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Antimicrobial resistance (AMR) poses a significant global health
threat, necessitating rapid and precise detection methods. One
widespread mechanism of AMR involves bacterial production of
p-lactamase enzymes which render f-lactam antibiotics ineffec-
tive. The ability of p-lactamases with carbapenemase activity to
degrade carbapenems, -lactams used as antibiotics of last resort,
is of particular concern. Carbapenemase-producing organisms
(CPOs) cause infections with high mortality rates, hence, their
timely detection is of utmost importance. Here, we applied
surface-enhanced Raman scattering (SERS) to the detection of car-
bapenemase activity, where our data reveal that enzyme-catalyzed
carbapenem hydrolysis results in distinct spectral fingerprint
changes. We capitalize on this finding by illustrating an experi-
mental methodology implementing SERS that permits the detec-
tion of CPOs.

Antimicrobial resistance (AMR) poses a growing threat to
public health around the world and puts a substantial finan-
cial strain on global healthcare systems." It is widely acknowl-
edged that the excessive and irresponsible use of antibiotics
has significantly contributed to the emergence of resistant bac-
terial strains.>® f-Lactams, including penicillins, cephalospor-
ins, carbapenems, and monobactams, are the most prescribed
antibiotics globally.* Carbapenems are potent antibiotics used
for many indications, including urinary tract infections, pneu-
monia, intra-abdominal infections, meningitis, and in some
cases, they are considered the last resort for targeting multi-
drug resistant pathogens.” However, these antibiotics can be
hydrolysed by f-lactamase enzymes which have carbapene-
mase activity. Carbapenemase-producing organisms (CPOs)
include Escherichia coli, Pseudomonas aeruginosa, Acinetobacter
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baumannii, Klebsiella pneumoniae, and Enterobacter cloacae.®”
CPO infections have high mortality rates,”® hence, timely and
accurate detection of such resistant microorganisms is crucial
to initiate appropriate antimicrobial therapy and implement
infection prevention and control measures.'”'" However,
many conventional techniques for detecting CPOs are either
time-consuming, expensive, and/or labor-intensive.'*™*
Containing these health concerns is extremely challenging
without diagnostic assays capable of time-efficient and reliable
pathogen characterization.’> Amongst other methods, recent
advances in microfluidics,"®"” surface plasmon resonance,"®
electrochemical biosensing,'®?° immunodetection,"** and
isothermal nucleic acid amplification technology®* have led to
innovative systems with the potential to transform AMR
detection.

Surface-enhanced Raman scattering (SERS) is a technique
that combines Raman spectroscopy with plasmonic effects. It
amplifies excitation and scattering processes, resulting in
signal enhancement that makes it suitable for ultrasensitive
chemical analysis.>»*® Its high sensitivity, narrow spectral
peaks, rapid operation, and ability to function under ambient
conditions make it promising for studying complex biological
systems.>® Silver or gold nanoparticles supported on paper are
often used as SERS substrates and their popularity is on the
rise in chemical analysis due to affordability, portability, and
ease of use.”””® However, the potential of SERS as a rapid sur-
veillance technology for tracking the emergence and spread of
antimicrobial resistance remains largely unexplored.**”**
Reports describing the use of paper-based SERS substrates for
the detection of AMR are even scarcer.>® The development of
point-of-care devices that are rapid, cost-effective, portable,
and do not necessitate specialized training is of paramount
importance, particularly during deployment in resource-con-
strained settings.

In this work, we present the successful rapid identification
of carbapenemase-producing bacteria using a commercially
available paper-based SERS-active substrate.®” In the presence
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Fig. 1 (a) Reaction scheme showing the carbapenemase-catalysed
degradation of the carbapenem meropenem. (b) SERS spectra of mero-
penem and the meropenem-derived hydrolysis product generated by
the carbapenemase KPC-2. The imine tautomer of the hydrolysis
product is expected to be the major meropenem-derived species that is
present.®® Characteristic peaks of meropenem and hydrolysed merope-
nem are marked in black and red letters, respectively.

of a carbapenemase, the carbapenem f-lactam ring is broken
open, generating a hydrolysis product (Fig. 1a).***® We
explored the application of SERS to detect these chemical
alterations.

First, we obtained the SERS spectrum of the carbapenem
meropenem (in black, Fig. 1b) and assigned some of its
characteristic peaks. The SERS peaks observed at 880 and
914 cm™' in meropenem correlate to the p-lactam ring
(marked a in black, Fig. 1b).***' The other distinctive peaks at
1143, 1250, and 1500 cm™" (marked b, ¢, d in black) can be
attributed to C-N in the pyrrolidine ring, C-N in the dimethyl-
carbamoyl group, and aliphatic C-H in general,
respectively.’®™*> A detailed list of identified peaks is shown in
Table S1 (SI).

Next, we compared the SERS spectrum of meropenem with
the meropenem-derived hydrolysis product formed following
incubation with carbapenemase enzymes (Scheme 1). We
obtained the meropenem hydrolysis product at a concentration
of 10 mg L™" using purified carbapenemase enzymes (see SI
for details). We tested two major carbapenemases in this
study: KPC-2 and OXA-48; results obtained from KPC-2 are dis-
cussed below, and those from OXA-48 can be found in the SI.
The SERS spectrum of the meropenem hydrolysis product is
displayed in Fig. 1b (in red) and shows distinct differences
from the original meropenem spectrum. Peaks that are unique
to the hydrolysis product are marked with red letters (Fig. 1b).
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Peaks at 780, 1077, 1217, and 1356 cm™" appear exclusively in
the spectrum for hydrolysed meropenem and were assigned to
C-N in the dimethylcarbamoyl group, C-H in the hydroxyethyl
group, C-O-H in a carboxylic acid, and C-H on the pyrrolidine
ring, respectively.>***° One of the significant findings from this
analysis is the appearance of the peak at ~1600 cm™" (marked
e in red), which was assigned to the C=N bond in the pyrro-
line ring of the hydrolysed product (see Fig. 1a).** The band at
~1670 cm™" (marked f in red), as well, is unique to the hydro-
lysed meropenem and was assigned to the amide I vibrational
mode (C=O stretching of amide group).** These unambiguous
differences between the spectral fingerprints of meropenem
and its hydrolysis product confirm the chemical transform-
ation of meropenem by KPC-2, highlighting the ability of SERS
to detect subtle molecular changes.

Fig. 2 presents a time course of SERS spectra acquired
for KPC-2 and meropenem 5 min and 20 min after mixing
the components. Peaks corresponding to the hydrolysis
product (highlighted in green) became more prominent,
while the intensity of peaks related to meropenem (high-
lighted in red) decreased over time. A prominent peak at
1450 cm™" showed significantly higher intensity at both the
5 and 20 min intervals. This could be due to the C-N
stretching from the enamine tautomer of the hydrolysed
product,’®*® as well as the C-N stretching in the amide
bonds of KPC-2.** Some peaks align with previously reported
SERS data of KPC-2 (see Table S2).*> We obtained similar
results when meropenem was treated with OXA-48 (see
Fig. S3 and S4 in the SI).

Principal component analysis (PCA) of SERS signals of mer-
openem alone and when combined with KPC-2, covering
200-3200 cm™’, extracted the first two principal components
accounting for 98.5% variance (see Fig. S5 in SI). The score
plot clearly separated the samples, suggesting effective differ-
entiation of the spectra and reflecting chemical changes in
meropenem resulting from its hydrolysis by KPC-2. Similar
PCA results were obtained when OXA-48 was tested (Fig. S6). In
the absence of a carbapenemase, however, the meropenem
spectrum remained unchanged in aqueous solution for several
days at room temperature (see Fig. 57).*'

The bioassay was subsequently tested using bacterial cells
to evaluate its potential for clinical applications. First, SERS
spectra were acquired for a mixture of meropenem and an
E. coli strain that does not produce carbapenemases
(Fig. 3a). The characteristic peaks from the p-lactam ring of
meropenem marked with black dotted lines remain
unchanged. Additionally, the peaks expected from the hydro-
lysed product were not observed (marked with red dotted
lines). However, the spectrum appears more complex, likely
due to E. coli-derived products present in the mixture.*®
When meropenem was mixed with KPC-2-producing E. coli,
spectral changes were seen (Fig. 3b). Peaks at 1217, 1356,
and 1605 cm ™" are consistent with the hydrolysis of merope-
nem in the presence of the carbapenemase-producing
E. coli. Disappearance of peaks related to f-lactam ring
further confirms the hydrolysis of meropenem and potency

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 Experimental workflow of the assay.
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Fig. 2 Monitoring a mixture of meropenem and KPC-2 at different time
points using SERS. Red bands highlight the disappearing peaks of mero-
penem, while green bands indicate the emergence of new peaks corres-
ponding to its hydrolysis product.

of the CPO E. coli used (black dotted lines in Fig. 3b).
Moreover, the decreased intensities of the peaks that were
attributed to E. coli products, when compared to Fig. 3a,
may reflect the survival of the E. coli following antibiotic
treatment. The results obtained with SERS are consistent
with UV-Vis spectrophotometric detection assay of merope-
nem hydrolysis, a known antimicrobial susceptibility test
(Fig. S8).*” Overall, these observations confirm that SERS can
be effectively applied to the measurement of meropenem
hydrolysis by CPOs. However, the positive detection of mero-
penem hydrolysis by a CPO depends on the catalytic
efficiency and the amount of the carbapenemase produced
by the strain. More CPO cells are needed to detect a strain
producing a weak carbapenemase.*®*°
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Fig. 3 (a) SERS spectrum of meropenem (in blue) following treatment

with an E. coli strain that does not produce a carbapenemase. Spectra of
meropenem and its hydrolysed product are shown (in black and red,
respectively) for comparison. (b) SERS spectrum of meropenem (in blue)
when treated with a KPC-2-producing E. coli strain. Spectra of merope-
nem and its hydrolysed product are shown (in black and red, respect-
ively) for comparison. Note that, within the timeframe of the assay,
many of the cells of the meropenem-susceptible non-CPO strain had
likely not yet been killed.>°

Conclusions

In summary, we have demonstrated that clinically relevant car-
bapenemase-producing bacteria can be detected by means of
SERS. By analysing spectral changes in meropenem before and
degradation either by purified carbapenemase
enzymes or carbapenemase-producing bacteria, we discovered
that the hydrolysis of meropenem resulted in distinct changes
to the spectral fingerprint. Moreover, we developed an experi-
mental protocol that can form the foundation of future clinical

after its
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tests used to identify resistant bacteria in situ and in real time.
We are currently exploring alternative = SERS-active
substrates®’”> and more advanced sampling methodologies
that can further improve the detection sensitivity and discrimi-
natory ability of our approach. We strive to employ SERS for
testing CPO strains originating from intricate sample matrices,
such as blood, saliva, and wastewater. In these cases, the quan-
tity of carbapenemase production is uncertain or the specific
type of carbapenemase is unknown. To address these chal-
lenges, we plan to utilize supervised machine learning (ML)
algorithms, which have been proven to enhance accuracy by
identifying spectral changes, recognizing patterns, and effec-
tively managing large datasets.”®>*>* Owing to its potential for
ultrasensitive, time-efficient, and point-of-need detection,
SERS lends itself to the development of diagnostic methods
that permit timely selection of antibiotics and implementation
of infection prevention and control measures, thus reducing
the disease burden associated with AMR.
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