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Metabolite microextraction on surface-
enhanced Raman scattering nanofibres
and D2O probing accelerate antibiotic
susceptibility testing
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Malama Chisanga1,6 , Claudèle Lemay-St-Denis2,3,4, Xinran Wei5, Yuzhang Liang5, Mengdi Lu5,
Wei Peng5, Joelle N. Pelletier1,2,3,4 & Jean-Francois Masson1

Rapid antibiotic susceptibility tests (AST) are vital for the effective treatment of disease, necessitating
the development of analytical tools to address unmet needs in healthcare. Leveraging the sensitivity of
plasmonicnanosensors and isotopic labellinghas thepotential to accelerateAST.Here,wedeveloped
surface-enhanced Raman scattering (SERS)-based nanofibre sensors and heavy water [deuterium
oxide (D2O)] labelling (SERS-DIP) for detecting theminimum inhibitory concentration (MIC) andAST for
trimethoprim (TMP) against E. coli. SERS-DIP rapidly detected the MIC of TMP for the susceptible
strain in 2 h. TMP-resistant cells retained the metabolic activity regardless of TMP levels, confirming
the resistance phenotype. Kinetic analysis of D uptake by resistant cells treated with TMP (2 ×MIC)
revealed increasing D levels proportional to peak redshifts over time, confirmed by machine learning-
driven data exploration. Our results demonstrate the utility of nanofibre-enabled SERS-DIP for robust
AST, uncovering new spectral biomarkers that may impact clinical medicine.

Theever-increasingprevalenceof antimicrobial resistance (AMR) is amajor
global health concern, and a crucial step in the effective treatment of
microbial infections involves the rapid detection of antibiotic susceptibility
profiles of the causative pathogens to guide the timely prescription of
appropriate drugs. Antibiotic susceptibility testing (AST) is typically per-
formed with genotypic assays that detect resistant genes or plasmids using
tools such as polymerase chain reaction (PCR) to rapidly identify resistant
and susceptible strains1. However, genotypic ASTs are prone to false
negatives, especially where PCR primers complementary to antibiotic-
resistant genes are not systematically applied or are unknown2. In addition,
the presence of resistant genes does not always indicate the resistance
phenotype, considering that an encoded enzyme can still be inactive even
when protein transcription and translation are demonstrated3.

AST based on phenotypic tools offers a more direct measure of anti-
biotic resistance in which bacterial growth in the presence or absence of

antibiotics is monitored through bacterial optical density or zone of inhi-
bition measurements4. Whilst such culture-based phenotypic ASTs are
accurate and reliable, they are time-consuming, taking 24–72 h to identify
resistant strains and suitable antibiotic dosage5. Such long turnaround times
often delay the prescription of targeted therapy and encourage the use of
broad-spectrum drugs, which usually exacerbates AMR.

Surface-enhanced Raman scattering (SERS) sensors have attracted
huge interest as versatile analytical tools for rapid phenotypic ASTswith the
potential to offer solutions to the current AST shortfalls. SERS utilises the
near-field electromagnetic (EM) field generated by the localised surface
plasmon resonance (LSPR) on nanoparticles (NPs) and molecular vibra-
tional signatures to detectmicrobialmolecules with excellent sensitivity and
specificity6. In label-free SERS-based AST (SERS-AST), the information-
rich SERS fingerprints unravel drug-induced differential molecular profiles
in bacterial cells treated with or without antibiotics over time7,8. Such
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molecular changes detected by SERS are used to rapidly establish the
minimum inhibitory concentration (MIC) of antibiotics to identify sus-
ceptible and resistant bacteria.

Recently, Liu et al. used SERSdeploying silverNPs (AgNPs) embedded
in anodic aluminiumoxide todetermine theMIC formethicillin-susceptible
Staphylococcus aureus and other clinical isolates in 2 h, with SERS yielding
AST results tenfold faster than the standard broth microdilution assays9.
Similarly, Han et al. successfully identified susceptible and resistant Gram-
positive and Gram-negative pathogens related to bacteremia in blood cul-
ture samples in 5 h using AgNP-activated SERS substrates10, and the results
were strongly correlated (96%) with the VITEK tool commonly applied for
clinical AST. Several SERS techniques for bacterial AST have been exten-
sively demonstrated recently with similar levels of success11–13, illustrating
the robustness of themethod.However, it isworthnoting that all SERS-AST
protocols reported so far identify susceptible and resistant pathogens by
computing differential spectral intensity changes induced by drug
treatment11.Whilst such SERS designs deliver accurate AST results, they are
prone to instrumental factors, such as variations in laser fluency and irre-
gularities in plasmonic substrates/architectures that have considerable
impacts on the intensity dynamics of key SERS peaks14.

To overcome these limitations and expand the scope of SERS-AST,
deuterium isotope probing (DIP) can be integrated into SERS-AST tools. In
DIP, heavy water [deuterium oxide (D2O)] labelling of cells measures the
general metabolic activity of bacteria15,16 and has been successfully used in
combination with Raman and infrared spectroscopy for spectral signal
readouts to probe the physiological behaviour or functions of bacteria as a
function of stress17,18. Given that the addition of D2O to a culture medium
does not skew the natural substrate reservoir or cellular phenotype19, DIP
can be conveniently integrated into the standard AST pipeline. When cells
incorporate D2O into biomass via bacterial anabolism, D2O-derived deu-
terium (D) isotope will replace hydrogen (H) atoms in newly synthesised
cellular molecules (e.g., lipids and proteins)16. SERS spectra measured from
D2O-labelled bacteria exhibit unique spectral signature bands (C–D
vibration modes in lipids and proteins) in the silent region of the SERS
spectrum (2000–2400 cm-1)20, which is clearly redshifted from C–H lipid
vibrations detected around 3000 cm-1.

Cellular D–H isotope exchange and the resultant SERS spectral
changes can provide an unambiguous platform to measure MICs and AST
of clinically relevant bacteria. Moreover, antibiotic drugs such as tri-
methoprim (TMP) disrupt DNA biosynthesis by inhibiting the enzymatic
production of the essential tetrahydrofolate cofactor, thereby disrupting
purine synthesis21. SERS is highly sensitive to the structural and composi-
tional changes in DNA and its related biomolecules, such as purines and
pyrimidines22,23. Combining SERS with D2O labelling (SERS-DIP) offers a
global picture of intracellular and cell wall (the part of a bacterium in direct
contact with a nanoplasmonic surface)molecular dynamics that could yield
fast, robust, and accurate bacterial AST24.

However, to the best of our knowledge, SERS-DIP has not been
reported for MICs and AST detection to date, perhaps due to the low

sensitivity exhibited by plasmonic sensors towards C–D sensing in
D2O-enriched cells. Plasmonic nanofibre sensors are poised to revolutionise
SERS-AST, allowing the kinetic analysis of metabolic flux in D2O-amended
bacteria to establish drug susceptibility profiles. Nanofibres patterned with
plasmonic NP arrays deposited on tapered glass fibres exhibit single-
molecule detection sensitivity owing to the lens effect25, where intense EM
fields are generated at the nanofibre outlet at a point opposite the focal point
of the incident light. As such, nanofibres have superior analytical perfor-
mance to planar and colloidal nanosensors26, which are often deployed for
SERS-AST12,14, making nanofibre sensors potential candidates for the sen-
sitive detection ofmicrobialmetabolic activity profiles underlyingD isotope
assimilation by the cells treated with clinically useful antibiotics.

In this study, we developed a novel nanofibre sensor by patterning a
block copolymer-templated tapered fibre with a dense layer of AgNPs to
explore the applicability of plasmonic nanofibre sensors and D2O labelling
as a universal approach for AST via SERS-DIP. AgNPswere firmly attached
to anano-thinpoly(styrene)-b-poly(4-vinylpyridine) (PS-b-P4VP)polymer
layer coated on the glass fibre, leading to the formation of highly stable
arrays of AgNP on the nanofibre sensor. By taking advantage of the high
SERS sensitivity of nanofibre sensors, we demonstrate label-free and rapid
detection of biomolecular changes underlying bacterial AST in
D2O-labelled TMP-susceptible and TMP-resistant Escherichia coli. The
application of SERS-DIP allowed us to determine the MIC of TMP for
TMP-susceptible and resistant E.coli strains within 2 h. Machine learning-
driven exploration of spectral data identified several new spectral bio-
markers for SERS-AST: namely, band redshifts at 2180 cm-1 (C–Dmodes in
lipids and proteins) and 724 cm-1 (adenine-related biomolecules), in addi-
tion to SERS intensity dynamics at 724 cm-1 peak similar to those implicated
in isotope-independent SERS-AST tools reported previously9,10. Thus, our
newplasmonicnanofibre sensors andD2O labelling have ahugepotential to
examine the response of bacteria to antibiotic treatment in order to rapidly
establish the MIC and AST and identify susceptible and resistant cells
unequivocally via SERS-DIP.

Results and discussion
Fabrication and characterisation of the AgNP-coated
nanofibre sensor
This study designed a novel nanofibre sensor via a low-cost and facile self-
assembly process of PS-b-P4VP film andAgNPs on a glass fibre surface. The
AgNP-coated nanofibre sensor was developed using a bottom-up approach
reported by our group25. First, borosilicate glass rods (diameter 1mm and
length 10 cm)were pulled on one end to create tapered fibres with a distal tip
diameterof~1 µmandwashed inpiranha to eliminateorganic contaminants.
Fibres were dip-coated in THF solution containing PS-b-P4VP to create a
brush-like polymer film on the fibre, as illustrated in Scheme 1. In previous
work, we established that a low polymer concentration (0.05mg/mL) used
for dip-coating produces an optimal brush thickness that allows dense NP
monolayers with negligible aggregation27; thus, this concentration was also
adopted in this study. The polar pyridine component of P4VPpreferentially

Scheme 1 | Bottom-up nano-patterning of a plasmonic nanofibre sensor of 1 µm tip
diameter. A tapered glass fibre was initially templated with PS-b-P4VP diblock
copolymer before incubation on an AgNP colloid (A), forming a dense AgNP array

on the nanofibre sensor (B, C). Scale bars for panels (B, C) are 5 µm and 2 µm,
respectively. Panel (A) was created in BioRender with permission.
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interacts with the hydroxyl (−OH) charge density on the borosilicate fibre
surface via multiple intermolecular forces (e.g., hydrogen bonding between
hydrogen atoms on the fibre and electronegative nitrogen atoms on
P4VP)28. The P4VPblock adsorbed directly onto thefibre surface, forming a
highly stable anchoring orwetting sublayer, while the hydrophobic PS block
formed an overlayer covering the P4VP undercoat, with PS chains either
stuck out when suspended in THF or collapsed when air-dried at room
temperature25. This is consistent with recent findings where PS-b-P4VP
formed a brush-like polymer bilayer on polar glass materials and other
surfaces when suspended in BCP26. Second, PS-b-P4VP-coated fibre tem-
plates were incubated with 3mL of AgNP colloid (pH 4.52) for 3 h at
ambient temperature to allow the deposition of citrate-capped AgNPs on
polymer-coated tapered fibres (Scheme 1). The extinctionmaximum (λmax)
of AgNPs detected at 414 nm and TEM images confirmed the mean dia-
meter of AgNPs to be ~80 nm (Supplementary Fig. 1). SEM images in
Scheme 1B, C confirmed the formation of a denseAgNParray on nanofibre
sensors. One might expect that the energetically unfavourable interactions
between negatively charged AgNPs and the nonpolar PS film coupled with
steric effects from hydrophobic PS chains would block the electrostatic
interactions between AgNPs and P4VP, potentially hindering the adsorp-
tion of AgNPs on BCP-coated fibres. To the contrary, SEM images in
Scheme 1 illustrate a dense layer of self-assembled AgNPs was formed on
nanofibres, with the hemispherical PS-b-P4VPcorona straddlingAgNPs on
the fibre surface when immersed in an AgNP colloid, similar to previous
results for BCP-induced AuNP nanopatterning on borosilicate glass
fibres25,27. This finding could be driven by both molecular rearrangements
and ionisation that, perhaps, occur simultaneously25. The interactions
between BCP and AgNPs might induce molecular rearrangements of PS
chains in a way that exposes P4VP, resulting in strong P4VP–AgNP elec-
trostatic attractions29. In parallel, an increase in colloidal acidity (pH
4.52 < pKa of P4VP) led to the protonation of P4VP, further increasing the
affinity of P4VP for negatively charged aqueous AgNPs. Such results are
supported by various studies that successfully fabricated robust sensors on
highly curved and 2D plasmonic by depositing citrate-reduced particles on
thin films of PS-b-P4VP25,29 or its analogs (e.g., PS-b-P2VP)30, which were

electrostatically anchored on glass by P4VP underlayer, with a pendant PS
top layer promoting self-assembly of NPs with minimal aggregation.

To confirm the origin of the SERS enhancement leading to sensitive
metabolite detection, EM near-fields were simulated using finite-difference
time-domain (FDTD) models (Supplementary Fig. 2) in a commercially
available FDTD software (Lumerical Solutions, USA). We considered a
normally incident Gaussian light beam that induces the LSPR excitation of
AgNPs. The reflection spectrum of nanofibre sensors with a tip diameter of
~1 µm exhibited two main peaks at specific wavelengths (λ): the reflection
peak (λ1) and dip (λ2) (Fig. 1A, C). The resonance wavelength is at 656 nm
[located between 633 nm (excitation wavelength) and 663 nm corre-
sponding to the Raman shift of 733 cm-1 for adenine]. Compared with an
electric field distribution at λ1, a stronger electric field enhancement of
AgNPs and internal glass fibre cavity was observed at λ2 (Fig. 1B—top
panel). Such findings perhaps highlight the contribution of the Fabry-Pérot
(FP) resonances in enhancing LSPR on nanofibre sensors, which generated
distinct EMinterference fringes in the nanofibre cavity, enhancing the LSPR
resonance intensity of AgNPs (Fig. 1B—bottom panel). Besides, both
633 nmand663 nmwere locatednearλ2, so that theLSPRexcitedby them is
also enhanced by FP resonances. Therefore, for the TM-polarised light, the
nanofibre sensor can enhance the excitation (incident) light and emitted
intensity of the Raman signals. Like TM-polarised light, the EM enhance-
ment for TE-polarised lightwas stronger at λ2 than λ1 (Fig. 1D). As such, the
sensor also exhibited interference patterns related to cavity FP resonances
(Fig. 1D—top and bottom panels). The main reason for the shift of the
reflection dip position was due to the difference in reflection phase shifts of
AgNP arrays for the TM-polarised and TE-polarised light. Despite the
blueshift in λ2, the peak remains between 633 and 663 nm, enabling con-
current EM field enhancement for both wavelengths and consequently
augmenting the SERS effect. Simultaneous excitation of surface plasmon
and FP resonancemodes have been reported in photovoltaic sensors, where
the co-produced propagating plasmon resonance and electrical current
allowed the detection of protein-protein binding within nanocavities31. In
another report, coupled resonant cavity structure and LSPR modes were
demonstrated to amplify SERS, leading to highly sensitive detection of

Fig. 1 | Plasmonic characterisation of the SERS nanofibre optical sensor.
A,C Investigating the effect of transversemagnetic (TM) and transverse electric (TE) light
reflectanceonelectricfieldenhancement. Simulatedspatial electricfield (| E |) distributions

in x-z (B) and y-z (D) planes for four wavelengths. Bottom panels in (B) and (D) provide
localisedmagnifications for amoredetailed analysis of LSPRandFP resonancemodes. For
(D), the calculated length in the y-direction is
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P, corresponding to the triangular lattice.
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cortisol in the plasmonic nanogaps at the metal-metal junctions32. In the
present study, we leveraged the coupled LSPR and FP effects generated on
AgNPs-decorated nanofibre sensors for rapid and label-free AST of
D2O-amended bacteria. Prior to AST experiments, the analytical perfor-
mance of nanofibre sensors was probed through quantitative detection and
spectral repeatability assessment of adenine SERS sensing. Regression of the
733 cm-1 band intensity against adenine levels (0–10 µM) yielded a standard
curve with a strong linear response shown by a large slope and high coef-
ficient of determination (R2 = 0.982) (inset in Supplementary Fig. 3a),
indicating high sensitivity of the sensor.Moreover, the low limit of detection
(LOD= 28.7 nM) and high spectral repeatability (relative standard devia-
tion (RSD) = 6.4%)33 (Supplementary Fig. 3b) show that nanofibre sensors
had comparable sensitivity and reproducibility to that of well-established
analytical tools often used in bacterial metabolite sensing34.

Bacterial AST phenotyping using nanofibre sensors
SERS has been established as a promising tool for drug susceptibility tests
due to its ability to determine MICs and AST faster than standard pheno-
typic assays11. However, the differential intensity ratios (mainly for the SERS
peaks between 720 and 745 cm-1) that the current SERS tools employ to
determine MICs and AST are vulnerable to instrumental and nanosensor
fluctuations. Themain goal of this study was to illustrate the applicability of
SERS combined with D2O labelling for rapid, non-destructive, and robust
detectionof theMICandAST inorder to expand theSERS-ASTcapabilities.
We selected twoE. coli strains of knownsusceptibilityand resistance toTMP
drug as a proof-of-concept study. Wild-type E. coli (BL21) was applied as a
TMP-susceptible strain, whilst its knock-in mutant E. coli (DfrB1) strain
contained the dfrB1 gene encoding an enzyme that confers resistance to
TMP35. The synthetic antibiotic TMPwas selected in this work as it is listed
among essential medicines for diseases such as urinary tract infections due
to its bacteriostatic effect36. The efficacy of TMP is challenged by the steady
rise in the prevalence of TMP-resistant bacterial cells carrying dihydrofolate
reductase genes providing resistance, including dfrB1, posing a serious
health threat36. This necessitates the development of SERS sensors that allow
rapid phenotyping of antibiotic susceptibility in susceptible and resistant E.
coli cells.

Investigation of bacterial growth and MIC determination using
broth dilution
Growth profiles of the TMP-susceptible E. coli strain in nutrient broth
supplemented with varying TMP levels with and without 50% D2O were
tracked through OD600 measurements. Fig. 2 shows the average growth
curves at various TMP concentrations over 16 h of cell culture at 37 oC. It is
clear that TMP-susceptible cells exhibited similar growth trends in normal
(H2O) (Fig. 2A) and heavy (D2O) (Fig. 2B) water, keeping all other culture
conditions constant. This finding suggests that the cells were not sig-
nificantly affected by 50% D2O present in the growth medium, and so the
cells were phenotypically identical. Previous studies show that exposure of
bacteria to low concentrations of D2O spiked in culture media, typically
≤80%, has no detectable impact on bacterial growth16,18, which is consistent
with our findings in this study (Fig. 2). Next, the MIC of TMP for the
susceptible strain was investigated using the growth profiles. Bacteria

exposed to increasing TMP concentrations (up to 16 µg/mL) and cultured
overnightdisplayedvarying growthphenotypes inducedbyTMPtreatment.
Although the susceptible strain grew normally at low TMP amounts
(0–0.5 µg/mL) in both H2O- and D2O-enriched nutrient broth, no growth
was detected at higher concentrations of antibiotics (≥2 µg/mL). When
treatedwith 1 µg/mLofTMP, susceptible bacteria displayed somegrowth in
the first 3 h, but the OD600 decreased abruptly to the baseline and remained
constant throughout 16 h of cell growth (Fig. 2), which is indicative of TMP-
induced growth inhibition. Thus, the MIC of TMP for E. coli (BL21) was
determined to be 2 µg/mL, which agrees with previous studies37,38.

SERSsensors unravel TMP susceptibility tests via Duptake from
D2O in active cells
After establishing the growth phenotype in TMP-spiked cell cultures with
andwithoutD2O(Fig. 2), SERSwasused to investigate theMICandAST for
susceptible and resistant E. coli strains. SERS generates information-rich
whole-organism spectral fingerprints measured from multiple cellular
molecules, such as lipids, proteins, and amino acids, which are used to
identify bacteria39. The SERS spectral features measured from bacteria were
different from those acquired from the blank nanofibre (Supplementary
Fig. 4), confirming that background signals from the sensor did not have an
impact on the SERS data. According to SERS spectra in Fig. 3A, TMP-
susceptible cells were metabolically active when cultivated in a nutrient
broth spiked with low concentrations of TMP (0–0.5 µg/mL) and 50%D2O
for 2 h as indicated by spectral redshifts and/or intensity decrease of many
SERS bands, such as 2180 and 724 cm-1 peaks, which are annotated in
Fig. 3A and quantified in the regression plots presented in Supplementary
Fig. 5A, B. The 724 cm-1 SERS vibrational mode was zoomed in further in
Supplementary Fig. 6 to highlight spectral intensity dynamics and redshifts
as functions of isotope assimilation into TMP-susceptible cells grown in LB
media supplemented with D2O and normal water.

However, theuniquepeak at 2180 cm-1 is themost apparentdifferential
spectral feature,which is redshifted fromtheC–Hbanddetected at 2927 cm-1

for bacteria assimilating D2O-derived D isotope into cell biomass (Fig. 3A).
This spectral band is assigned to C–D vibrations in lipids or proteins40, and
such a clear peak redshift was due to an increase in the reduced mass,
resulting in thedecrease in the vibrational frequencyof the chemical bond in
cellular biomolecules upon assimilation of heavier D isotopes41. During
cellular lipid and protein biosynthesis, hydrogen (H) from normal water
(H2O) is incorporated into fatty acids and aminoacids anabolic biosynthesis
pathways16. As such, whenD2O is used in place of H2O and is incorporated
into the physiologically active bacteria, D2O-derived D heavy isotopes
effectively replace the lighter H atoms, forming deuterated lipids and pro-
teins that our sensitive nanofibre-based SERS rapidly detected. As can be
seen in Fig. 3A and Supplementary Fig. 5A, the C–Dpeak andD-associated
redshifts at 724 cm-1 decreased significantly nearly down to the baseline (i.e.,
spectra of bacteria that are not incorporatingD) when the susceptible strain
was treated with 1 µg/mL of TMP. This perhaps explains the intermittent
increase in optical densities (OD600) in the initial 3 h of cell growth (Fig. 2)—
above 1 µg/mL TMP, C–D bands disappeared completely, and D-related
band shifts were undetectable after susceptible bacterial cells were treated
with ≥2 µg/mL TMP (Fig. 3A and Supplementary Fig. 5A). This, together

Fig. 2 | Growth profiles of E. coli in nutrient broth
supplemented with varying TMP concentrations.
Investigation of AST of the susceptible bacterial cells
against TMP in (A) normal water (H2O) and (B)
50% heavy water [deuterium oxide (D2O)] over-
night at 37 oC using broth dilution.
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with the apparentdecrease in SERScharacteristic peaks (SupplementaryFig.
5B) indicates that the TMP-susceptible E. coli strain was physiologically
inactive at higher TMP levels, which is also reflected by the low cell density
(OD600) detected in Fig. 2. Hence, SERS data in Fig. 3A and Supplementary
Fig. 5A confirmed that the MIC of TMP for the susceptible strain was
2 µg/mL, which was in complete agreement with the MIC calculated using
broth dilution.

Several researchers have previously illustrated that SERS can detect
bacterial antibiotic susceptibility in 5h10,12. In this study,wherewe integrated
SERS with D2O isotopic labelling (so-called SERS-DIP), D incorporation
into susceptible E. coli cells was detected in 2 h, highlighting that our SERS-
DIP tool accomplished AST results eight times faster than the standard
dilution bioassays. Notice that the C–D chemical bond vibration was not
detected in bacterial cells cultured in the growth medium supplemented
with normal H2O only (Fig. 3B and Supplementary Fig. 5C) since D2Owas
absent. However, the impact of TMP on the growth of susceptible cells was
manifested in the apparent decrease in the intensity of several peaks,
including SERS spectral biomarkers at 724 and 1331 cm-1 assigned to ring
vibrations in adenine-related molecules (e.g., purines, adenosine tripho-
sphate) and 956 cm-1 (C–Nmodes in proteins, nucleotides, etc.)39,42 (Fig. 3B
andSupplementary Fig. 5D).This is consistentwith a studybyLiu et al.,who
detected a similar decrease in intensity spectral ratios in key SERS-AST
bands for susceptible Staphylococcus aureus treated with oxacillin drug
concentrations that were greater than the MIC9. It is well established that
metabolically active bacterial cells in contact with a plasmonic surface

secrete purines, pyrimidines, nucleotides, and other adenine-related com-
pounds that, in addition to the cell wall molecular components, give rise to
the strong SERS bands43,44.When cells are inactive (either by drug treatment
orothermeans), the secretionof SERS-activemolecules decreases, leading to
weaker spectral bands43. This explains the decrease in SERS intensity
observed in Fig. 3A, B, given that TMP inhibits cell growth by inhibiting
DNA synthesis, significantly halting the secretion of SERS-active cellular
biomolecules37. On the other hand, DfrB1 cells exhibited strong C–D
vibrations at 2180 cm-1 and spectral redshifts 724 cm-1 of similar intensities
when treated with varying TMP levels probed in this study (Fig. 3C and
Supplementary Fig. 7A, B), confirming the high resistance of DfrB1 cells
against TMP (MIC of 600 µg/mL38), even at high TMP levels (i.e.,
3 ×MIC)45. Similarly, TMP-resistant cells grown in the medium with nor-
mal water had no C–D peaks (Fig. 3D), and the peak ratios and intensities,
including SERS spectral markers at 724 and 1331 cm-1, did not significantly
change throughout the cell growth period (Supplementary Figs. 7C, D, and
8). Indeed, this result provides further evidence that the DfrB1 strain is
highly resistant to TMP treatment.

SERSsensors reveal thekineticsofdeuterium (D) uptake inTMP-
resistant E. coli strain
Understanding the kinetics of heavy isotope incorporation by meta-
bolically active bacteria is essential to assess antibiotic susceptibility or
resistance evolution over time. To determine the kinetics of AST for
TMP, the susceptible and resistant strains were treated with 4 µg/mL

Fig. 3 | SERS-DIP spectral profiles for phenotypic examination of susceptible and
resistant bacterial strains. Determination of the MIC and AST for (A, B) TMP-
susceptible and (C, D) TMP-resistant E. coli strains cultivated in LB nutrient broth
containing varying TMP levels with (A, C) or without (B,D) 50% D2O. Metabolically
active susceptible cells grown in low TMP levels (0–0.5 µg/mL) and resistant bacteria
exposed to TMP in D2O exhibited an apparent spectral peak at 2180 cm-1 assigned to
theC–Dvibrations in lipids and proteins (A,C). For the susceptible bacterial strain, the

C–Dband disappeared completely after bacterial exposure to 2 µg/mLTMPwithin 2 h
of cell cultivation (A), which was determined as the MIC using our nanofibre sensor-
based SERS-DIP approach. The impact of TMP on active susceptible bacteria was
further characterised by the reduction in the intensity of several spectral bands above
the MIC ( ≥ 2 µg/mL) with increasing TMP (B). In contrast, SERS intensities for
resistant cells did not significantly change across TMP concentrations (D). The cor-
responding intensity regression plots are computed in Supplementary Figs. 5 and 7.
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TMP (i.e., 2 × MIC) with and without 50% heavy water. This experi-
ment was performed to ensure adequate suppression of metabolic
activity in the susceptible strain whilst also warranting high enough
TMP against resistant bacteria to obtain detailed information about
time-dependent biomolecular dynamics underpinning the TMP resis-
tance phenotype. At a TMP concentration of 4 µg/mL, the susceptible
cells did not exhibit any C–D spectral features nor any decline in band
intensity related to D2O uptake or TMP treatment over time (Fig. 4A).
To probe this further, the rate of D assimilation by cells grown in the
medium enriched with D2O was quantified by regression analysis of
intensity ratios for the characteristic peaks at 724 and 2180 cm-1 (C–D
ratios were computed by the formula [(C–D/(C–D+ C–H)])20 over
time compared to cell replication rates (OD600) across 4 h). For the
susceptible strain, no spectral band shifts or changes in OD600 were
recorded in 4 h (Fig. 4B), confirming the lack of metabolic activity and
cell division due to the bacteriostatic effects of TMP. In contrast, SERS
spectra of TMP-resistant cells exhibited significant and increasing
incorporation rates of D as shown by the emergence of the C–D peak at
2180 cm-1 as well as the spectral redshift and increase in intensity of the
adenine-related band at 724 cm-1 over time (Fig. 4C). Interestingly, D
assimilation and the resulting spectral shifts were clearly observed in
just 1 h for the resistant bacterial cells, which increased proportionally
between 0 to 4 h owing to the additive effect of D uptake by cells, which
was also evidenced by the steady increase in cell density (OD600) over
time (Fig. 4D). This illustrates that treatment of the resistant strain with
high TMP levels (2 ×MIC) had no significant impact on bacterial cell
metabolism and proliferation. To confirm this finding, control
experiments were performed where DfrB1 was cultivated in LB media
enriched with D2O in the absence of TMP to examine the impact of
TMP on cell growth. Supplementary Fig. 9 shows an increase in the C–D
vibrations (2180 cm-1) and concomitant redshifts in the adenine band

(724 cm-1) characteristic of time-dependent D2O uptake by bacteria,
providing further evidence that DfrB1maintained its metabolic activity
in the presence or absence of TMP.

The next analysis stage was to further visualise the kinetics of D uptake
in TMP-resistant cells to draw insights into and confirm the molecular
dynamics linked to TMP resistance and reproducibility of our nanofibre
sensor-basedSERS-DIP scheme.Toachieve this,machine learningbasedon
DFA was deployed to minimise the within-class variance while also max-
imising the between-class variance in parallel46 (class implies the spectral
dataset measured at individual time points), leading to the formation of
distinct sample groups along DF axes. The visual output of DFAmodelling
is a scoresplotpresented inFig. 5,witheach sphere representing a full-length
signal (400–3200 cm-1). Spectra measured from the same samples are
assigned to the same group, whereas data from different samples are
grouped into different classes based on their unique spectral fingerprints.
Sampleswere clustered along thepositive ornegative coefficients of theDFA
scores plots depending on whether peak redshifts or intensities were
increasing or decreasing when bacteria assimilate heavy water into biomass
at various time intervals. According to Fig. 5, four individual clusters (for
cells sampled at 0, 1, 2, and 4 h) clearly separated from one another can be
seen along DF1 due to the increasing incorporation of the D isotope by
bacteria. The spectral data for individual sample classes clustered closer,
indicating high repeatability of signals from the sensors.

The largest separations were observed for D-enriched TMP-resistant
bacteria collected at 0 and 4 h, as shown along DF1. A sharp change was
observed along the DF2 axis for cells harvested at 1 and 2 h time points that
were discriminated from the rest of the samples along DF2. This dramatic
change could be due to the change in bacterial phenotypes upon the
assimilation of D2O into biomass, and this observation is consistent with
time-course metabolic patterns detected for 13C-enriched E. coli that were
probed by Raman/IR spectroscopy and DFA15.

Fig. 4 | Kinetic analysis of deuterium incorporation and AST with 4 µg/mL
(2 ×MIC) using nanofibre-based SERS-DIP. SERS spectra for TMP-susceptible
strain did not exhibit any C–Dmodes and intensity changes or redshifts attributed to
TMP treatment (A,B), which was also reflected in static OD600 values throughout 4 h of
cell cultures (B). The C–Dand various peak shifts were clearly detected in TMP-resistant

cells incorporating D isotopes within 1 h and progressively increased over time (C,D),
which increasedproportionallywithcell replication (OD600)up to4 h(D). Insets in (A,C)
highlight non-shifting (A) and increasing band shifts (C) in the SERS spectral biomarker
at 724 cm-1 for the susceptible (A) and resistant (C) cells. Errorbars represent the standard
deviation of the mean computed from ≥6 repeated measurements for each experiment.
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The next questionwas to ascertain the origin(s) of the clustering trends
observed in Fig. 5. Our DFA model is explainable by nature as it can
compute the DF loading plots to reveal the significant spectral bands
underlying the clustering patterns detected in the DFA scores biplots. Fig. 6
illustrates DF loading plots computed from DFA scores with the major
explanatory SERS spectral bands that were significantly affected by D2O
assimilation into cellular biomass annotated along DF1 and DF2.

According to the DF1 loadings, which explains the largest variance in
the dataset, the main explanatory spectral bands related to the clustering
trends detected in DFA scores plots are the apparent redshifts at 724 cm-1

(adenine-like molecules) and 2180 cm-1 (C–D vibrations), and other SERS
spectral peaks, such as 953 cm-1 (C–N in proteins/nucleotides) and
1331 cm-1 (adenine-like compounds)47 were also affected by uptake of D.
DF2 loadings mainly highlighted an increase in peak intensity at 724 cm-1

and 2180 cm-1 (C–D) as the most important spectral vibrations underlying
the DF2 scores (Fig. 5). Thus, kinetic exploration of the SERS data for the
D2O-enriched TMP-resistant E. coli (DfrB1) bacterial cells identified two
newspectral biomarkers for SERS-AST: spectral redshifts at 2180 cm-1 (C–D
vibrations mainly in lipids and proteins) and 724 cm-1 (ring modes in
adenine-related molecules), and the intensity dynamics at 724, 956, and
1331 cm-1 similar to those implicated in isotope-free SERS-AST11,12.

In summary, we have shown the utility of nanofibre-based SERS
coupled with heavy water (deuterium oxide (D2O)) labelling (SERS-DIP)
for rapid and robust detection of bacterial susceptibility to trimethoprim
(TMP). SERS spectral data of TMP-susceptible E. coli cultivated in
D2O-enriched growth media revealed a loss of metabolic activity when
treated with 2 µg/mL TMP, which was rapidly determined as theminimum
inhibitory concentration (MIC)bySERS-DIP in2 hvia thedisappearanceof
C–D biomarker bands and an apparent reduction in the intensity of
adenine-related peaks. Such an observation starkly contrasted the spectral
profiles for theTMP-resistantDfrB1 strain that retained theC–Dband at all
TMP levels, confirming the TMP resistance phenotype of bacteria expres-
sing DfrB1 protein. Bacterial susceptibility to TMP drug was further
monitored through the incorporation kinetics of D2O-derived D by TMP-
resistant cells exposed to 4 µg/mL TMP over time. In such a case, the C–D
spectral biomarker was detected in 1 h for the resistant E. coli strain fol-
lowing exposure to TMP and increased proportionally to the quantity of D
assimilated into cellular biomass at different time points, with thesefindings
confirmed by the machine learning modelling of the kinetics data. This
demonstrates the high sensitivity of our nanofibre-based SERS-DIP for
time-course nanosensing ofTMPresistance.Ourfindingsmaypave theway

for fast and robust antibiotic susceptibility tests (ASTs), and given the small
size of our nanofibre sensors, such modalities can be employed for in vitro
and real-time AST to accelerate the treatment of bacterial infections.

Methods
Chemicals and materials
Silver nitrate (AgNO3, ≥99%), sodium hydroxide (NaOH), Luria-Bertani,
adenine ( ≥ 99%), sodium chloride (NaCl), trimethoprim ( ≥ 99%), and
deuterium oxide (D2O, ≥99%) were purchased from Sigma-Aldrich. Tri-
sodium citrate dihydrate ( ≥ 99%), hydrogen peroxide (H2O2, 30%), nitric
acid (HNO3, 70%), and sulfuric acid (H2SO4) were acquired from Fischer
Scientific. THFwas obtained fromVWR. PS-P4VP diblock copolymer [Mn

(PS) = 41 kDa, Mn (P4VP) = 20 kDa, total Mw/Mn = 1.18] was acquired
from Polymer Source. Isopropyl β-D-1-thiogalactopyranoside (IPTG) was
obtained from ThermoFisher. Borosilicate glass rods (1mm diameter and
10 cm length) were purchased from Sutter Instruments.

Synthesis and characterisation of colloidal silver nanoparticles
All glassware used for AgNP synthesis was thoroughly cleaned using aqua
regia (3:1 hydrochloric acid: nitric acid) and copious amounts of distilled
water. AgNPs with a mean diameter of 80 ± 12 nm (Supplementary Fig. 1)
were synthesised at room temperature using previously reported protocols
with minor changes48. Aqueous AgNO3 solution (1mM, 150mL) was
prepared in a 2-neck round bottom flask and heated to boiling in an oil bath
undermoderate stirring using amagnetic stirrer bar and hot plate in a fume
hood. This was followed by the dropwise addition of 6mL of 1% (w/v)
aqueous trisodiumcitrate (Na3C6H5O7) to the boilingAgNO3. The reaction
between AgNO3 and Na3C6H5O7 produced colour changes from the clear
solution to green, then milky grey, confirming successful AgNP synthesis.
The sol was left to boil for ~55min before the reaction chamber was
removed from the hot plate and cooled to room temperature. AgNPs were
washed three times through centrifugation at 10,000 rpm for 10min,
resuspended in an equal volume of de-ionised water, and kept in a fridge at
4 oC until further use.

Fabrication of AgNP-decorated plasmonic nanofibre
nanosensors
Taperedfibreswere created bypulling borosilicate glass rods onone end (tip
diameter ~1 µm) using a CO2 laser beam on the P-2000micropipette puller
instrument (Sutter Instruments, California, USA), as reported previously27.
Next,fibreswere initially cleaned in ethanol, followed by a 1 h-wash in 90 oC
hot piranha solution (7:3H2SO4:H2O2) in a fume hood to remove adsorbed
contaminants from the fibres (Scheme 1A). Piranha-soaked fibres were
rinsed with ultrapure water and thoroughly dried under a vacuum. To
fabricate plasmonic nanofibre sensors, clean fibre glass rods were first dip-
coated in 0.05mg/mL of PS-b-P4VP block copolymer (BCP) (Mw = 41 kDa
for PS and 20 kDa for P4VP) in tetrahydrofuran (THF). Dip-coating was

Fig. 6 | Explanatory SERS-DIP bands derived from the discriminant function
analysis of the kinetics of deuterium isotope assimilation by TMP-resistant cells
grown in the culturemedium containing 4 µg/mLTMP inD2O. Peak annotations
indicate the major SERS-DIP spectral biomarker bands for bacterial susceptibility
testing against TMP identified in this study.

Fig. 5 | Machine learning-driven analysis of the kinetics of heavy water uptake by
the resistant E. coli strain. Discriminant function analysis (DFA) of the kinetic
incorporation of D2O-derived D isotope by metabolically active TMP-resistant cells
cultured in the growth medium containing 4 µg/mL TMP (2 ×MIC) in 50% D2O,
highlighting progressive incorporation of heavy deuterium atoms into cellular
biomass from 0, 1, 2, and 4 h.
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performed at the rate of 50mm/min with a 2min pause in BCP, forming a
nano-thin brush polymer layer on the fibre, as we showed recently using
ellipsometry and atomic force microscopy, using the same dip-coating
methodas reported in this study25,28. Polymer-coatedfibresweredriedunder
room temperature conditions before being immersed in 3mL of colloidal
AgNPs (pH 4.52) on a pristine Petri dish for 3 h to allow for the adsorption
of AgNPs on BCP-anchored nanofibres (Scheme 1A). AgNP-decorated
nanofibres (so-called nanofibre sensors) were subsequently washed in
ultrapurewater to remove excess nanoparticles, dried underN2 current, and
stored in the dark until use. A Regulus 8220 high-resolution scanning
electron microscope (SEM) image confirmed the morphology and AgNP
array on thenanofibre sensor (Scheme1B).Details of the characterisation of
LSPR and analytical performance of nanofibre sensors are shown in Sup-
plementary Figs. 1, 2 and 3.

Optimisation and performance analysis of the nanofibre sensor
The sensitivity and repeatability of our nanofibre sensors were optimised
using adenine as a model compound. Adenine was selected to examine
the analytical performance of nanofibre sensors because it is an impor-
tant building block for biologically essential molecules, including DNA,
flavins, and RNA, which are typically detected in bacterial cells22,47. Serial
dilutions of adenine were prepared within the micromolar to nanomolar
range in water to mimic the physiological levels of adenine in bacterial
growth cultures49. SERS spectral profiles of adenine measured with
nanofibre sensors show intense signals with major spectral peaks
detected at 733 and 1329 cm-1 (Supplementary Fig. 3a), assigned to
adenine in-plane ring vibrational modes.

Finite-difference time-domain (FDTD) simulations of EM fields
In order to explain the enhancement mechanism of SERS on nanofibre
sensors, the optical performance of the proposed tapered sensor was
characterised by FDTD simulation. In this simulation, the refractive
indices (RIs) of the fibre and PS-b-P4VP layer were taken as constants
(1.46 and 1.56, respectively). The permittivity of AgNPs in the visible
region was calculated using the Lorentz-Drude model50. We used a nor-
mally distributed incidentGaussian beam characterised by its polarisation
in the x-direction (transverse magnetic (TM) polarisation) or y-direction
(transverse electric (TE) polarisation). Perfectly matched boundary con-
ditions of the layers were used along the x and z axes, respectively, whilst
the periodic boundary condition was used along the y axis. The diameter
and period of AgNPs were set at 80 nm and 15 nm, respectively, and the
polymer thickness was fixed at ~3 nm around the nanofibre. A mesh of
2 nm × 2 nm × 2 nm was deployed to ensure robust simulations
(Supplementary Fig. 2a, b).

Bacterial cultivation conditions
In this study, two bacterial strains were tested against trimethoprim
(TMP) to determine the MIC and antibiotic susceptibility patterns over
time. The wild-type E. coli BL21 (DE3) is susceptible to TMP whilst the
E. coli BL21 (DE3) strain transformed with a pET24 (Qiagen) plasmid
harbouring the dfrB1 gene (UniProt ID P00383) is resistant to TMP
owing to the dihydrofolate reductase activity ofDfrB1. Expression of the
DfrB1 enzyme is under the control of the lac repressor and is induced by
the addition of isopropyl β-D-1-thiogalactopyranoside (IPTG) to the
growth medium. For convenience, the strains E. coli BL21 (DE3) and E.
coli BL21 (DE3) (DfrB1) are hereafter named BL21 and DfrB1,
respectively. BL21 and DfrB1 were pre-cultured three times on Luria-
Bertani agar (LB-agar) at 37 oC and harvested after 24 h to obtain axenic
bacterial cultures with stable phenotype51, prior to the AST experiments.
Single colonies of each of the bacterial samples were separately inocu-
lated in fresh 5 mL Luria-Bertani nutrient broth in cell culture tubes and
incubated at 37 oC with shaking at 230 rpm for 24 h in a shaking incu-
bator (New Brunswick Scientific, Edison, NJ, USA). Cell suspensions
were collected after overnight growth and further processed as
described below.

Susceptibility tests and determination of MIC
TheOD600 for the overnight cultures were normalised to 0.1 and inoculated
in fresh and sterile Luria-Bertani nutrient broth containing varying con-
centrations of TMP, 0.1mM IPTG (ThermoFisher), with and without 50%
D2O in triplicate on sterile 96-well plates and cultured under the same
conditions as described above. The MIC for the susceptible strain (BL21)
was determined by broth dilution on a 96-well plate4. The MIC for the
resistant strain was previously determined by the broth dilution method to
be 600 µg/mL, well above the TMP concentrations used in the present
study38. For SERS-AST,OD600 (0.1)-normalisedE. coli strainswere cultured
for 4 h under identical cultivation conditions to the brothmethod described
above. The cell cultures were then used to inoculate nutrient broth cultures
containing 4 µg/mLof TMP (2 ×MICof the susceptible strain) and 0.1mM
IPTG with and without D2O labelling to investigate the kinetics of isotope
incorporation by bacteria at 0, 1, 2, and 4 h time intervals using the SERS-
based nanofibre sensors.

Nanofibre nanosensor-based SERS spectral measurement
Bacterial cultures (1.5mL) were transferred to 1.5mL Eppendorf plastic
tubes and washed by centrifugation at 5000 g for 3min at 4 oC using a
benchtop microcentrifuge (Brinkmann Instruments, Ontario, Canada).
Bacterial cell supernatants were removed and discarded before the cell
pellets were resuspended in an equal volume of distilled (DI) water. This
process was repeated three times to ensure the removal of growth media
components. For SERS analysis onnanofibre sensors, 30 µLof overnight cell
samples (OD600 = 5) were incubated on nanofibre sensors in a sterile Petri
dish and dried for 30min at room temperature to allow for sufficient
interactions between the sensor and cells, and the extraction of metabolites
from bacteria. After the drying step, the nanofibre sensor was inserted into
an adjustable magnetic holder and mounted onto a piezoelectric positioner
attached to a confocal Raman microscope, as reported previously52. The
optical nanofibre sensor was carefully adjusted to ~45o angle underneath a
40× air objective using a magnetic piezoelectric holder as the pivot to pre-
cisely focus the excitation laser beam onto the sensor through the objective
lens. The position of the nanofibre sensor was adjusted either alone using a
piezoelectric micromanipulator or synchronously with the microscope air
objective in the x, y, and z coordinates53. With such well-controlled move-
ments in the x-y and z axes, an excitation laser light spot was focused on
bacterial cells adsorbed on the nanofibre (Supplementary Fig. 10) to mea-
sure SERS-AST spectral data. The sensors were not reused after bacterial
sensing, as the protocol for cleaning bacteria and metabolites off the
nanofibre sensor surface is not available at present. Hence, fresh sensors
were used for each measurement condition.

Spectral data acquisition
SERS dataweremeasured on the nanofibre sensors using aWITec alpha300
Raman system equipped with a confocal microscope and Raman spectro-
meter (Ramanmicrospectroscopy). The excitation light beamwith ~1mW
powerwas generated by a632.8 nmHeNegas laser focusedon the sensor for
5 s via a 40x magnifying objective (NA = 0.65). The backscattered Stokes
light was collected through the same optics and diffracted by a 300 grooves/
mm grating to the CCD for spectral data acquisition. A total of five SERS
spectra for each biological replicate were measured from individual studies
on three separate nanofibre sensors. Data capture and instrument control
were performed using the Control 5 software.

Spectral data processing and machine learning modelling
Machine learning exploration of the SERS-AST data was performed in
Matlab software 2021b (The MathWorks Inc., Natwick, US). Spectral data
preprocessing was performed sequentially; first, the data were subjected to
baseline correction via asymmetric least squares54, followed by standardi-
sation using the extendedmultiplicative signal correction (EMSC) scaling55.
Multivariate analysis based on principal component analysis was employed
to reduce the dimensionality of SERS spectral data, examine natural simi-
larities and differences with respect to molecular diversity induced by TMP
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at different time points, and identify spectral outliers56. The first five prin-
cipal components (PCs) retaining the highest explained variance were used
as input data to build a discriminant function analysis (DFA). DFA is a
supervisedmodel that probes linear relationship(s) among spectral variables
linked to sample classes (time points), which DFA then applies to probe
bacterial AST based on characteristic molecular vibrations unique to each
experimental condition57. In principle, a DFA algorithm minimises the
within-class variance while simultaneously maximising the between-class
variance to achieve sample classification. Importantly, a DFA model is
interpretable by nature as it provides scores showing sample classes and
identifies feature importance in classification via loadings plots58. A data
splittingmethod (i.e., 70% train versus 30% test of randomised datasets) was
applied to validate DFA, where an independent holdout test dataset (30%)
was projected into subspaces generated by the model in the training set59.
Statistical data were presented as averages of spectra, with the error bars
representing the standard deviation of the mean of repeated spectral
measurements.

Data availability
The data associated with this study are provided in this manuscript and
accompanying Supplementary Information.Rawdata are available from the
corresponding authors upon reasonable request.

Code availability
The chemometric codes used in this study are available from the authors on
request. Matlab functions used alongside our code are freely available in the
cluster-toolbox-v2.0 courtesy of Biospec (Laboratory for Bioanalytical
Spectroscopy) · GitHub.
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