fit the model on the cal-
ibration dataset along with cross-validation (Montecarlo). To
achieve a large accuracy in results, the variables providing the low-
est prediction error are extracted and considered as optimal latent
variables (LVs). The cross-validation provided fourteen (14) opti-
mal LVs in this study which were used to train the PLS-DA model
on the calibration dataset. The trained model was then applied to
the validation dataset to check the performance of the model
because this dataset was kept independent from the model train-
ing process. The scores of PLS-DA have been plotted in Fig. 7 (a)
indicating a clear differentiation among TREC and TSEC strains
without any wrong prediction with 100% sensitivity, 98.7% speci-
ficity, and 100% accuracy that shows the best performance of this
model. To check the diagnostic potential of SERS and the effective-
ness and performance of the PLS-DA classification model, the recei-
ver operating characteristic (ROC) curve was also plotted, as shown
in Fig. 7 (b). Between 1-specificity (false positive rate) and sensitiv-
ity (the true positive rate) and, the ROC curve was mapped. The
model’s excellent efficiency is indicated by the value of AUROC
which is 0.98. The PLS-DA has classified TREC and TSEC strains in
a better way as compared to identification (PCA) and clustering
analysis (HCA).

4. Conclusions

Surface-enhanced Raman spectroscopy combining discriminant
analysis has the potential for the rapid and reproducible identifica-
tion and discrimination of TREC strains from TSEC strains. Silver
nanoparticles have been employed as SERS substrate to enhance
the Raman signal. The comparison of the SERS spectral data sets
of each TREC strain against the TSEC strain provided unique and
characteristic features that belong to tigecycline resistance in dif-
ferent E. coli strains. This technique has also discriminated individ-
ual strains from each other comprising specific features for each
strain. The different E. coli strains have been differentiated in the
form of clusters by different chemometric tools including PCA
and HCA. The successful discrimination among two classes of TREC
and TSEC strains has been performed by a supervised classification
algorithm called PLS-DA with 98% AUROC curve, 100% sensitivity,
98.7% specificity, and 100% accuracy.
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