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ABSTRACT: Raman spectroscopy is an enticing tool for the rapid identification of
pathogenic bacteria and has the potential to meet the demand for early diagnosis and timely
treatment of patients. However, it remains a challenge to devise a reliable Raman detection
platform to obtain reproducible signals from single bacterial cells. Herein, we utilize a
reflective Ag/SiO2 film that enhances the intrinsically weak Raman signals by re-excitation of
the bacteria and reflection of downward-scattered photons, with maximum Raman
intensities recorded by exciting the central edge of each single cell. The reflection-based
configuration is simple, and its reliability as a sensing platform is validated by deep learning
analysis. Importantly, given the positional dependence of the laser light on the Raman
intensity, we employ capillarity-assisted particle assembly (CAPA) to selectively position
single bacterial cells into a reflective topographical template to align the most Raman active
region of the cell per the trap site geometry. Moreover, CAPA is utilized to directly isolate
single cells from a suspension of artificial urine, eradicating any additional steps previously
required to separate bacteria from biological samples. The proposed system has positive
implications for future clinical settings that require simple, accurate, and reproducible detection of bacteria at the single-cell level.
KEYWORDS: single bacterial cells, Raman spectroscopy, deep learning, capillary assembly, patterning

Bacterial infections and diseases caused by pathogenic
microorganisms in food, water, and bodily fluids continue to
stand as one of the major health threats affecting individuals
worldwide each year. The impact is felt directly in various
fields including clinical diagnostics, food and water safety, and
environmental quality control.1 Reliable and accurate detection
of pathogenic bacteria is therefore crucially needed to meet the
demands for early diagnosis and timely treatment of patients.
Existing detection methods suffer from several limitations:
poor differentiation of live and dead bacteria for polymerase
chain reaction (PCR),2 limited sensitivity and cross-reactions
of antigens for enzyme-linked immunosorbent assay (ELISA),3

and the need for trained personnel for flow cytometry.4 The
search for and development of techniques that satiate the ideal
requirements of fast data acquisition, high sensitivity,
specificity, and direct detection is, therefore, an actively
ongoing process.
In light of this, several methods have emerged to this end

including lateral flow immunoassay,5 matrix-assisted laser
desorption/ionization time-of-flight mass spectroscopy,6 elec-
trochemical impedance spectroscopy,7 and holographic imag-
ing.8 Particularly, Raman spectroscopy has received much
attention over the years as an optical technique that offers the
advantages of rapid and direct detection of bacteria, with its
molecular fingerprint information as the final signal output.9,10

Several studies have utilized surface-enhanced Raman spec-

troscopy (SERS) as a means to enhance the inherently weak
Raman signals, either by decorating the bacteria surface with
metal nanoparticles11−16 or placing bacterial cells on top of
nanostructured metallic substrates.17−20 Amidst the growing
interest in SERS of bacteria, there are still open challenges that
remain in detecting bacteria at the single-cell level. One
notable challenge is to obtain highly reproducible and accurate
fingerprint signals. As overall signal intensities from single cells
are typically an order of magnitude smaller than those of bulk
samples,21 signal reliability and reproducibility take priority in
accurately detecting and identifying single bacterial species. In
this aspect, it is still debatable whether SERS is the ideal
method to enhance the Raman signals from bacteria because of
the difficulty to achieve uniform signals arising from
polydispersity and uneven distribution of nanostructures that
interact with the bacterial surface.22,23 Another challenge arises
in rapidly obtaining the highest signal intensity from individual
cells. A vast majority of reported methods involve drop-casting
and drying bacterial suspensions on substrates, which requires
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navigation through the sample to find and select single cells for
measurement. As signal intensities vary depending on the
position of the excitation laser beam on the bacteria, the
deterministic orientation of cells is highly desirable to rapidly
obtain the highest intensity profiles.
In this work, we utilize a reflection-based Raman signal

enhancement strategy combined with capillarity-assisted
particle assembly (CAPA) to detect single bacterial cells,
aiming to achieve high signal reproducibility, detection
efficiency, and simplicity. To obtain sufficient intensities of
fingerprint information, Raman signals are enhanced using a
highly reflective mirror by the reflection of downward scattered
Raman photons and the back reflection of the incident laser
beam, both of which would be absent in the case of a
transparent substrate.24 The reliability of the reflection-based
strategy is validated using deep learning and machine learning
techniques to quantify the classification accuracies of different
bacterial species. Importantly, provided the positional influence
of the excitation laser on the Raman signal intensities arising
from the bacteria, CAPA is employed to position single cells in
a deterministic manner to regularly align their most Raman
active regions. CAPA, which uses capillary forces to trap single
or multiple colloidal particles into predefined topographic
templates,25−28 has emerged to be a useful tool over other
colloidal patterning techniques29,30 when discrete and accurate
positioning of single particles is necessary. Moreover, a notable
advantage over methods such as optical printing31,32 and
electrophoretic deposition33,34 is that particles are free of
damage as there are no external stimuli (e.g., high-power lasers
or voltages) acting upon the particles. Previous reports have
indeed shown that CAPA is highly compatible with biological
samples, as demonstrated with the patterning of DNA
molecules,35,36 phospholipids,37 and cells.38,39 This work

provides the first demonstration of using CAPA to selectively
isolate bacteria at the single-cell level for the purpose of Raman
identification. Finally, the isolation capacity of CAPA is
capitalized to pattern and obtain Raman spectra from single
cells not only in the form of purified suspensions but also of
artificial urine, meeting the demand for minimal sample
preparation and purification steps.

■ RESULTS AND DISCUSSION
Reflection-Enhanced Raman Spectroscopy. The

Raman enhancement strategy in this study is based on the
use of highly reflective substrates (Figure 1a). In conventional
Raman spectroscopy, a transparent substrate, such as CaF2 or
quartz, is used to minimize background signals that potentially
overlap with the characteristic spectra of the sample.40 The
excitation of the sample by the laser occurs only once, and only
those Raman photons directed back toward the objective lens
are recorded into the detector. In contrast, signals from a
sample drop-casted and supported by a reflective film substrate
can be enhanced by the reflection of downward scattered
Raman photons and the reflection of the laser itself for re-
excitation of the sample, with each of the two events effectively
doubling the signal intensities.24,41 From Figure 1b, the
enhancement effect is evident by comparing the Raman
signature spectra of a single E. coli cell placed on a reflective
Ag/SiO2 substrate to a quartz substrate. Despite the difference
in the signal intensities, both Raman spectra exhibit matching
peaks that can be readily assigned to the various components
of bacteria (e.g., DNA, lipids, carbohydrates) as reported in
literature.42 To ensure the highest possible Raman intensities,
several experimental parameters had to be carefully considered.
First, the choice of reflective material was based on the

materials’ reflectance across the visible window that includes

Figure 1. Reflection-enhanced Raman spectroscopy. (a) Illustration of the working principle. Signal enhancement arises from the reflection of the
laser light for re-excitation of the bacterial cell and reflection of the downward scattered Raman photons back toward the detector. (b)
Characteristic Raman spectra of E. coli taken from conventional quartz (black) and reflective Ag/SiO2 (red) substrates. (c) Highly reproducible
signals for E. coli, S. aureus, S. gallinarum, and C. glutamicum. Plots represent raw spectra taken from 260 individual cells per species.
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the excitation wavelengths and the inherent background signal
from the material. Three commonly used reflective materials−
Ag, Au, and Al−were thus compared experimentally to assess
their optical reflectance properties and spectral background
characteristics under identical acquisition settings. For normal
incidence as in the case of the current spectroscopic setup,
reflectance is directly governed by refractive index n and
extinction coefficient k (more details in Supplementary Note
1). Among the three metals, Ag has the highest reflectance
values throughout the visible spectrum and the lowest intrinsic
background signal (Figure S1). The advantage of the latter is
exemplified by the fact that no signal processing is needed to
directly visualize and assign the characteristic peaks that
correspond to the bacteria at hand. It should be noted that for
Ag, a thin layer of SiO2 was additionally deposited (hence
labeled Ag/SiO2) to protect the bacterial cells from
antibacterial rupture.42 While Au and Al were tested without
SiO2 passivation, this comparison was intended to benchmark
optical trends rather than establish mechanistic equivalence,
and Ag/SiO2 was selected as the primary sensing platform for
all measurements in the study. Another important parameter in
optimizing signal intensities was the bacteria washing process.
Because bacteria are typically grown in nutrient media which
comprise multiple ingredients, it is vital to remove the media to
obtain the fingerprint information on only the bacteria. While
typical washing processes comprise three to five repeated
centrifugation and suspension of pellets in deionized
water,17,43,44 the use of deionized water during all washing
cycles can easily expose the cells to osmotic shock due to a
sudden difference in salt concentrations. The effect is
detrimental because the low osmotic pressure leads to water
entering the cell, increasing its internal pressure, and eventually

causing lysis.42 To prevent osmotic shock during the washing
processes the first three washes were conducted using an
isotonic solution (0.9% NaCl) followed by one last wash with
deionized water (Figure S2a). From Figure S2b, the
morphology of cells is different as seen by the smaller overall
size and better contrast in the contour of the cell. The
improved signal intensities highlight the importance of
maintaining cell morphology during the washing process.
Finally, the most important factor for signal optimization was
the position of the excitation laser on the bacterial cell. Given
that the Raman spectrometer records back-reflected signals
(Figure S3a), it was presumed that the highest signal intensities
from each bacterial cell would arise when the laser beam is
focused at the edge of the cell where photons can be readily
back-reflected. This was indeed the case when measuring
across different parts of the bacteria (Figure S3b). Intriguingly,
the opposite edge of the most active part of the cell exhibits
very limited signals (marked by the cyan blue dot), suggesting
a possible asymmetry in the spatial distribution or density of
Raman-active molecular components at different sides of the
bacterial envelope.45,46 In consideration of such various
parameters, the reflection-enhancement configuration enabled
highly reproducible signals to be obtained from single-cell
measurements for different pathogenic bacteria namely
Escherichia coli, Staphylococcus aureus, and Salmonella gallina-
rum, as well as a nonpathogenic Corynebacterium glutamicum
(Figure 1c). The Raman profiles from each bacterial species
represent raw spectra from 260 different single cells.
With highly repeatable signals at hand using the reflective

substrate, single bacteria measurements were also made on a
nanostructured Ag substrate (Figure S4a) to affirm the lack of
reproducibility of SERS for the bacteria identification. First, to

Figure 2. Bacteria classification using deep learning. (a) General deep learning process for bacterial classification using Raman spectra. (b)
Classification accuracy of the four different bacterial species using various deep learning and classical machine learning models. (c) Confusion
matrix formulated using DeepWKNet as the representative model based on the highest average classification accuracy.
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ratify that the substrate itself is befitting for SERS, a
Rhodamine B solution was drop-casted on the nanostructured
Ag substrate to give highly reproducible characteristic SERS
signals across 30 random spots (Figure S4b).47,48 However,
when the SERS response was recorded for 25 different single E.
coli cells using the same substrate (Figure S4c), the variability
of spectra both in peak positions and peak intensities is high
across the entire sample set, making it difficult to assign peaks
that represent the signature signals of bacteria. The issue of
reproducibility was further verified by measuring the SERS
response of Ag nanoparticle-decorated E. coli (Figure S5),
which exhibit similar variations. The SERS results suggest that,
unlike the case of probing small molecules like Rhodamine B, it
is difficult to obtain uniform signals with specimens
substantially greater in size than the electromagnetic hotspots.
For micron-scale biological entities such as bacteria, the
viscoelastic nature of cells and cell-to-cell variation in both
shapes and sizes are unavoidable setbacks that make it difficult
to achieve signal uniformity.49

Deep Learning for Bacteria Classification. Having
established a reproducible set of data, the reliability of the
reflection-based detection platform was assessed by quantifying
the identification accuracy of each bacterial species via deep
learning analysis. Deep learning is an artificial intelligence
technique that enables hierarchical feature extraction based on
multiple layers of trainable parameters and has been actively
used in computer vision tasks.50−52 In recent years, the use has
expanded to processing Raman spectral data for bacteria
identification.53−57 The general process for deep learning is
given in Figure 2a, where feature extraction and learning of

features from the input spectra are used to ultimately return
the probability of bacterial prediction. For the four bacterial
species, multiple reported deep learning models were
implemented to quantify their identification accuracy, namely
one-dimensional residual network architecture (1D ResNet),54

deep learning-based component identification,53 and the
recently reported dual-branch wide kernel network (Dual-
WKNet).55 Figure 2b shows the accuracy results for the
different models as well as those for conventional machine
learning methods including 3-nearest neighbor (3-NN),
support vector machine with principal component analysis
(PCA-SVM), and logistic regression (LR). The returned
identification accuracies are high throughout all techniques
(>92% on average), which helps validate the reliability of
reflection-enhanced Raman as a means to obtain Raman
signals of high reproducibility. The highest average accuracy
was returned by the DualWKNet model (configuration shown
in Figure S6), which is based on accurate training of global
spectral features even with few training data owing to wide
kernels (large kernel sizes, >15) for large receptive fields and
minimized overfitting.55 To further examine the identification
accuracies for each bacterial species, a confusion matrix was
plotted in Figure 2c using DualWKNet as the representative
model. The accuracies as indicated by the red diagonal sections
were measured using a 5-fold cross-validation process (a
percentage out of 260 spectra), showing satisfactory results for
each bacterial class. Overall, the high classification accuracy
provided by DualWKNet alongside other machine and deep
learning models serves as a validation of reflection-enhanced

Figure 3. CAPA of single bacterial cells. (a) Schematic illustration of the CAPA process. (b) Bright-field image of single E. coli cells positioned
within the patterned traps. Scale bar: 10 μm. (c) Cross-sectional SEM image of a single cell inside a trap. Scale bar: 1 μm.
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Raman as a means to provide highly reliable signature signals
from bacteria.

CAPA of Single E. coli Cells. As demonstrated previously
in Figure 1, Raman detection of single bacteria typically
involves drop-casting a small volume of bacterial suspension on
a given substrate and then navigating through the sample to
find single cells for measurement. So far, it has been necessary
to excite different parts of the cell to find the region of highest
Raman activity (central edge of the cell as provided in Figure
S3) for an accurate and judicious comparison of the signature
spectra of different bacteria. However, the random orientation
of drop-casted cells makes each consecutive single-cell
measurement increasingly laborious in obtaining the highest
signal intensities. To alleviate this issue, it would be ideal to
position individual cells with a unified orientation. We thus
employed CAPA, a patterning technique that uses capillary
forces to trap colloids at predefined topographical sites.25,27,58

Figure 3a shows the schematic illustration of using CAPA to
assemble E. coli into an array of single cells. After fabricating
the assembly template as per Figure S7, the bacterial
suspension was confined between the template and a glass
slide that moves across to form a receding meniscus. The
solvent evaporation at the meniscus creates a flux that
promotes the convective flow of cells toward the meniscus
edge, generating an accumulation zone (AZ) at the three-phase
(solid template/bacterial suspension/vapor) contact line.25

The AZ at the edge of the meniscus restricts the Brownian
motion of cells in suspension and hence increases the
probability of successful assembly. The cells are forced into
the designated traps as the moving meniscus locally pins as it
encounters the patterned trenches.27 After translation of the
suspension across the template is complete, an array of single
bacterial cells is obtained, with each cell indicated by white
arrows (Figure 3b). As the assembly direction is from left to
right, the cells are positioned at the righthand side of the trap.
The SEM image in Figure 3c confirms the localization of one

cell per trap. We note that while assembly yields can be
improved by multiple runs of CAPA as noted previously in
patterning of cells,38 a single run was conducted to minimize
preparation time and was sufficient to find multiple single cells
entrapped for Raman detection, as observed by optical
microscopy. Thus, having created an alignment of single cells
according to the trap geometry, the Raman spectra of the
patterned cells were obtained next.
Figure 4a illustrates the position of the excitation laser that

corresponds to the Raman spectra of single E. coli cells
patterned using CAPA (in red, Figure 4b) and an empty trap
(in black, Figure 4b). The reflection-enhanced Raman
response from the patterned cells is consistent with those
from cells drop-casted on the Ag/SiO2 substrate, indicated by
the precisely matching peaks of spectra that arise from the
Raman and reflection-enhanced Raman effects (and not
SERS), shown in Figure S8. For measuring the patterned
cells, the laser was consistently focused on the central edge of
the cell closest to the trap center. The result in Figure 4b
highlights the importance of CAPA in providing an alignment
of single cells. It is worth noting that even though the laser was
positioned at the same location−centered on the trap−we
consistently observed stronger Raman signals from CAPA-
aligned bacteria. We hypothesize that this may result from
anisotropic drying effects and preferential bacterial orientation
or enhanced contact of one side with the trap cavity. While the
exact mechanism remains under investigation, these findings
suggest that CAPA may enable spontaneous alignment of the
signal-dominant side of the bacterium in a reproducible
manner. We aim to explore this further in future studies using
high-resolution Raman mapping and modeling of capillary flow
dynamics. Because positioning the laser at the central edge of
the bacteria is imperative to acquire the highest signal
intensities, the use of CAPA makes the laser positioning and
spectral acquisition processes significantly more convenient.
This, for instance, cannot be achieved with drop-casting

Figure 4. Raman signals from single cells isolated using CAPA. (a) Top-view illustration of a single E. coli cell inside the trap site (in dashed lines)
and the positions of the excitation laser colored to match the Raman spectra in panel (b). Raman spectra of single E. coli cells entrapped using
CAPA (b) and by drop-casting on patterned templates (c). Two examples of single cells positioned within traps by CAPA and by drop-casting
show the difference in orientation of the cells. Each single bacterial cell is color-coded in light green. Scale bars: 2 μm.
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because each cell would have a different orientation on the
substrate (Figure 4c). Additionally, the fixed orientation of
cells enabled via CAPA brings about consistency in the spectra
obtained. When cells were drop-casted on the patterned
substrate for comparison, with all other measurement
conditions kept identical, the general trend of the characteristic
spectra was notably irregular. The discrepancy is likely to come
from a difference in the local orientation of each cell within the
trap site from the two samples, with CAPA providing the
benefit of pinning the cells adjacent to the trap wall for
regularity in alignment. While the current demonstration
focused on rod-shaped E. coli and rectangular trap geometry to
emphasize the aligning capability of CAPA, the technique can
be extended to assembling mixed bacteria with different cell
shapes in future studies by rational design of the template with
different patterns59 to accommodate the cells’ structural
variety. In addition, using artificial intelligence algorithms for
the recognition of bacterial cells different morphologies can
help determine the optimal position for laser excitation and
thus streamline the Raman spectral acquisition process.

Separation of Single E. coli Cells From Artificial Urine.
Given the working principle of CAPA in that the suspension of
bacterial cells is swept across the topographical template, the
separation capability of CAPA was explored to determine
whether E. coli cells suspended in media other than deionized
water can be selectively filtered at the trap sites. As a proof-of-
concept, CAPA was conducted for E. coli cells suspended in
artificial urine, with Figure 5a showing the results of assembly
directly after CAPA. Here, the traps appear to be occupied but
not discretely within the trap boundaries. To remove any
components hanging out from the righthand ends of the traps,

a simple rinsing process was carried out, resulting in a clearer
representation of trapped cells, as shown in Figure 5b. Again,
the cells positioned adjacent to the righthand side of the trap
are the ones properly assembled using the CAPA process, and
these cells have been marked with white circles. The results for
artificial urine are in stark contrast with those for other media
(ground beef solution, LB media, milk, and whole blood from
mouse) given in Figure S9. In all other cases, no cells were
observed to be trapped both after CAPA and after the rinsing
process. As CAPA is fundamentally based on evaporation of
the receding suspension, the presence of multiple components
in these various media interferes with the formation of a dense
accumulation zone of the bacterial cells which, in turn,
prevents the capillary forces to come into play at the local trap
sites. Provided the separation capability of CAPA for artificial
urine, Raman measurements were conducted to determine
whether the signature E. coli signals can be readily obtained
from cells before and after the rinsing process.
Figure 5c shows the characteristic Raman signals of E. coli

for cells measured directly after CAPA, with characteristic
peaks indicated by gray lines. A clear difference in the spectra is
observed before and after the rinsing process. In Figure 5c, a
high-intensity peak that pertains to urea is present at 1001
cm−1, which overlaps with the phenylalanine peak at 1002
cm−1 shown in Figure 5d. The urea peak is removed after the
rinsing process, and it is also evident that overall consistency
and peak intensities are higher for the water-rinsed samples
due to the removal of the remnants. The result indicates the
potential to utilize CAPA in detecting bacteria suspended in
biological samples from patients with urinary tract infec-
tions.60,61 With bacterial cells already present in urine, CAPA

Figure 5. CAPA-enabled separation of single bacterial cells directly from artificial urine. Bright-field images of CAPA conducted for E. coli in a
suspension of artificial urine before (a) and after (b) rinsing the substrate with deionized water. Single cells trapped successfully in (b) are indicated
by white circles. Scale bars: 10 μm. (c) and (d) Single-cell Raman spectra taken from panels (a) and (b), respectively.
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can help omit any further processing steps such as
centrifugation, as cells can be selectively trapped into
designated sites to be detected directly using Raman
spectroscopy.

■ CONCLUSIONS
In this work, a single bacteria detection platform was
introduced in which single cells are selectively patterned
using CAPA and characterized using reflection-enhanced
Raman spectroscopy. To obtain reliable signals with high
reproducibility, special attention was given to establishing the
reflective film with a low background signal, the bacteria
washing processes to maintain cell morphology, and the
measurement conditions especially the position of the
excitation laser. The highly reflective Ag/SiO2 film, which
enhances signals by the reflection of downward scattered
Raman photons and the excitation laser, enabled the detection
of different bacterial species. The excellent reproducibility of
the reflection-based substrate was validated by both previously
reported machine and deep learning techniques. The role of
CAPA is significant in that it enables the orientation of the
bacterial cells according to the geometry of the patterned traps
which, in turn, align the part of the cell that provides the
highest signal intensity. Another important benefit of CAPA is
its separation capability in selectively isolating single cells from
an E. coli suspension in artificial urine. Raman detection of
entrapped cells directly from the urine suspension has positive
implications for applications involving biological samples as no
additional processing steps such as centrifugation is required.
While the simple reflection-based platform coupled with CAPA
offers a step toward reliable, accurate, and reproducible
detection of pathogenic bacteria at the single-cell level, there
are a number of aspects that could be further improved. First,
the lengthy patterning process governed by the assembly speed
of 2 μm s−1 needs to be shortened. For instance, this could be
achieved by utilizing a patterned blade to drag the bacterial
suspension, increasing the evaporation rate of the meniscus.62

Higher evaporation rates leading to increased cell flux to the
meniscus edge can, in parallel, provide the added potential
benefit of reducing the minimum bacterial concentration
needed for cell capture. We anticipate that making this
engineering adjustment can help make the platform more
compatible with lower bacterial densities present in real urine
samples. Additionally, the data set could be expanded to
encompass several other bacterial species to fully harness the
synergistic potential of integrating Raman spectroscopy and
deep learning. We envision that these improvements could
help push the proposed system to achieve greater practical
relevance.

■ EXPERIMENTAL SECTION
Growth of Bacteria. Bacterial suspensions were prepared by

thawing and inserting a small piece of frozen bacteria stock (stored at
−75 °C) into 7 mL of growth media (Luria Broth for E. coli and Brain
Heart Infusion for C. glutamicum, S. gallinarum, and S. aureus) and
incubating overnight with aeration at 37 °C. A volume of 50 μL
overnight grown solution was added to 7 mL of fresh media and
grown under identical conditions until an O.D. of around 0.3 was
reached.

Washing of Bacterial Suspension. Bacterial suspensions were
added to 1 mL tubes for a four-step washing process. Three initial
washes were conducted by centrifuging the bacteria at 1000 g (for E.
coli and S. gallinarum) or 6000 g (for S. aureus) and resuspending the
pellets in 0.9% NaCl. In the final washing step, the pellets were

resuspended in deionized water. The use of the isotonic solution in
the early washing processes is to minimize osmotic shock during the
removal of the growth media.

Preparation of Reflective Film Substrates. Reflective film
substrates were prepared using electron beam evaporation (A-TECH,
Republic of Korea). First, silicon wafers were diced into 1.5 cm × 1.5
cm pieces and sonicated sequentially in acetone, ethanol, and
deionized water for 10 min each and then dried with N2 gas. To
remove excess contaminants, the substrates were O2 plasma-treated
for 2 min before electron beam deposition. Cr adhesion layers were
deposited at a rate of 0.5 Å s−1 while reflective films, Ag, Au, and Al
were all deposited at 2.0 Å s−1. For Ag, a protective SiO2 layer was
additionally deposited at 0.1 Å s−1.

Deep Learning Analysis Using DualWKNet. The DualWKNet
model was previously developed to accurately discriminate different
bacterial species based on their Raman spectra.54 The model consists
of two distinct network branches, each consisting of three sets of
residual blocks and average pooling layers, and finally a self-attention
block. The residual blocks discern features from the input spectra by
employing convolution layers to act as trainable filters. The number of
kernels in the convolution layers is identical (32, 64, and 128) in both
network branches but the layers in each branch have different kernel
sizes of 45, 25, and 15 for the first branch and 95, 55, and 15 for the
second branch. After each residual block, the average pooling layer
reduces the number of learning parameters and prevents overfitting.
The following self-attention block then learns the correlations
between the extracted spectral features. Finally, the fully connected
layer returns the probability of each bacterial species for identification
with the Softmax function applied as a classifier. The model was
written in the Python language and adapted to the PyTorch deep
learning framework.63 Deep learning training was conducted through
the AdamW64 optimizer, with a learning rate of 7 × 10−5 and betas
(0.5, 0.999). The batch size was 20, and 20 epochs were used. Every 5
epoch, the learning rate was halved. A Titan V (NVIDIA, USA) GPU
was used to perform the DualWKNet model training.

Deep Learning Analysis Using DeepCID and 1-D ResNet.
DeepCID is a model presented for distinguishing the composition of
chemical mixtures from Raman spectra. The code for this model is
publicly available at (https:github.com/xiaqiong/DeepCID), and in
this study, we have reproduced the model using the PyTorch toolkit.
The DeepCID model consists of multiple convolutional layers
designed to capture the intricate patterns within the Raman spectra.
The model features two convolutional blocks and a max-pooling
block, with the first convolutional block having an output channel size
of 32, and the second convolutional block having an output channel
size of 64. The kernel size for all convolutional blocks is fixed at 5.
Following feature extraction by the convolutional blocks, the extracted
features pass through a fully connected layer for classification. The
Rectified Linear Unit (ReLU) was used as the activation function, and
training was conducted using the Adam optimizer with a learning rate
of 0.0001.

The 1-D ResNet is a model presented for distinguishing bacterial
spectra from Raman spectra. The code for this model is publicly
available at (https://github.com/csho33/bacteria-ID). In our study,
we reproduced the model and training techniques presented in the
original publication on 1-D ResNet.54 The proposed 1-D ResNet
model is based on the widely used ResNet51 model for image
classification, which utilizes 2D convolutional blocks to analyze image
data. However, in 1-D ResNet, 2D convolutional blocks are
substituted with 1D convolutional blocks. The 1-D ResNet used in
this work comprises several residual blocks, each consisting of two
convolutional blocks with a kernel size of 5 and batch normalization.
A total of 12 residual blocks are utilized, followed by feature
extraction and classification through a subsequent fully connected
layer. The ReLU was used as the activation function, and training was
conducted using the Adam optimizer with a learning rate of 0.001.

Fabrication of the Assembly Template for CAPA. The first
step to fabricating the assembly template is to undergo an image
reversal process in standard photolithography. AZ5214E photoresist
(Microchemicals GmbH, Germany) was spin-coated at 5000 rpm for
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30 s on a freshly cleaned Si substrate and prebaked at 115 °C for 1
min. Using the photomask designed to fit single bacterial cells, the
resist was exposed to UV light (365 nm, 210 mJ cm−2) for 5 s using
an MDA-600S mask aligner (Midas System Co., Republic of Korea).
The exposed photoresist was reversal baked at 115 °C for 2 min and
subsequently flood-exposed without the photomask for 30 s. The
resist was developed using an AZ MIF300 Developer (Merck KGaA,
Germany) for 22 s and immediately rinsed with deionized water for
30 s. Reactive ion etching was used to create traps through the Si
template using the patterned photoresist as the etching mask. A total
of 14 cycles of SF6 (80 W source power, 20 s) and C4F8 (80 W source
power, 30 s) were used. The photoresist was then removed by
sonication in acetone for 30 min. The reflective substrate was
prepared by electron beam evaporation to deposit 30 nm Cr
(adhesion layer), 300 nm Ag (reflective layer), and 1 nm SiO2
(passivation layer) at rates of 0.5, 2.0, and 0.1 Å s−1, respectively. For
Ag, a thickness of 300 nm ensures that all sidewalls of the patterned
traps are covered to prevent the Raman peak of Si (∼520 cm−1) from
interfering with the characteristic Raman signals of bacterial cells.
Additionally, the SiO2 layer acts as a passivating layer to protect the
bacteria from antibacterial rupture.42

Capillarity-Assisted Particle Assembly. CAPA was conducted
using a customized setup. The assembly template was fixed on a metal
block fixed over a hot plate set 25 °C above the dew point
temperature. Around 150 μL of bacterial suspension was sandwiched
between the template and a freshly cleaned glass coverslip. The
bacterial suspension was prepared at O.D. values around 0.3,
corresponding to volume fractions of approximately 0.000038%.
This is a conservative concentration compared to a previous study on
CAPA-based bacteria patterning,39 chosen intentionally to reduce the
probability of multibacterial occupancy while maintaining viable,
exponentially growing cells. The coverslip was set to relative motion
at a constant speed of 2 μm s−1 using a piezoelectric motor. Given the
patterned area of 5 × 5 mm, the time taken to prepare one sample
using the CAPA process is approximately 42 min.

Raman Measurements. A dispersive Raman spectrometer
(ARAMIS, Horiba Jobin Yvon, France) equipped with 514, 633,
and 785 nm lasers was used for Raman measurements. Based on
experimental comparison, 514 nm was chosen as the excitation
wavelength, and a grating of 600 grooves mm−1 was used to collect
the Raman spectra of single bacteria cells. The resolution provided by
the selected grating is approximately 2.8 cm−1. The power and
integration time were set to 1.25 mW and 10 s with no accumulations.

Bacterial Suspensions in Various Media for CAPA. To
determine the separation capability of CAPA in selectively isolating
bacteria from different media, milk (used as is from a commercial
product), artificial urine (from Pickering Laboratories, USA), ground
beef solution (prepared from a commercial product), LB media
(prepared using LB powder purchased from Duchefa Biochemie, The
Netherlands), and whole blood (heart blood from mouse) were used
in the final washing step for resuspending E. coli cells. The following
dilutions in deionized water were made to conduct CAPA: 50 times
for milk, 10 times for artificial urine, and 100 times for whole blood.
The use of deionized water for dilution was intended for direct
comparison with medium-grown bacteria suspensions (washed with
0.9% NaCl three times and one final time with deionized water). As
CAPA relies on controlled meniscus evaporation, the presence of salts
or buffers such as PBS or 0.9% NaCl leads to salt crystallization at the
drying front, interfering with the capillary flow and particle access to
the microcavities. Hence, deionized water was selected as the dilution
medium for CAPA compatibility.
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