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ABSTRACT: Bacterial cellulose nanocrystals (BCNCs) are tunable and biocompatible
cellulose nanomaterials that can be easily bioconjugated and used for biosensing
applications. We report the application of concanavalin A (con A) lectin-modified BCNCs
(con A + BCNCs) for bacterial isolation and label-free surface-enhanced Raman
spectroscopy (SERS) detection of bacterial species using Au nanoparticles (AuNPs). The
aggregated AuNP + bacteria + (con A + BCNC) conjugates generated SERS hot spots that
enabled the SERS detection of the strain Escherichia coli 8739 at the 103 CFU/mL level.
The optimized detection assay was then used to differentiate 19 common bacterial strains.
The large SERS spectral dataset for the 19 bacterial strains was analyzed using the support
vector machine (SVM), an optimization-based machine-learning technique that worked as
a binary classifier. The SVM classifier showed a high overall accuracy of 87.7% in correctly discriminating bacterial strains. This study
illustrates the potential of combining low-cost nanocellulose-based SERS biosensors with machine-learning techniques for the
analysis of large spectral datasets.
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■ INTRODUCTION

The global spread of antimicrobial-resistant microorganisms is
considered a pressing threat to humankind in the 21st
century.1,2 In particular, rapid detection and identification of
pathogenic bacteria remain critical challenges to overcome if
we are to minimize the spread of infectious diseases and
protect public health.3 The conventional methods for bacterial
detection are culture-based colony counting, polymerase chain
reaction (PCR), and enzyme-linked immunosorbent assays
(ELISA).4 While these methods have a proven track record for
reliable, accurate, and sensitive pathogen detection, they
require specialized equipment and trained personnel and are
often expensive and time-consuming. Alternative biosensing
techniques with rapid, reliable, and cost-effective detection are
highly desired.
Surface-enhanced Raman spectroscopy (SERS) is a widely

explored biosensing technique for rapid and cost-effective
detection of microorganisms. SERS reflects the enhanced
inelastic scattering of molecules associated with the surfaces of
plasmonic gold (Au) or silver (Ag) nanoparticles.5 Depending
on the composition of the analyte or the substrate, SERS
enhancement factors of up to 1014 relative to conventional
Raman have been reported.6 SERS is widely used for
biosensing because of its low detection limits and for its
relatively simple implementation.7,8 The continuous develop-
ment of SERS substrates has enabled a range of SERS-based
approaches to biosensing, including paper-based, liquid,

microfluidic, magnetic separation-induced, and electrochemical
SERS.5

SERS bionanosensors of various types have been previously
used for the detection of bacterial pathogens.9 Zhang et al.
used antibody-functionalized Au-coated magnetic nanopar-
ticles (AuMNPs) for Staphylococcus aureus capture and
separation.10 Au nanorods (AuNRs) functionalized with the
SERS tag 5,5−dithio−bis−(2−nitrobenzoic acid) and S. aureus
antibodies were used for specific recognition and detection at a
10 cell/mL detection limit.10 A similar sandwich-structured
detection assay was employed by Kearns et al., where they used
lectin-functionalized MNPs for the capture and isolation of
three different antimicrobial-resistant bacteria.4 The isolated
bacteria were detected at a concentration of 10 colony-forming
units per mL (CFU/mL) using SERS-active AgNPs function-
alized with strain-specific antibodies.4 More recently, Tadesse
et al. used a controlled liquid chamber in a silica substrate for
identification and drug susceptibility testing of viable bacteria
cells.11
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In this study, we used concanavalin A (con A) lectin-
functionalized bacterial cellulose nanocrystals (con A +
BCNCs) for specific binding to and isolation of bacterial
cells. AuNPs were then immobilized onto the bacteria + (con
A + BCNC) conjugates for label-free SERS detection of
bacteria. Cellulose paper-based SERS substrates are often
incorporated with plasmonic Ag or AuNPs for rapid and low-
cost analyte detection.12,13 In our previous work, AuNPs were
incorporated into bulk bacterial cellulose (BC), and the
resulting AuNP + BC nanocomposites were used as SERS
substrates.14 More recently, we functionalized BCNCs with
iron oxide (Fe3O4) and AuNPs to develop hybrid nano-
composites for magnetic separation and SERS detection.15 To
date, a majority of the cellulose paper-based SERS substrates
described in the literature have been bulk substrates.16−18

Notably, however, BCNCs produced by strong acid hydrolysis
of bulk BC are colloidally and thermally stable in micro- and
nano-dispersions, while retaining the high specific surface area
and tensile strength of cellulose materials.19,20

Lectins are a large family of proteins that can specifically
bind to carbohydrate components on the surface of bacterial
cell walls.21 Con A, a legume sourced lectin, has high affinity
for the D-mannose and α-glucose functional groups on all
bacterial surfaces.22 Using a SERS droplet microfluidics
platform, we previously reported on the use of wheat germ
agglutin (WGA) lectin-functionalized AuNPs for the elucida-
tion of glycan expression on the surface of prostate cancer
cells.23 Lectin-based biosensors have been widely used for the
detection of pathogenic bacteria because of their specific
binding capability and their stability.24

While the SERS spectrum for a bacterial strain may reflect a
unique fingerprint, the similarities of the SERS profiles of
different bacterial strains pose challenges for label-free
discrimination. Conventional peak ratio comparisons of
bacterial SERS profiles are often inadequate when analyzing
features from large SERS datasets. However, machine-learning
and deep-learning techniques are well-suited to analyze
correlations and predict features within such datasets.25−28

The support vector machine (SVM) is an optimization-based
machine-learning technique that works as a discriminative
classifier to separate high-dimensional data using a hyper-
plane.29 Through iterative weighting of data points, known as
support vectors, the distance between the different classes (i.e.,
different bacterial strains) is maximized by the separating
hyperplane.30 The SVM is robust enough to handle complex
datasets, where classes are not linearly separable. The
visualization of the hyperplane using different kernel functions
(e.g., linear, polynomial, and Gaussian) as classifiers allows for
the discrimination and accurate prediction of features in
complex datasets. The detailed procedure for kernel
optimization can be found in the literature on SVM
techniques.30,31 Previously, Kusic  et al. combined Raman
spectroscopy and SVM to discriminate Legionella and other
aquatic bacteria with an overall ∼88% prediction accuracy.32

Recently, Kang et al. developed a tool that combined a tree-
based decision rule with SVM (Tr-SVM) for the discrim-
ination of single-strand DNA gene sequences based on their
SERS spectra.33

The (con A + BCNCs) developed in this study were
incubated with suspended bacterial cells. The isolated and
aggregated bacteria + (con A + BCNC) conjugates were then
treated with AuNPs for SERS interrogation. We collected
SERS spectra of 19 bacterial strains to test the versatility of the

SERS substrate and to apply the SVM model for the
discrimination and classification of bacterial strains.

■ EXPERIMENTAL SECTION
A detailed description of the chemicals used is provided in the
Supporting Information. The AuNPs used in this study were prepared
using methods previously described by Brown et al. and are described
in the Supporting Information.34

Bacterial Strains and Growth Conditions. The 19 bacterial
strains from 10 different bacterial species used herein are listed in
Table S1. Detailed descriptions of the growth conditions and
protocols used to prepare bacterial stock solutions are provided in
the Supporting Information. The different growth conditions for
different strains were used for optimal growth of the strains according
to the ATCC propagation procedure for each. The bacteria stock
solutions used for the detection experiments had an optical density
(OD600nm) in the range of 0.6−0.8 (∼108 CFU/mL).

Synthesis and Surface Modification of BCNCs. The bulk BC
and the BCNCs used in this study were synthesized according to
previously published methods from our group and are described in
detail in the Supporting Information.14,15 Prior to lectin modification,
the BCNC surface was -COOH functionalized via (2,2,6,6-
tetramethylpiperidin-1-yl)oxyl or (2,2,6,6-tetramethylpiperidin-1-yl)-
oxidany (TEMPO)-mediated oxidation.35 Briefly, 1 g of BCNCs (wet
wt.) was suspended in 0.05 M of PBS buffer (90 mL, pH ∼ 7)
containing TEMPO (0.016 g, 0.1 mmol) and NaClO2 (80%, 1.13 g,
10 mmol) in a sealed round-bottom flask. Then, 0.1 M of NaOCl (0.5
mL) in 1× PBS was quickly added using a syringe. The suspension
was magnetically stirred at 450 rpm and 120 °C for 24 h. Afterward,
the suspension was cooled to room temperature, and the TEMPO-
oxidized BCNCs were washed 3× with deionized (DI) water and
resuspended in 50 mL of DI water until use.

Lectin modification was performed using EDC/NHS (N-ethyl-N′-
(3-(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide)
cross-linking chemistry.4,36,37 A 2 mL aliquot of the TEMPO-oxidized
BCNCs in a microcentrifuge tube was centrifuged at 22,150 ×g for 30
min. The supernatant was decanted, and the BCNCs were
resuspended in 1 mL of 50 mM MES (2-[morpholino]ethanesulfonic
acid) coupling buffer containing EDC (24 μL, 200 mM in DI water)
and NHS (120 μL, 200 mM in MES buffer). MES is preferred as a
buffer at pH 6 for activation reactions using EDC/NHS.36 The EDC
and NHS solutions were prepared beforehand and mixed together
before being added into the BCNC suspension. The conjugates were
shaken for 1 h at room temperature, centrifuged again, and then
resuspended in 1 mL of HEPES (4-(2-hydroxyethyl)-1-piperazinee-
thanesulfonic acid) buffer containing 0.2 mg/L of con A. The as-
produced conjugates were shaken overnight. Following mixing, the
conjugates were centrifuged, and the lectin-modified BCNCs were
suspended in 0.01 M PBS (1×).

Detection Assay and the Limit of Detection. For each of the
19 bacterial strains, 100 μL of bacterial stock solution was added into
500 μL of the lectin-modified BCNC suspension in 1× PBS. The
mixture was shaken for 40−50 min, followed by a brief centrifugation
(9800 ×g, for 1 min) for rapid separation of the aggregated
conjugates. The supernatant was removed and 200 μL of AuNPs
(∼ 0.1 nM) was added to resuspend the conjugates. The amount of
AuNPs optimized for 500 μL of BCNCs may need adjustment,
depending on the amount of BCNCs. Following 5 min of exposure,
the AuNPs were adsorbed onto the fibers of the BCNCs. The
conjugates were aggregated using centrifugation (6300 ×g, for 3 min)
and concentrated in 20 μL of DI water. A 10 μL droplet of the AuNPs
+ bacteria + (con A + BCNC) conjugates was dried on aluminum foil
at 40 °C and used for SERS analysis. To calculate the limit of
detection (LOD), the best-fit regression line was determined from the
plot of the intensity ratio of the peaks (I730/I77) against the logarithm
of E. coli 8739 concentrations.

I I a C b/ log730 77 = +
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where a and b are the slope and y intercept of the regression line,
respectively. The LOD was calculated using the following equation,

b alog LOD (3 )/a= σ −

where σa is the standard deviation of the slope of the regression line.
Instrumentation. SERS spectra of the dried AuNPs + bacteria +

(con A + BCNC) conjugates for each bacterial strain were collected
using a WITec Alpha500R Raman Spectrometer with 785 nm laser
excitation and a 10× confocal microscope objective lens. For each
measurement, the laser power was adjusted to ∼3.2 mW, with the
spectral center set to 1500 cm−1 and an acquisition time of 1 s. The
peak intensities were obtained by measuring 20 × 20 (X × Y) points
across a 100 × 100 μm2 area using 1 s integration time per point. The
automated peak labeling feature within the WITec Control Five (v.
5.0) software was used to select SERS peaks using a minimum relative
height of 0.1. The data were baseline-corrected using an asymmetric
least-squares smoothing (AsLS) method. Scanning electron micros-
copy characterization was performed using a field-emission scanning
electron microscope (FESEM, LEO (Zeiss) 1550) operating at 5 kV
with InLens detector mode. Ultraviolet−visible (UV−vis) measure-
ments were performed using a Cary 5000 UV−vis−NIR spectropho-
tometer. A Zetasizer Nano ZS dynamic light scattering (DLS)
instrument was used for zeta potential measurement.
Data Preprocessing and Model Development. We collected

the SERS spectra of 19 different bacterial strains to build up a dataset
for training, validation, and evaluation of the prediction capabilities of
the SVM classifiers. For each bacterial measurement, 400 (20 × 20)
SERS spectra were collected using the large area scan method. For
each spectra, cosmic spike removal, peak smoothing (Savitzky−Golay
method), and baseline correction (AsLS method) were performed
using the WITEC Control Five (v. 5.0) software. After preprocessing,
13 spectral features, labeled using the WITEC software, for the SERS
peaks of interest between 600 and 1700 cm−1 were extracted. To
account for point-to-point variability, the extracted features were
normalized using the peak at 1326 cm−1 (excluded from the model
development), corresponding to the ring vibration of adenine.38,39 A
total of 7600 spectra from 19 bacterial strains with 12 normalized
spectral features were used to develop the discriminatory SVM
classifier. To account for the heterogeneity of the SERS substrate and
the variability induced by measurement intervals, five replicates of E.
coli K12 as a representative strain were analyzed in five consecutive
days, and the variability in the SERS profiles was analyzed.
To analyze the large SERS dataset and discriminate the 19 bacterial

strains, a binary SVM classifier tool was trained using the classification
learner application in Mathworks MATLAB/Simulink (ver. 2020a).
Because SVM does not natively support multiclassification (hence,
binary), the multiclass classification dataset (19 bacterial strains into
19 classes) was split into multiple binary classification datasets using
two commonly used voting strategies: one vs one and one vs all.40

One vs one is a pairwise binarization approach using pairwise
comparison between classes (E. coli K12 vs E. coli 8739, E. coli K12 vs
E. coli 25,922, and so on). The one vs all strategy compares each class
of dataset to the rest of the classes (E. coli K12 vs the rest, E. coli 8739
vs the rest, and so on). Following the training step, the performance of
the classification model was evaluated using true-positive/-negative
rates and false-positive/-negative rates. These indicators were
reported in a confusion matrix that allows for the visualization of
the model performance by summarizing the counts of the predicted
and the actual classes. Using these indicators, the overall accuracy,
sensitivity, and specificity of the SVM classifier were calculated. The
overall accuracy indicates the proportion of the reference data that
were mapped correctly. Sensitivity and specificity indicate the
proportion of the correctly identified number of actual positives and
actual negatives, respectively. The trained model was validated using
10-fold cross validation. To describe briefly, the dataset (7600
spectra) was divided into 10 subsets of equal size, 9 of which were
used to train the model and 1 left out to test the model. This
procedure was iterated until every subset was used for model testing.
This iterative prediction procedure applied to unseen data by cross
validation indicates the model’s generalizability.

■ RESULTS AND DISCUSSION
Lectin-Modified BCNCs as SERS Substrates. The

conjugation of bacteria and AuNPs onto the fibers of the
BCNCs allowed us to develop a versatile SERS substrate along
with a straightforward detection assay for SERS measurements
(Figure 1). The use of con A allows for multivalent interactions

between (con A + BCNCs) and the sugar moieties of the
bacterial cell surface.4,41 The incubation of (con A + BCNCs)
with bacterial strains leads to the aggregation of the conjugates,
which can then be quickly separated via brief centrifugation.
The negatively charged AuNPs (−34.1± 0.8 mV) were rapidly
immobilized onto the neutral to positive (con A + BCNC)
conjugates (2.44± 1.6 mV), suggesting that the carboxylated
BCNCs act as a support for AuNPs.15,42 Compared to using
only colloidal Au/Ag NPs as SERS substrates, the use of
dispersible cellulose substrates enables greater control over
AuNP aggregation in suspension and increased stability of
aggregated AuNPs.15,42,43

We compared the SERS spectra from two different bacterial
strains: E. coli K12 and P. syringae in dried vs liquid state. The
higher overall SERS intensity from the dried droplets
compared to the liquid droplets suggested the close proximity
of aggregated AuNPs produced localized SERS hot spots,
resulting in increased SERS signals (Figure S2A). The presence
of aggregated AuNPs on the bacteria + (con A + BCNC)
conjugates resulted in an increase in the SERS peak intensity
relative to the control with no bacteria (Figure S2B). After hot
spot normalization, the peak intensities at 1326 cm−1 were
∼6× and ∼2.5× higher for AuNPs + E. coli K12 + (con A +
BCNCs) compared to the control with no bacteria and AuNPs
+ E. coli K12 only (Figure S2B).
SEM characterization of the aggregated, carboxylated

BCNCs revealed a network of interwoven cellulose fibers
(Figure 2A). Figure 2B shows isolated BCNCs consisting of
rod- or needle-shaped structures of 400 nm−800 nm in length
and 30−40 nm in width. SEM micrographs indicate the
presence of con A on the surface of BCNCs, as highlighted in
Figure 2C. Figure 2D shows the distribution of E. coli K12 cells
on the surface of the (con A + BCNCs) in approximately a 100
μm × 100 μm2 area, equivalent to the Raman large area scan
measurements for collecting SERS spectra for each bacterial
strains. A SEM micrograph of a single E. coli K12 cell (Figure
2E) on aggregated con A + BCNCs suggests the partial
coverage of BCNC fibers on the surface of bacteria. Upon the
addition of AuNPs onto the BCNC fibers, AuNPs were
observed on both the fibers and the bacterial surface, thus
resulting in the AuNPs + bacteria + con A + BCNC conjugates

Figure 1. Schematic illustration of synthesis and functionalization of
BCNCs, bacteria detection assay, SERS and machine-learning
applications.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c02760
ACS Appl. Nano Mater. 2022, 5, 259−268

261

https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02760/suppl_file/an1c02760_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02760/suppl_file/an1c02760_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02760/suppl_file/an1c02760_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig1&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c02760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


used for the SERS measurement. Figure 2F,G shows the
AuNPs + bacteria + (con A + BCNC) conjugates for E. coli
K12 and Pseudomonas syringae (P. syringae). UV−vis measure-
ments exhibit peak broadening and a decrease in absorbance
when E. coli K12 and P. syringae were associated to AuNPs +
(con A + BCNC) compared to the control (Figure S3). These
results suggest the association of bacteria and AuNPs to (con A
+ BCNC), resulting in the SERS conjugates. This lectin
detection assay was used for each of the 19 bacterial strains for
SERS detection and development of the SERS dataset.
SERS Detection of Bacterial Strains. For each of the

bacterial strains, 10 μL of the AuNP + bacteria + (con A +
BCNC) conjugates in DI water were dried, and the dried
droplet was analyzed using 785 nm laser excitation and a 10×
objective lens (Figure 3A). Following solvent evaporation,
AuNPs-bacteria-(con A + BCNCs) aggregates were observed
using a Raman confocal microscope. As shown in the
representative SERS map of ∼100 × 100 μm2 area for the
77 cm−1 position (Figure 3A, bottom), the ubiquitous presence
of hot spots was observed across the substrate. The pseudo-
band at 77 cm−1 reflects elastically scattered light, resulting

from the interaction of amplified spontaneous emission (ASE)
of the incident laser and the Raman edge filter.6,44 The
variation of the pseudo-peak at 77 cm−1 reflects the density of
SERS hot spots and can be used for the normalization of hot
spot variability.6,44−46 The heterogenous arrangement of
plasmonic nanostructures on the SERS substrate can result
in point-to-point variability of SERS substrates in the measured
SERS signals.6 To account for this spatial variability, we
performed E. coli K12 identification experiments five times and
reported the average of 400 spectra for all five replicates
(Figure 3B). Figure 3C provides boxplots with the distribution
of data points for the hot spot-normalized peak intensity at 730
cm−1 for all five E. coli K12 replicates. The coefficient of
variation (CV) of the normalized intensity at 730 cm−1 was
29.3% or less for all five replicates. Furthermore, the boxplots
for the normalized peak intensity at 730 cm−1 and the
corresponding CV values for all 19 bacterial strains are
presented in Figure S4 and show a CV of 35.6% or less across
bacterial strains. These results suggest, when considering both
intrastrain

Figure 2. Scanning electron micrographs of (A) aggregated BCNCs. (B) A few isolated BCNCs(C) Con A lectin-functionalized BCNCs with the
presence of lectin highlighted. (D) Overview image of the bacteria E. coli K12 in a 100 × 100 μm2 area on the surface of (con A + BCNCs). (E)
Scaled up image of a E. coli K12 on (con A + BCNCs). (F) Aggregated AuNPs + E. coli K12 + (con A + BCNCs) conjugate and (G) Aggregated
AuNPs + P. syringae + (con A + BCNCs) conjugate.

Figure 3. (A) Schematic illustration of the experimental setup for label-free SERS measurements of bacteria strains with a 100 × 100 μm2 SERS
map at 77 cm−1 of the aggregated AuNPs-bacteria-(con A + BCNCs) substrate. (B) Average of 400 SERS spectra for five replicates of E. coli K12
bacteria (named E. coli K12_1 to E. coli K12_5), showing the 13 selected peaks (gray bars) on the spectra. (C) Boxplots with the distribution of
data points for the hot spot-normalized peak intensity at 730 cm−1 for five E. coli K12 replicates in this study.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.1c02760
ACS Appl. Nano Mater. 2022, 5, 259−268

262

https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02760/suppl_file/an1c02760_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.1c02760/suppl_file/an1c02760_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.1c02760?fig=fig3&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.1c02760?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and interstrain variability, the (con A + BCNC) substrate
showed relatively lower spatial variability compared to many
commercial substrates with >45% variability.47 The hetero-
genous distribution of NPs remains a challenge, which induces
variability in SERS measurements. The use of hotpot
normalization techniques and chemicals as internal standards
can substantially lower this variability.6,15,44 To determine the
LOD, the detection assay was performed for E. coli 8739 over
the concentration ranges of 107−101 CFU/mL (Figure S5A).
Below 103 CFU/mL, the data points had responses
comparable to the blank, and hence were omitted. The
normalized I730 can be reasonably approximated as a linear
function of the logarithm of the E. coli 8739 concentration. The
two parameters were statistically correlated with an R-square
value of 0.9725, and the experimental data were within the
95% prediction region (Figure S5B). Using this approach, the
LOD was determined to be ∼1.5 × 103 CFU/mL from the
empirical best-fit equation and the standard error of the
regression. This LOD is comparable to previously reported
LODs for label-free detection of bacteria, as shown in Table
S2.
Several distinct peak features were observed in the 600−

1700 cm−1 region of the SERS spectra for all 19 bacterial
strains (Figure S6). Strong features at 730, 1000, 1241, 1326,
and 1560 cm−1 were common across all strains, but the relative
peak intensities differed slightly. A total of 13 spectral features
were selected by applying automated peak labeling in WITec
Control Five (v.5.0) software. The band assignments for these
peaks were made based upon the prior bacterial SERS spectra
literature and are presented in Table 1.32,38,39,48−50 SERS

features arising from bacterial cells primarily reflect poly-
saccharides, phospholipids, proteins, and nucleic acids.32 The
characteristic band at 656 cm−1 is attributed to the aromatic
ring breathing mode of the base nucleotide guanine, while the
bands at 730 and 1326 cm−1 are attributed to adenine ring
breathing.38,39 Among the proteins, the ring vibrations of the
essential amino acids cytosine/uracil/tyrosine, trypotophan,
and phenylalanine contribute to the bands at 835, 900, and
1000 cm−1, respectively.32,38,39 Amide (I, II, III) functional
groups of proteins are reflected in the bands at 1100 and 1241
cm−1.38,39 The components of the bacterial cell wall,
polysaccharides, and phospholipids are assigned to the band

at 965 cm−1.32 The band at 1055 cm−1 has been attributed to
amines, phosphates, and adenine derivatives, such as flavin
adenine dinucleotide (FAD).48 The bands at 1170, 1466, and
1560 cm−1 can be attributed to vibrational stretching, bending,
or deformation modes of several components, such as C−N,
C−H, and CC, and these modes can originate from amides,
lipids, proteins, DNA, and carbohydrates (Table 1).38,39,49,50

There is reported variability in the band positions for
bacteria (Table 1). For example, polysaccharides in our study
exhibited a band at 965 cm−1, while Kusic  et al. reported a
polysaccharide band at 960 cm−1, but no peak at 965 cm−1.32

The peak intensity and positions of bacterial Raman spectra are
affected to varying degrees by the growth media, sample
preparation method, storage time, and temperature, as
suggested previously.51−53 For example, Chisanga et al.
reported a range of 720−740 cm−1 and 1320−1340 cm−1 for
the adenine ring vibration, reflecting the heterogeneity in
bacteria detection assays, from sample preparation to
identification, across the literature.39,49,54,55 The growth
media and growth conditions of all bacteria used in this
study are listed in Table S1. To minimize potential artifacts
from the growth media, all samples were centrifuged and the
pellet resuspended in 1× PBS solution three times before final
resuspension in 1× PBS prior to SERS detection experiments.
Despite the differences in their growth conditions, the bacterial
strains showed similarity in SERS peak profiles and peak
positions, suggesting minimal interference from the growth
media (Figure S7). Previously, Harz et al. applied SVM to
differentiate between Staphylococcus species and strains grown
under varying culture conditions and achieved high accuracy
rates of 94.1% at the strain level and 97.6% at the species
level.56 Furthermore, bacteria release metabolites, compounds
essential for their cellular functions, into the supernatant.57

The different culture conditions for bacterial growth used in
this study can cause bacteria to produce different metabolites.
The release of bacterial metabolites is affected by the storage
time, the temperature, and the chemical composition of the
storage media.58−60 All of the bacteria strains in this study were
stored at 4 °C, following growth and analyzed within 24 h of
growth to minimize the potential effects of bacterial metabolite
production on the SERS spectra.61

Discrimination and Identification of Bacterial Strains
Using the SVM Classifier. Although different bacterial
strains are characterized using their unique molecular
compositions, the similarities in their corresponding SERS
spectra reflect the difficulty in discriminating strains. For high-
dimensional and correlated Raman/SERS datasets, conven-
tional peak ratio analysis and the use of multivariate analysis
tools, such as principal component analysis (PCA), is often
inadequate when evaluating the prediction accuracy of feature
classes. For example, Chen et al. encountered the overlap of
two species when using PCA to discriminate five bacterial
species, concluding that spectral interference from similar
features could not be differentiated.62 Hoehse et al. reported
that combining PCA with SVM improved accuracy when
classifying features based on Raman spectroscopy datasets.63

To analyze the high-dimensional SERS dataset in this study,
we extracted all the labeled peaks from the SERS spectra for
discrimination using a SVM classifier.
The SERS spectra of the 19 bacteria in this study are

vertically stacked and are presented in Figure 4A. The peak
positions were highly consistent with slight differences in peak
intensities across bacterial strains. In Figure 4B, our sequential

Table 1. Tentative Band Assignments for the Peaks
Identified in the SERS Spectra of Bacteria

SERS
band/cm tentative band assignments ref

656 ring vibration of guanine 38
730 ring vibration of adenine 38
835 cytosine/uracil/tyrosine 32,39

900 tryptophan 32
965 polysaccharide (bacterial cell wall) 32
1000 ring vibration of phenylalanine 32,38

1055 amine/phosphate/FAD (flavin adenine
dinucleotide)

48,49

1100 amides of proteins 38
1170 C−N stretching, amides, DNA, adenine 39,49

1241 amide III of protein 38,39

1326 ring vibration of adenine 38,39

1466 CH2 deformation of lipids, proteins,
carbohydrates

38,39,49

1560 C−H bend, CC stretching 49,50
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process going from SERS data collection to SVM model
validation is shown. For each bacterial strain, all 400 spectra
collected within the Raman large area scan were preprocessed
(as described in the Experimental Section), and then the
average spectra were calculated along with the standard
deviation. The slightly different relative intensities of the 13
peaks, selected using the automated peak labeling feature and
assigned band positions according to the previous literature,
were used as features. Then, the peak at 1326 cm−1 from the
ring vibration of adenine (dark gray) was used to normalize the
remaining 12 peaks. In Figure 4A, the normalized spectra
containing the 12 normalized peak features (gray) were
extracted to develop the SVM classifiers. In the model
development stage, SVM computes a hyperplane that separates
the classes of data points with the maximum margin (Figure
4B). A great advantage of the SVM is that when the classes are
not linearly separable, data points can be projected to a higher
dimensional space where they can be linearly separated, thus
allowing the model to determine optimal hyperplanes in higher
dimensional datasets.64

Herein, both polynomial (i.e., linear, quadratic, and cubic)
and Gaussian (i.e., fine, medium, and coarse) kernel functions
were used to classify features and find the best scoring
algorithm. Interestingly, when PCA was preconducted, the
number of useful features was reduced from 12 to 9, resulting
in a decrease in the overall accuracy of the SVM models.
Considering this outcome, we did not conduct PCA before
running the models. All predictive models were validated using
10-fold cross validation.
In this study, peak selection was performed using the

minimum relative height parameter of the automated peak
labeling function in the WITec software, and the SERS bands
were assigned according to the literature. This process resulted
in 12-peak features in the range of 600−1700 cm−1. When
selecting peaks for the development of a predictive model, it is
desirable to have a standardized procedure for determining
spectral features that reflects all the possible variations in SERS

spectra, resulting from the varying compositions of macro-
molecules within the bacterial cells. However, indiscriminately
selecting all spectral features, including baseline noise, for
model development can result in a biased model. Such a model
can be misleading because it fails to capture the trends in the
dataset required for bacterial classification. In our dataset,
considering the entire spectral range from 600 to 1700 cm−1, a
total of 302 spectral features were extracted at a resolution of
∼4 cm−1 (Figure S8A). PCA was preconducted to reduce the
dimensionality of the dataset, which reduced the 302 features
to 81 significant principal components (PCs) with an
explained variance of ∼95% (Figure S8B). The large number
of PCs suggests that the SERS background and/or spectral
noise are included in the peak intensities considered for
training the model, and this may lead to model overfitting.65

During the preprocessing of the dataset, noise-level intensities
can be processed differently, depending on the method of
background correction, which can also bias the model. Hence,
we opted for a standardized method (i.e., relative minimum
height) for the selection of distinct peaks and assigned bands
to those peaks according to the literature.
Different SVM classification models, along with linear and

quadratic discriminant analysis (LDA and QDA) models were
compared (Table S3). The overall accuracy scores of the
models for the discrimination of the bacteria species followed
the order: medium Gaussian SVM > quadratic SVM > cubic
SVM≈QDA≈linear SVM > LDA > coarse Gaussian SVM >
fine Gaussian SVM. The medium Gaussian SVM classifier with
one vs one voting strategy was used for final reporting. Figure
S9 shows the boxplots of 10 prediction results from the 10-fold
cross validation for different models. For the bacterial dataset
in this study, all the models were performed with statistically
similar accuracies, except the fine Gaussian SVM (Wilcoxon
signed ranked test, α = 0.05) (Table S4). For both the one vs
one and one vs all voting strategies, the medium Gaussian
kernel achieved the highest overall accuracy among all SVM
classifiers when discriminating bacterial strains from the SERS

Figure 4. (A) Average of 400 SERS spectra with standard deviations for the 19 bacterial strains used in this study, normalized using the peak at
1326 cm−1. (B) Schematic illustration showing the four major steps of developing the SVM predictive model: data collection, preprocessing, model
development, and validation/prediction.
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dataset (Table S3). Nonlinear SVM classifiers using the
simplified computational approach of the Gaussian kernel
function are quite effective as multivariate analysis tools.66

Previously, Kang et al. reported higher flexibility and accuracy
of Gaussian kernel functions compared to discriminant analysis
techniques in performing multiclass classification and non-
linear optimization.33

Based on 10-fold cross validation, the results for all of the
bacterial strains are presented in a confusion matrix (Figure
5A). From a total of 7600 spectra, 6667 were correctly
predicted and assigned to the corresponding bacteria using the
model, resulting in an overall accuracy of 87.7% (Figure 5B).
The predictive model showed a high sensitivity of ∼89% or
higher for 11 of the 19 bacterial strains. Five bacterial strains
had sensitivity scores between 80 and 89%. Only two bacterial
strains A. baumannii 2802 (74.5%) and E. coli Dh5α (74.8%)
had scores less than 80%. The strain, E. coli K12, was measured
with five different (con A + BCNCs) substrates to account for
the substrate variability on the prediction accuracy. The
average accuracy from five SERS datasets of five measurements
was 85.25% (Table S5), which was close to the reported
accuracy of 83.5% for E. coli K12, suggesting that substrate
variability had a low impact on the prediction accuracy for E.
coli K12. The specificity of the model was high (≥ 98.4%) for
all species (Figure 5B). Sensitivity and specificity being the
correct identification of the true positives and true negatives,
respectively. The high overall accuracy of 87.7% suggests that
the SVM classifier performed well in discriminating the 19
bacterial strains. As the number of bacterial strains increases,
the flexibility of the hyperplane for separating a large number
of classes can decrease. Previously, Ho et al. observed 74.9%
accuracy when using SVM to discriminate 30 bacterial
strains.26 Combining data-clustering methods, such as
hierarchical clustering for bacterial subspecies or type strains
with SVM classifiers, can be beneficial to improve the overall
accuracy and sensitivity for larger datasets.32,67 When we
considered the whole spectra from 600 to 1700 cm−1, the
overall accuracy improved to 98.5% with nearly all spectra
predicted correctly (Figure S10A,B). However, as discussed

previously, the improved accuracy obtained using a greater
number of spectral features can be offset by the inclusion of
spectral noise in the dataset, resulting in a potential model
overfit.

■ CONCLUSIONS AND FUTURE OUTLOOK

In this study, we applied lectin-modified BCNCs as SERS
biosensors. This approach was robust and versatile in the
isolation and SERS detection of 19 bacterial strains. The
tunability and biocompatibility of BCNCs allow for the hosting
of guest nanoparticles and facile bioconjugation with
recognition elements, such as lectins. The (con A + BCNC)-
based SERS substrate showed a low variability of SERS hot
spots compared to many other SERS substrates, suggesting the
reproducibility of the detection assay. SVM classifiers
combined with the SERS detection assay proved to be a
rapid and reliable method for discriminating bacterial strains
with an overall accuracy of ∼88%. The different techniques for
SERS data preprocessing and automated feature selection
processes described in the literature should be standardized for
large-scale comparison of SERS datasets and better inter-
pretation of the results from classification models, such as the
SVM. Several important variables, such as varying culture
conditions, substrate variability, storage conditions, time, and
instrument drift can cumulatively affect the overall accuracy of
different classification algorithms. It is, therefore, important to
thoroughly examine the limitations posed by these variables
when combining SERS datasets with machine-learning
techniques. The effects of varying culture conditions on
bacterial metabolite release need to be further investigated. A
goal of our future work is to improve on the controlled
experimental conditions in this study and apply the (con A +
BCNC)-based biosensor for use in real environmental samples,
where mixtures of multiple bacteria are common. Nevertheless,
the advent of portable Raman systems that can potentially
interface with automated machine-learning techniques holds
great promise for low-cost and rapid SERS sensing in real-
world environments. To maximize the benefits of combining
machine-learning techniques with SERS dataset analyses, it

Figure 5. (A) Confusion matrix for 19 bacteria strains. The rows and columns represent the true and predictive class from a total of 400 spectra for
each strain of bacteria. The diagonal entries represent the accuracies for each class (i.e., number of spectra correctly predicted from a total of 400
spectra). Entries other than the diagonal ones represent misclassifications for a given strain of bacteria. (B) Prediction results showing the overall
accuracy of the SVM predictive model, sensitivity, and specificity scores for each bacteria strains calculated from the confusion matrix.
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remains necessary to standardize SERS methodologies. This
study illustrates the great potential of the application of novel
BCNC-based substrates as low-cost, biocompatible, and
dispersible SERS biosensors and machine learning for the
discriminatory detection of bacteria. The rapid identification
and discrimination of bacterial strains using this technique
offer opportunities for future advancements in the develop-
ment of point-of-use sensors for field deployment.
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