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Abstract

Bloodstream infections are a growing public health concern due to emerging pathogens and increasing antimicrobial resist-
ance. Rapid antibiotic susceptibility testing (AST) is urgently needed for timely and optimized choice of antibiotics, but
current methods require days to obtain results. Here, we present a general AST protocol based on surface-enhanced Raman
scattering (SERS-AST) for bacteremia caused by eight clinically relevant Gram-positive and Gram-negative pathogens
treated with seven commonly administered antibiotics. Our results show that the SERS-AST protocol achieves a high level
of agreement (96% for Gram-positive and 97% for Gram-negative bacteria) with the widely deployed VITEK 2 diagnostic
system. The protocol requires only five hours to complete per blood-culture sample, making it a rapid and effective alterna-
tive to conventional methods. Our findings provide a solid foundation for the SERS-AST protocol as a promising approach
to optimize the choice of antibiotics for specific bacteremia patients. This novel protocol has the potential to improve patient

outcomes and reduce the spread of antibiotic resistance.
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Introduction

Bloodstream infections (BSI) are a leading infectious syn-
drome and can lead to sepsis that is a medical emergency
with a high mortality rate, resulting in rising costs of its
management (Goto and Al-Hasan 2013). In 2019 alone, the
estimated global BSI-associated deaths were 2.91 million
and 56.2% of the total sepsis-related deaths was caused by
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bacteremia (G. B. D. Antimicrobial Resistance Collaborators
2022). It is recommended that obtaining blood cultures and
lactate levels followed by administration of broad-spectrum
antibiotics and 30 ml/kg of crystalloid fluid for hypotension
be done within 3 h of presumptive sepsis diagnosis (Evans
et al. 2021; Seymour et al. 2017). Timely adequate antibiotic
administration after the initial empirical antibiotic admin-
istration is crucial for the outcomes of patients with sepsis
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(Retamar et al. 2012), but conventional bacterium-culture
and antimicrobial susceptibility testing (AST) methods take
3-5 days to complete even with the aid of modern auto-
mated microbiological analysis systems (Webb et al. 2016).
A recently reported retrospective cohort analysis over ten
years (2005-2014) showed that 19% of the patients received
discordant empirical antibiotic therapy that was associated
with increased risk of mortality (adjusted odds ratio 1.46)
(Kadri et al. 2021). Empirical antibiotic usage may not be
effective and may contribute to the development of antibi-
otic-resistant bacterial strains. The global deaths in 2019
that were associated with antimicrobial resistance by bacte-
rial pathogens were 4.95 million (Antimicrobial Resistance
Collaborators 2022). More specifically, resistant pathogens
were isolated in 26.8% of culture-proven sepsis patients
included from 2005 to 2014 in a retrospective cohort study
(Rhee et al. 2020), while 67% of the patients were adminis-
trated with empiric therapy targeted resistant organisms. The
study found that both inadequate and unnecessarily broad
empiric antibiotics were associated with higher mortality.
These studies underline the urgent need for better AST tests
to rapidly identify adequate antibiotics for patients with
bloodstream infections.

During the past two decades, tremendous progress has
been made in the development of rapid microbiological
diagnostics, such as matrix-assisted laser desorption ioni-
zation-time of flight mass spectroscopy (Oviano and Bou
2019), next-generation sequencing (van Belkum and Dunne
2013), and nucleic acid amplification technologies (Lee et al.
2019). These techniques can provide rapid identification and
determine antibiotic susceptibility of causal microorganisms
even for those that are non-culturable or of low concentra-
tion (Riedel and Carroll 2016). However, the accuracy of
these diagnostics may be impaired by unsatisfactory speci-
men preparation, interference of co-existing human DNA
fragments or proteins, or inability to distinguish dead from
live bacteria, resulting in high false rates. Furthermore, most
genome- or proteome-based methods are not capable of
detecting emerging antibiotic-resistant microorganisms and
determining the minimum inhibitory concentration (MIC)
of antibiotic targeting a specific pathogen. In sum, although
these genome- and proteome-based diagnostic methods have
provided bacterial speciation readily, their AST performance
is not satisfiable in clinical settings.

Surface-enhanced Raman scattering (SERS), being an
optical technique, works based on the light field that is res-
onantly excited by an incident light field in proximity of a
metal nanostructure. Upon such resonant excitation, the free
electrons inside the metal nanostructure undergo collective
motion and build up coherently accumulated field on the sur-
face. The strong local field thus enhances Raman scattering
of molecules residing within. Its up-to-date developments
and applications have been reviewed (Langer et al. 2020). It
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has also been demonstrated for rapid microbiological testing
with minimal sample preparation (Wang et al. 2018) and has
been used for classification of bacterial pathogens and for
investigation of bacterial antibiotic resistogram (Hassanain
et al. 2022). While identification of bacteria by SERS has
been demonstrated (Galvan and Yu 2018; Jarvis et al. 20006;
Jarvis and Goodacre 2004), its clinical application remains
challenging due to problems such as low reproducibility of
SERS signal. The low reproducibility of SERS has been
investigated by many groups, as reviewed by Jarvis et al.
(Jarvis et al. 2008). Its main cause is the non-repeatable
and unstable hot junctions (induced by plasmonic coupling
between two adjacent metal nanostructure within 10 nm)
in the sporadic segregates of metal colloids that have been
commonly used in previous SERS studies, thus render-
ing the results of SERS mostly dubious and prohibiting its
deployment in actual applications. The measured SERS sig-
nal is often varied by tens and even more than a hundred
percentages. Additionally, low concentration of target bac-
teria and interfering substances in clinical samples further
complicates the process (Ranjith et al. 2014). Based on hex-
agonally packed nanochannels fabricated with anodization
on aluminum, we have developed a SERS substrate made of
two-dimensional ordered Ag nanoparticles grown by elec-
trodeposition in these nanochannels (dubbed AgNP/AAO)
(Wang et al. 2006). Upon resonant excitation, the electro-
magnetic field enhanced at the hot junction between adjacent
Ag nanoparticles can effectively amplify the SERS signal of
analytes situated at the substrate. In comparison with other
SERS substrates, since Ag nanoparticles are firmly fixed
in the ordered hexagonally packed nanochannels in anodic
aluminum oxide, the hot junctions are uniformly and stably
distributed in the substrate. As a consequence, the SERS
signal acquired with use of the AgNP/AAO substrate is var-
ied within 10% over a SERS-active region of 6 cm X 2 cm
and is stable for at least one hour (Dvoynenko et al. 2021),
allowing for quantitative SERS measurements. Based on
this substrate, we have developed a SERS-based platform
to identify Mycobacterium species (Cheng et al. 2021), to
determine antibiotic susceptibility of two bacterium species
(Han et al. 2020; Liu et al. 2016), monitor environmental
pollution (Dvoynenko et al. 2021), and to identify food adul-
teration (Lian et al. 2015).

The SERS spectra of bacteria determined in our stud-
ies (Han et al. 2020; Liu et al. 2009, 2016) are similar to
those obtained by other investigators (Boardman et al.
2016; Premasiri et al. 2005; Zhao et al. 2018), indicating
their common origins. Subsequent in-depth studies showed
that bacterial SERS signals stem from secreted purines and
their derivatives (e.g., adenine, hypoxanthine, xanthine,
guanine, uric acid, and adenosine monophosphate) (Chiu
et al. 2018; Premasiri et al. 2016). Premasiri et al. (Premasiri
et al. 2016), for example, showed that the SERS signal of S.
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aureus is mainly contributed by adenine, that of E. faeca-
lis is dominated by hypoxanthine and that of A. baumannii
mainly reflects xanthine. They also fit the acquired SERS
spectra of bacteria with the combination of the SERS spectra
of several purines and derivatives and found, for example,
that the SERS spectrum of E. coli is composed of hypoxan-
thine (49%), xanthine (25%), adenine (14%), and guanine
(12%). Moreover, Chiu et al. (Chiu et al. 2018) studied the
dynamical release of these molecules in water by S. aureus
and E. coli with liquid chromatography-mass spectrometer
and found that their release has reached saturation after
1 h. These studies also showed that the SERS spectra of
Gram-positive bacteria exhibit a common prominent peak
at 730 cm™! while the corresponding prominent peak for
Gram-negative bacteria resides at 724 or 654 cm™! (Liu et al.
2016). The 730-cm™! peak is contributed by the secreted
adenine from Gram-positive bacteria, while the 724 (654)-
cm™~! peak is attributed to hypoxanthine (xanthine) secreted
by Gram-negative bacteria (Chiu et al. 2018; Premasiri et al.
2016). Based on this finding, we demonstrated that these
SERS peaks can act as biomarkers to reflect the amount
of the respective live bacteria after antibiotic treatment and
thus developed a SERS-based AST method (referred as
SERS-AST) (Liu et al. 2016). With this method, we have
performed a proof-of-principle study (Han et al. 2020) on
Staphylococcus aureus and Escherichia coli isolates from
blood cultures to determine their susceptibility to oxacillin
(OXA) and cefotaxime (CTX), respectively. The consistency
of our SERS-AST results of S. aureus-OXA and E. coli-CTX
combinations was 93% compared with those of conventional
AST methods. This success was made possible with the
development of a sample preparation procedure—lysis with
ACK buffer and sonication followed by repetitive dilution
plus centrifugation—that effectively remove the interference
from other concurrently present constituents in blood-culture
samples. Can the SERS-AST method, acting on the basis of
the prompt variation in bacterial metabolism in response
to antibiotic treatment (Belenky et al. 2015; Zampieri et al.
2017), be applicable to other bacterium-antibiotic combina-
tions, considering that their metabolic responses are gener-
ally dissimilar owing to diverse bacterial metabolisms and
distinct mechanisms of drug action? This study was aimed
to answer this question. The answer would help develop a
general SERS-AST method that can be implemented into the
diagnostic flow of the clinically relevant bacterial species to
determine their resistant to various antibiotics.

Two criteria were used to select bacteria for this demon-
strative study. First, according to the SENTRY Antimicro-
bial Surveillance Program (Diekema et al. 2019), the ten
most common bacterial pathogens from 1997 to 2016 were
Staphylococcus aureus (20.7%), Escherichia coli (20.5%),
Klebsiella pneumoniae (7.7%), Pseudomonas aeruginosa
(5.3%), Enterococcus faecalis (5.2%), Staphylococcus

epidermidis (3.8%), Enterobacter cloacae (2.9%), Strepto-
coccus pneumoniae (2.8%), Enterococcus faecium (2.8%),
and Acinetobacter baumannii (2.0%). Second, in 2017,
WHO published its first ever list of antibiotic-resistant “pri-
ority pathogens” of 12 families of bacteria. According to this
list, A. baumannii, P. aeruginosa, and Enterobacteriaceae
are of most critical priority, followed by E. faecium, S.
aureus, Helicobacter pylori, Campylobacter spp., Salmonel-
lae, and Neisseria gonorrhoeae (World Health Organization
27 February 2017). Based on these two criteria, we chose
four Gram-positive species (S. aureus, S. epidermidis, E.
faecalis and E. faecium) and four Gram-negative species (E.
coli, E. cloacae, K. pneumoniae and A. baumannii) to be the
targets of this study. Seven frequently administrated antibiot-
ics (Mermel et al. 2001) with different mechanisms of action
were applied to the blood-culture isolates of these bacterial
species according to their respective recommendations.

This report first presents methods utilized in the study,
including study design, preparation of blood-culture sam-
ples, treatment of antibiotics, SERS assay and spectral anal-
ysis, and receiver operating characteristic (ROC) analysis.
The SERS biomarker signals of the blood-culture samples
of totally 20 bacterium-antibiotic combinations at different
antibiotic concentrations illustrate the distinctive responses
of the susceptible and resistant strains of each bacterium
species after the antibiotic treatment of two or three hours.
The efficacy of the SERS-AST protocol is demonstrated by
its rates of agreement with those obtained from VITEK 2
(a widely deployed AST diagnostic system) for each bacte-
rium-antibiotic combination. Four issues are then discussed.
First, the slower antibiotic mode of action causes the lower
agreement rates of the samples treated with of levofloxa-
cin (a quinolone antibiotic). Second, the optical density
concurrently measured after the antibiotic treatment shows
inconsistent phenotypical response of bacteria. Third, the
relatively poor agreement of K. pneumoniae is associated
with the reduced permeability of its cell envelope. Fourth,
future improvements of this study are presented.

Materials and methods
Study design

The goal of this study is to obtain the AST outcomes of
different bacterium-antibiotic combinations with the
SERS-AST protocol and to reveal the possible complica-
tions involved owing to the potentially differing metabolic
responses upon antibiotic treatment. The four chosen Gram-
positive bacteria (S. aureus, S. epidermidis, E. faecalis and
E. faecium) were treated with four antibiotics—oxacillin
(OXA), levofloxacin (LVX), vancomycin (VAN) and ampi-
cillin (AMP), while the four chosen Gram-negative bacteria
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(E. coli, E. cloacae, K. pneumoniae and A. baumannii) were
treated with four antibiotics—cefotaxime (CTX), ceftazi-
dime (CAZ), levofloxacin (LVX) and imipenem (IPM). The
eight bacterial species are most frequently isolated bacterial
species from the blood culture of patients (Diekema et al.
2019; Infection Control Center 2015), while the seven drugs
are commonly used for treatment of bloodstream infections
(Mermel et al. 2001). VAN is a glycopeptide antibiotic,
while OXA, AMP, CTX, CAZ and IPM are -lactam anti-
biotics. LVX, as a quinolone antibiotic, is effective in both
Gram-positive and Gram-negative species and was applied
to all the bacterial species. The SERS-AST results were veri-
fied with those obtained by an automated microbial diagnos-
tic system (VITEK 2, bioMérieux) that is widely employed
in many clinical microbiology laboratories around the world
owing to its high AST accuracy.

SERS-AST

The laboratory workflow of SERS-AST is illustrated in
Fig. 1 and is composed of three parts: sample prepara-
tion, antibiotic treatment and SERS measurement. Their

Fig.1 Workflow of SERS-
AST comprises three parts: (1)
sample preparation, (2) anti-
biotic treatment and (3) SERS

(1) Sample Preparation

(90 min)

turnround times are 90, 120 and 90 min, totaling 5 h. They
are followed by spectral signal analysis and receiver operat-
ing characteristic analysis. These steps are detailed in the
following.

Sample preparation

For each SERS-AST, SmL of blood culture broth that grew
a single species of bacteria was obtained after bacterial
identification was done using matrix-assisted laser desorp-
tion ionization-time of flight mass spectroscopy (MALDI
Biotyper, Bruker), and the AST might have been per-
formed or completed using VITEK 2. Since hemoglobin
dominates the SERS signal of blood-culture samples
(Xu et al. 1999), red blood cells were selectively lysed
with ammonium-chloride-potassium (ACK) buffer (Phil-
lips et al. 1983) followed by ultrasonication to facilitate
sonoporation (Lentacker et al. 2014), resulting in disrup-
tion of cell membranes and release of cellular contents.
The sonicated mixture then underwent a wash procedure
(centrifugation at 19,500 g for 2 min followed by replace-
ment of supernatant with deionized water) for three times

(2) Antibiotic treatment (3) SERS measurement

(120 min) (90 min)

measurement and their separate
turnaround times

Centrifugation at 9,500 g
for 5 min

i

Replace plasma with
ACK buffer

i

Sonication in ACK buffer
for 20 min

y

Centrifugation at 19,500 g
for 2 min

i

Replace all supernatant
with water

J

Centrifugation at 19,500 g
for 2 min

i

Remove supernatant
to acquire pellet

2X

I
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Adjust bacterial density
t02.5x 10" CFU/mlin MHB

J

Incubation with and without
antibiotics for 2-3 hr

Apply 1 ul of each antibiotic
treated sample onto
SERS substrate

Apply 1 pl of control sample
onto the substrate
adjacent to each
\l/ antibiotic treated sample

Centrifugation at 19,500 g
for 2 min

y

Replace all supernatant
with water

Heating substrate
at 55°C for 15 min

Focusing laser beamat a
randomly selected position
J/ within each sample

on the substrate

8-10X

Centrifugation at 19,500 g
for 2 min Acquire Raman spectrum

\L with 1-second

integration time

2X

Remove supernatant

to acquire pellet Raman spectra of
\l, control and antibiotic
treated samples

Add water to adjust bacterial
density of control sample
to 3x 10° CFU/ml

Add the same amount
of water to
antibiotic treated samples

30 min water-bath at 37°C
(for A. bamuannii only)
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to remove other constituents in blood components, leav-
ing viable bacteria pellet for subsequent antibiotic treat-
ment. Our previous study (Han et al. 2020) showed that the
residual SERS signal of hemoglobin would be negligible
after this pretreatment procedure.

Antibiotic treatment

The bacterial pellet was diluted with Mueller Hinton broth
(MHB) to 2.5 x 10" CFU/ml. The lyophilized antibiotics
were dissolved separately to yield four serial drug concen-
trations (D-D,), where D; =2 X D,_,, according to the
international performance standards of AST set by CLSI
(CLSI 2020) (Table S1). They were chosen to cover the con-
centrations for determining resistogram—i.e., the drug con-
centrations corresponding to susceptible (Dg), intermediate
concentration (Dy) and resistant (Dg). For each test, five cell
culture tubes were filled individually with the bacterial sus-
pension. Four of the tubes were then loaded with antibiotic
solutions of the four serial concentrations, leaving one filled
with deionized water as control. Finally, all the tubes were
incubated in the thermostat at 37 °C for 2 h so that the opti-
cal density value at 600 nm (ODy,) of the control sample
was checked at the end of incubation with the target larger
than 1 to ensure enough bacterial amount. The incubation
time might be prolonged to 3 h if the growth rate of some
bacteria is comparatively lower, such as some samples of
E. faecium, E. faecalis, S. epidermidis and A. baumannii.
The antibiotic-cultured samples underwent centrifugation
followed by the wash procedure three times to remove the
drug and the culture medium. The concentrations of all the
bacterial samples were adjusted to 3 x 10° CFU/ml for SERS
measurements. An additional step of 30-minute water bath
at 37°C was adopted specifically for A. baumannii to boost
its SERS signal.

SERS assay and spectral analysis

The substrates for SERS were silver nanoparticles embed-
ded in nanochannels of anodic aluminum oxide (AgNP/
AAO) and were fabricated by anodization-etching-electro-
plating on glass slides (Wang et al. 2006). For the SERS
assay, an AgNP/AAO slide, bearing a SERS-active area of
5.5 cm X 2.5 cm, was placed inside an aluminum trough.
A 1-mm thick aluminum plate with 3 rows of 8 holes of
1.5-mm in diameter separated from each other by 2.5 mm
was hung on the edges of the trough covering the AgNP/
AAO slide 7 mm above. A calibrated pipet then injected
one microliter of a bacterial suspension (3 x 10° CFU/ml)
onto the slide with its pipet tip being protruded through
and fixed on the hole, resulting in a circular droplet on
the AgNP/AAO slide. In this way, the constant separation
between the pipet tip apex and the slide surface ensured

a constant diameter (~ 1.5 mm) for each sample droplet.
The droplets on the central SERS-active region of the
AgNP/AAO slide were arranged so that there was always
a control-sample droplet adjacent to any sample droplet
(Figure S1). The SERS signal obtained on any sample
droplet could be compared with that obtained on an adja-
cent control-sample droplet. The slide with the sample
droplets was then removed from the trough and placed on
a hot plate to dry the droplets at 55 °C for 15 min before
SERS measurements. As a result, the bacteria in the sam-
ple droplet lost their viability (confirmed with agar-plate
culture) and the secreted molecules from the bacteria were
firmly attached on the surface of the AgNP/AAO slide. As
shown in Figure S1, there is still large unused area of the
SERS-active region, allowing for more sample droplets
treated with other antibiotics.

The Raman instrument for the SERS measurements
was composed of a He—Ne laser emitting at 632.8 nm, an
upright optical microscope, a Raman probe (Superhead,
Horiba), a spectrometer, and a thermoelectric-cooled
charge-coupled camera. The typical laser irradiation
power density at the substrate surface was about 1 x 10°
mW/cm?, while the Raman spectra were acquired with
an integration time of 1 s. The backscattered light from
the sample on the AgNP/AAO slide was collected by the
same objective lens, spectrally filtered by a long-pass fil-
ter in the Raman probe, and then transmitted via another
optical fiber to the spectrometer and the CCD for spectral
recording and analysis. The spectral calibration using a Ne
lamp resulted in a resolution and error were 20 and 3 cm™!,
respectively. To mitigate the variation in individual SERS
spectra caused by the possible coffee-ring effect in dried
sample droplets, multiple Raman measurements were
performed at 8—10 randomly selected laser-focused posi-
tions within each sample spot on the SERS substrate for
signal averaging (Zang et al. 2019) in each dried sample
droplets. Before signal averaging, similar to our previous
works (Han et al. 2020; Liu et al. 2016), the outlier spectra
that exhibited dissimilar spectral patterns and excessively
large backgrounds were removed and the left-over spectra
underwent baseline removal.

The prominent peaks of Gram-positive and Gram-neg-
ative bacteria at 730 and 724 cm ™', respectively, were con-
sidered as their corresponding biomarkers. Their signal
variations were used to determine the respective bacterial
responses to antibiotic treatment. Different from the com-
monly secreted adenine and hypoxanthine by Gram-posi-
tive and Gram-negative bacteria, respectively, the domi-
nant secretion of A. baumannii is xanthine (Premasiri et al.
2016), conferring a prominent peak at 654 cm™!. As a
consequence, this peak was used as the biomarker of A.
baumannii. The signal ratio of the biomarker of tested
bacteria was calculated by dividing the peak signal of the
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antibiotic-treated sample droplet by that of the adjacent
non-treated control-sample droplet: r, =S, / S(v’b , where

S,,, and S(V)b are the signal strengths of the biomarker peak

at v, with and without the antibiotic treatment, respec-
tively. For each bacterial-antibiotic combination, four
SERS-AST signal ratios corresponding to four different
antibiotic concentrations were obtained. The SERS uni-
formity test with adenine (10~ M) of the AgNP/AAO
slide showed that the average standard deviation across the
SERS-active area was 15% (Han et al. 2020; Liu et al.
2016). The difference between the SERS enhancement fac-
tors between the two 2.5 mm-separated droplet sites on the
SERS-active area of the AgNP/AAO substrate would be
even smaller. In fact, the signal standard variation of the
SERS biomarker signals measured at the four control sam-
ple droplets was typically less than 10%. The high repeat-
ability of our bacterial SERS signal is crucial for the ROC
analysis of the obtained signal ratios obtained from the
bacterial samples treated with different antibiotic
concentrations.

Receiver operating characteristic analysis

The flow chart of the ROC analysis of the SERS-AST results
used in this study (Figure S2) generalizes the one reported in
our previous work (Han et al. 2020) and is delineated below.
For a specific bacterium-antibiotic combination, the highest
drug concentration just below its resistant drug concentra-
tion, Dy, or its intermediate drug concentration if it exists,
Dy, according to the CLSI standard is designated as the
break-point concentration for susceptibility discrimination—
i.e., Dgp = Dy /2 or D;/2 (Table S1). If the signal ratios of
the antibiotic-treated samples with the drug concentrations,
which are higher than or equal to Dgp, are all smaller than a
chosen cut-off signal ratio r*—i.e.,

£
rDBP’“.’rD4 <r (1)

the bacterial sample is considered to be susceptible to the
drug. On the other hand, if Eq. (1) is invalid, the bacte-
rial sample is considered to be resistant to the drug. The
AST result is then compared with the result from VITEK
2 which is routinely used in many clinical laboratories for
antibiotic susceptibility testing and its effectiveness has
been repeatedly compared to other reference methods such
as broth microdilution (Klare et al. 2019; Peterson et al.
2011; Pfaller et al. 2007), agar dilution (Lee et al. 2013),
double-disk diffusion (Filippin et al. 2014), and PCR for
mecA (Torres et al. 2008). The comparison then gives
TRUE POSITIVE, FALSE POSITIVE, TRUE NEGATIVE
or FALSE NEGATIVE. The whole procedure then runs
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through all the samples of the specific bacterium-antibiotic
combination, yielding the numbers of TRUE POSITIVE,
FALSE POSITIVE, TRUE NEGATIVE and FALSE NEGA-
TIVE (n1p, npp, nyy and npy, respectively) from the whole
n samples (n = np + hgp + Ny + Rgy) and thus true posi-
tive rate—Sensitivity, Rp = npp/(ngp + npy)—and true
negative rate—Specificity, Rpy = nTN/(nTN + nFP). For
each r* varied from O to the highest measured signal ratio
obtained from the bacterial samples, a ROC curve is thus
obtained. The calculated area under the curve (AUC) is
considered as an effective assessment of the accuracy. The
optimal cut-off signal ratio, rZ‘)P, for each bacterium-antibi-
otic combination is the one that maximizes the Youden’s
indices—J = Sensitivity + (Specificity — 1)—and ensures
that all the resistant samples were validified to avoid any
very major error (i.e., the bacterial sample resistant to the
antibiotic is regarded to be susceptible to it). If there is a
range of r* values that meet the above two criteria, its middle
value is chosen for r,. The comparison between the results
of SERS-AST and that of VITEK 2 of each bacterium-anti-
biotic combination results in its agreement rate.

From March 2016 to June 2019, a total of 164 bacte-
rial isolates from blood samples were analyzed, includ-
ing S. aureus (n=20), S. epidermidis (n=21), E. faecalis
(n=20), E. faecium (n=21), E. coli (n=20), E. cloa-
cae (n=20), K. pneumoniae (n=21), and A. bauman-
nii (n=21). Three samples failed to generate analyzable
SERS signals, including one S. epidermidis and one E.
faecium sample with insufficient growth and one A.
baumannii sample that generated unrecognizable SERS
signals. Results of three K. pneumoniae-IPM tests were
also excluded because of improper antibiotic preparation.
There were six bacterium-antibiotic combinations (includ-
ing S. aureus-VAN, S. epidermidis-VAN, E. faecalis-AMP,
E. faecalis-VAN, E. coli-IPM, E. cloacae-LVX, and E.
cloacae-1PM) excluded from the ROC analysis due to
insufficient numbers (< 3) of antibiotic-resistant samples.
A total of 401 SERS spectra underwent the ROC analysis.

Results

The SERS-AST results of blood-culture Gram-positive
isolates are presented first, followed by those of blood-cul-
ture Gram-negative isolates. The signal-ratio distributions
of their respective biomarkers under different designated
antibiotics at their corresponding four drug concentrations
show the distinctive antibiotic responses of the suscepti-
ble and resistant species. The SERS-AST results obtained
from the ROC analysis based on the collected blood-cul-
ture isolates are summarized in the corresponding tables.
Besides, boosting the SERS signal of A. baumannii by
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heating in water is demonstrated. In the end, the depend-
ence of the SERS signal of susceptible bacterial isolates
on the treatment time of LVX is presented to illustrate how
its slower mechanism of action affects the AST outcome.

SERS-AST of gram-positive bacteria

As the SERS spectra of the chosen Gram-positive bacteria
(shown in Figure S3) consistently exhibit a prominent peak
at 730 cm™!, the ratio of its signal strength of the antibi-
otic-treated sample to that of the untreated control sample
(r730) was used to analyze the antibiotic response of each
Gram-positive bacterium. Given our previous study of the S.
aureus-OXA combination (Han et al. 2020; Liu et al. 2016),
the experiment was repeated with two additional antibiotics
(LVX and VAN). Table 1 shows the accumulated suscepti-
ble and resistant blood-culture isolates of the three antibiot-
ics. Since VAN-resistant sample was not available during
this study, the ROC analysis under the VAN treatment was
not performed. The distributions of r5, of the susceptible
and resistant samples under the treatment of OXA and LVX
at their respective concentrations show similar behavior
(Fig. 2): r;3 decreases to small values for the susceptible
samples as the drug concentration is above certain value,
while it remains at high values for the resistant samples. This
result indicates that the response of the bacterial SERS signal
of S. aureus treated with LVX is similar to that treated with
OXA. The ROC analysis was performed on both the OXA
and LVX-treated samples (ROC curves shown in Figure
S4A). As shown in Table 1, the AUC values in the two cases
are near unity (0.99 and 0.95 for OXA and LVX, respec-
tively), reflecting their good classification performance, and
their agreement rates between the results of SERS-AST and
VITEK 2 are both 95%. There is one major-error sample in
each of these two bacterium-antibiotic combinations. How-
ever, the optimal cut-off signal ratio () extracted from the
LVX-treated samples is significantly higher than that from
the OXA-treated samples (0.83 vs. 0.36). This difference
can be understood from the signal-ratio distributions of the
S. aureus-OXA and S. aureus-LVX combinations (Fig. 2A
and B) at their respective break-point drug concentrations
(Dgp =2 and 1 mg/l, respectively), because the r,5, value at
Dy decides whether the blood-culture isolate is susceptible
or resistant to the antibiotic according to Eq. (1). Note that
the r,3, values of the susceptible S. aureus isolates treated
with OXA of 2 mg/l are well below 0.25 while those of the
resistant isolates are mostly above 0.75; the r;5, values of
the susceptible S. aureus isolates treated with LVX of 1 mg/l
are mostly around 0.5 while those of the resistant isolates
are mainly above 0.9. Accordingly, the obtained r{j, for the
S. aureus-OXA combination (0.36) is expectantly about
0.5 while that for the S. aureus-LVX combination (0.83) is
higher than 0.7. That is, the change of 75, of the susceptible

S. aureus isolates under the treatment of LVX is compara-
tively smaller than that under the treatment of OXA for a
reason discussed later.

Similar to the S. aureus samples, there was no VAN-
resistant S. epidermidis sample. For E. faecalis, OXA- and
VAN-resistant sample were both absent, too. On the other
hand, AMP-, VAN- and LVX-resistant E. faecium samples
were obtained. The corresponding distributions of 5, of the
susceptible and resistant samples under the treatment of the
antibiotics at their respective concentrations also exhibit a
common behavior (Fig. 2) akin to the combinations with S.
aureus, except the E. faecium-LVX combination. The ROC
analysis was thus performed on all these combinations. All
the analysis results (r(*)P, AUC, Np, and R,) obtained from
the corresponding ROC curves (Figure S4) are shown in
Table 1. All the agreement rates are higher than or equal
to 85%, indicating that the SERS-AST protocol was also
successfully demonstrated on the other three Gram-positive
bacterial species treated with the corresponding antibiotics.
There is only one major-error sample in each of S. epider-
midis-LVX and E. faecium-LLVX combinations, resulting in
95% agreement in both cases. On the other hand, there are
three major-error samples in the E. faecalis-LVX combina-
tion, resulting in 85% agreement. Note that similar to the
signal-ratio distributions of the S. aureus-LVX combina-
tion, the 753, values of the susceptible at the correspond-
ing break-point drug concentration (2 mg/l) reside around
0.5 (Fig. 2E). According to the SERS-AST results of the
four Gram-positive bacterium species, their agreement rates
obtained with the treatment of LVX are relatively lower than
those with other antibiotics (except the E. faecium-LVX
combination) and the lower agreement rate is correlated with
the smaller decrease in r3, of their isolates susceptible to the
treatment of LVX at the break-point drug concentration. The
examination of the inferior performance of the LVX-treated
cases will be presented later. The exception to the statement
above is the SERS-AST result of the E. faecium-LVX com-
bination: its AUC is 0.67 and its R is 95%. Such anomalous
behavior—despite the low AUC value in the E. faecium-
LVX combination, its R, value is still quite high—can be
understood from the spreading r;5, distributions of the E.
faecium isolates susceptible and resistant to LVX (Fig. 2H).
With only three resistant isolates (Table 1), it is relatively
easy to locate a r{j, from the obtained ROC curve (Figure
S4D) to achieve a high R, value. This large distribution of
the r;5, distribution of the E. faecium-LVX combination will
be further discussed later.

SERS-AST of gram-negative bacteria
According to the obtained SERS spectra of the chosen

Gram-negative bacteria (shown in Figure S5), the promi-
nent peak of E. coli, E. cloacae and K. pneumoniae is at
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Fig.2 Box-dot plots of SERS
biomarker signals of Gram-
positive bacteria treated with
various concentrations of antibi-
otics. A S. aureus with oxacillin
(OXA); B S. aureus with levo-
floxacin (LVX); C S. epider-
midis with OXA; D S. epider-
midis with LVX; E E. faecalis
with LVX; F E. faecium with
ampicillin (AMP); G E. faecium
with vancomycin (VAN); H E.
faecium with LVX. The Y-axis
shows SERS-AST signal ratios
(r430) obtained by dividing the
signal strength at 730 cm™ of
the antibiotic-treated sample by
that of the non-treated control
sample. The X-axis represents
antibiotic concentrations, with
blue numbers indicating the
break-point concentrations of
the corresponding antibiotics
(Table S1). The red and black
boxes represent the 25th to

75th percentiles of the resistant
and susceptible blood-culture
isolates, respectively, with mean
values indicated by horizontal
lines. Each dot symbolizes the
data of an individual sample
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Table 1 SERS-AST results of gram-positive bacteria. Ng and N stand for numbers of susceptible and resistant cases, respectively

Bacterium Antibiotic Ng Ny Top AUC Npa Ry (%)
S. aureus OXA 12 8 0.36 0.99 1 95
LVX 16 0.83 0.95 1 95
S. epidermidis OXA 6 14 0.25 1 0 100
LVX 12 0.43 0.99 1 95
E. faecalis LVX 17 0.68 0.90 3 85
E. faecium LVX 3 17 0.61 0.67 1 95
VAN 4 16 0.33 1 0 100
AMP 9 11 0.44 1 0 100

£

r§p is the optimal cut-off SERS-AST signal ratio. rg,

is the optimal cut-off signal ratio obtained from ROC analysis. AUC is the area under the

ROC curve. Ny, is the number of isolates that show a SERS-AST result disagreeing with its VITEK 2 result. R, is the agreement rate and is

equal to Np, /(Ng + Ng)

724 cm™! while that of A. baumannii is at 654 cm™'. As a
consequence, the ratio of the signal strength of the biomarker
at 724 cm™! (r,,,) of the antibiotic-treated sample of E. coli,
E. cloacae or K. pneumoniae to that of the untreated control
sample (r,,,) was used to analyze its antibiotic response,
while that at 654 cm™! (rs,) was adopted for A. baumannii.
Our previous study (Han et al. 2020; Liu et al. 2016) showed
the effectiveness of this signal ratio of blood-culture E. coli
isolates as an indicator to determine the antibiotic suscep-
tibility and MIC of CTX. The SERS-AST experiment was
similarly repeated in this work with three additional antibiot-
ics (CAZ, LVX and IPM). Since there was no IPM-resistant
E. coli isolate collected, no ROC analysis was performed in
the E. coli-IPM combination. The distributions of r;,, of the
susceptible and resistant E. coli isolates under the treatment
of CTX, CAZ and LVX at their respective concentrations
show a common behavior (Fig. 3). The obtained ROC curves
(Figure S6) then yielded their excellent SERS-AST results
in Table 2: the AUCs for the three drugs are all unity and
the agreement rates between the results of SERS-AST and
VITEK 2 are all 100%.

Similar to the E. coli isolates, there was no LVX- and
IPM-resistant E. cloacae isolate. The corresponding r;,4
distributions of the E. cloacae and K. pneumoniae isolates
under the treatment of CTX and CAZ also exhibit the com-
mon behavior (Fig. 3). All the ROC analysis results (ROC
curves shown in Figure S6) yielded their respective SERS-
AST results in Table 2. Most of the agreement rates are
at least 95% except the K. pneumoniae-CAZ combination,
indicating that the SERS-AST protocol was also success-
fully demonstrated on the other three Gram-negative iso-
lates treated with the corresponding antibiotics. There is
one major-error sample in each of the E. cloacae-CTX, E.
cloacae-CAZ combination, K. preumoniae-CTX and K.
pneumoniae-LVX combinations, resulting in 95% agreement
in these cases. Unlike the SERS-AST results of the Gram-
positive bacterium-LVX combinations presented above, all

the agreement rates of the Gram-negative bacterium-LVX
combinations are high. Notably, there are three major-error
samples in the K. pneumoniae-CAZ combination, resulting
in 86% agreement. The corresponding r-,, values of the K.
pneumoniae isolates resistant to CAZ are significantly lower
than 1 and even overlap those of the isolates susceptible to
the drug (Fig. 3G). The poor SERS-AST performance of the
K. pneumoniae-CAZ combination is discussed later.

After the antibiotic treatment, the A. baumannii sample
extracted from the wash procedure underwent an additional
step of 30-minute water bath at 37°C to boost its SERS sig-
nal. In contrast to the SERS spectra of the other Gram-neg-
ative species, the SERS spectrum of A. baumannii (Figure
S5D) exhibits a prominent spectral peak at 654 cm™!, as its
dominant secreted purine derivative is xanthine (Premasiri
et al. 2016). A test was performed to monitor the evolution
of the SERS signal at 654 cm™! after the water bath (Ss,)
with respect to that without the water bath (S2S ) at different
temperatures. The results (Figure S7) show that S¢s,/ Sgs 4 at
25 °Cis increased gradually and reaches ~ 2.5 after 90 min;
it at 37 °C rises promptly to ~2.2 after 30-minute water bath
and then grows gradually to ~2.5 times after 90 min; and
finally, its behavior at 50 °C is similar except with larger
variation. Consequently, the additional water bath at 37 °C
for 30 min is a simple, quick method to increase the SERS
signal of A. baumannii. One possible reason why A. bau-
mannii secretes a smaller amount of purines and derivatives
than the other Gram-negative bacteria is that the perme-
ability through its outer membrane is about 1/100 of E. coli
(Geisinger et al. 2019; Zgurskaya and Rybenkov 2020). The
raised temperature is known to increase membrane fluidity
(Mitchell and Silhavy 2019) and thus expectantly increases
the permeability of the outer membrane of A. baumannii.
Other environmental stresses (Raivio 2005) (e.g., changed
pH) and added agents (e.g., cations (Vaara 1992) can be the
alternative means to boost the permeability (Nikaido 2003).
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«Fig.3 Box-dot plots of SERS biomarker signals of Gram-negative
bacteria treated with various concentrations of antibiotics. A E. coli
with cefotaxime (CTX), B E. coli with ceftazidime (CAZ), C E. coli
with levofloxacin (LVX), D E. cloacae with CTX, E E. cloacae with
CAZ, F.K. pneumoniae with CTX, G. K. pneumoniae with CAZ,
H K. pneumoniae with LVX, I K. pneumoniae with imipenem (IPM),
J A. baumannii with CAZ, K A. baumannii with LVX, L A. bauman-
nii with IPM. For A-I, the Y-axis shows SERS-AST signal ratios
(r;,4) obtained by dividing the signal strength at 724 cm™ of the
antibiotic-treated sample by that of the non-treated control sample.
For J-L, the Y-axis shows SERS-AST signal ratios (rgs,) obtained by
dividing the signal strength at 654 cm™ of the antibiotic-treated sam-
ple by that of the non-treated control sample. The X-axis represents
antibiotic concentrations, with blue numbers indicating the break-
point concentrations of the corresponding antibiotics (Table S1).
The red and black boxes represent the 25th to 75th percentiles of the
resistant and susceptible blood-culture isolates, respectively, with
mean values indicated by horizontal lines. Each dot symbolizes the
data of an individual sample

SERS-AST with Levofloxacin

Among the seven antibiotics selected in this study, we note
that the resultant optimal cut-off signal ratio (rg,) with
LVX (a quinolone antibiotic that averts bacterial DNA from
unwinding and duplicating) is frequently higher than that
with other antibiotics five (OXA, AMP, CTX, CAZ and
IPM). For example, rg, of the S. aureus samples treated
with LVX is significantly higher than that treated with OXA
(0.83 vs. 0.36); similarly, rg, of the K. pneumoniae samples
treated with LVX is also higher than that treated with CAZ
(0.68 vs. 0.13). Such behavior is reflected by the fact that in
both cases the signal ratio of the bacterial isolates suscepti-
ble to the treated antibiotic at its break-point concentration
does not decrease significantly (Figs. 2B and 3H), indicating
that the amount of live susceptible bacteria remains large
after the antibiotic treatment and thus potentially increasing
the false-resistant (major error) cases owing to inevitable
SERS signal fluctuation and thus warranting further study.
Does it mean that the incubation time of the antibiotic treat-
ment is not long enough because the bacterial species under
test responds slowly to the antibiotic treatment?

A test was performed to demonstrate how the signal ratio
of the SERS biomarker of E. faecalis (r;5,) was varied with
the treatment time of LVX. The result (Figure S8) shows that
439 With the 2-hr treatment, r,;3,(2hr), decreases gradually
with the increase in the antibiotic concentration (D yx) and
drops to its base level for D; yx =4 mg/l; r;3,(3hr) stays at
~0.75 for Dy yx = 0.5 and 1 mg/1 and drops promptly to ~0.1
for D; yx = 2 mg/l; r3y(4hr) stays at ~0.5 for D; yx = 0.5,
1 and 2 mg/l and decreases gradually to the base level for
Dy yx = 8 mg/l. That is, r,3((2hr), r73,(3hr) and r,5,(4hr) of
E. faecalis treated with LVX at the break-point concentration
(Dgp =2 mg/l) are 0.86, 0.57 and 0.28, respectively. Accord-
ingly, the 3 or 4-hour incubation time is more appropriate for

the SERS-AST on the E. faecalis-LVX combination. Given
the fluctuations of the signal ratio, the best r(*)P value would
be located at ~0.5 or below to mitigate both very major error
and major error cases simultaneously—i.e., if j, is too high,
the fluctuated SERS signal of a resistant isolate could falsely
be regarded as a susceptible one (very major error); if r5, is
too low, the fluctuated SERS signal of a susceptible isolate
could falsely be regarded as a resistant one (major error).
According to Figs. 2 and 3, the signal-ratio distributions of
the resistant isolates more often spread more extensive than
those of the susceptible isolates, thus yielding ultimate r(j,
values mostly below 0.5.

LVX is a quinolone antibiotic that binds to gyrase- or
topoisomerase IV-DNA cleavage complex to form perma-
nent chromosomal breaks (Mitscher 2005). The non-repara-
ble breaks can lead to cell death. Khodursky, Zechierich and
Cozzarelli concluded from the analysis of E. coli that gyrase
is the primary target for quinolones while topoisomerase IV
is the secondary one (Khodursky et al. 1995). With mutated
strains, they discovered that the cell response of the primary
target to the antibiotic is prompt—the cell viability decreases
to < 10% within 10 min, while that of the secondary target is
much slower—it takes ~ 3 h. for the cell viability to drop to
50%. That is, the bacterial response to quinolones depends
on its target. Previous studies also showed that the target
contribution to the quinolone action is varied on species-
by-species and drug-by-drug basis (Aldred et al. 2014), and
probably also on sample-by-sample basis owing to larger
variation in clinical samples. In the E. faecalis-LVX com-
bination (Figure S8), the antibiotic treatment time has to be
at least 3 h. to show significant cell death probably because
the bacterial response to the antibiotic may be slow. On the
other hand, the bacterial response to the antibiotic is expect-
antly prompt in the S. epidermidis- and A. baumannii-LVX
combinations, because their rz‘)P values are 0.43 and 0.52,
respectively. Therefore, the antibiotic treatment time of 3 or
4 h. for LVX and likely other quinolones is needed.

Discussion

Based on the demonstration of the SERS-AST protocol—
including (1) sample preparation, (2) antibiotic treatment,
(3) SERS measurement, and (4) ROC analysis—for blood-
culture isolates developed in our previous work on the S.
aureus-OXA and E. coli-CTX combinations (Han et al.
2020), we have extended its application to the other 18
bacterium-antibiotic combinations, covering the additional
3 Gram-positive species (S. epidermidis, E. faecalis and
E. faecium) and 3 Gram-negative species (E. cloacae, K.
pneumoniae and A. baumannii) and the extra five antibiot-
ics (VAN, AMP, CAZ, LVX and IPM). The resultant mean
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Table 2 SERS-AST results

of sram-negative bacteria. N Bacterium Antibiotic Ng Ny rop AUC Npa R, (%)
and N stand for numbers of E. coli CTX 14 6 0.65 1 0 100
susceptible and resistant cases, CAZ 14 6 0.53 1 0 100
respectively
LVX 14 6 0.72 1 0 100
E. cloacae CTX 12 8 0.68 0.96 1 95
CAZ 12 8 0.69 0.98 1 95
K. pneumoniae CTX 12 9 0.18 0.98 1 95
CAZ 12 9 0.13 091 3 86
LVX 16 5 0.68 0.96 1 95
IPM 15 3 0.37 1 0 100
A. baumannii CAZ 10 10 0.56 1 0 100
LVX 10 10 0.52 1 0 100
IPM 10 10 0.49 1 0 100

rgp is the optimal cut-off SERS-AST signal ratio. rgp, is the optimal cut-off signal ratio obtained from ROC
analysis. AUC is the area under the ROC curve. Ny, is number of isolates that show a SERS-AST result
disagreeing with its VITEK 2 result. R is agreement rate, Ny, / (NS + NR)

agreement rates for Gram-positive and Gram-negative spe-
cies are 96% and 97%, respectively, indicating that the
SERS-AST protocol can be successfully applied to these
bacterium-antibiotic combinations and is expected to be
equally applicable to other untested combinations. Two
slight modifications are however needed to incorporate
the differences in bacterial species and in antibiotics. First,
additional 30-min incubation of the A. baumannii sample
in water at 37 °C was needed to boost its secreted xan-
thine to account for the lower permeation efficiency of its
outer membrane. Second, extended antibiotic treatment
of LVX to compensate its slower mechanism of action
effect is recommended to engender a prominent change
of the SERS biomarker signal with respective to the anti-
biotic concentration and thus can produce more consist-
ent AST outcomes. In sum, these results suggest that this
simple general SERS-AST protocol can be implemented
easily in hospital to shortening the waiting time to obtain
highly accurate antibiotic-resistance reports. Neverthe-
less, there are still several issues that are worthy of further
investigation.

In SERS-AST, bacterial response to antibiotics is deter-
mined by responsive changes in SERS signal, while con-
ventional ASTs are mainly based on changes in bacterial
number, which can be determined by ODg, readings. In this
study, most of the tested cases show that the behavior of the
optical density ratios—the ratio between the bacterial num-
ber after overnight incubation with and without mixing with
a designated antibiotic—is consistent with that of the SERS
signal ratios, as exemplified in the S. epidermidis-OXA com-
bination (Figure S9A). We found that approximately 30%
of the AST results measured by ODy, values were incon-
sistent with those determined by SERS-AST or VITEK 2.
Most of the disagreement cases were Gram-negative bacteria

@ Springer

treated with #-lactam antibiotics, such as the ones in the
E. cloacae-CTX combination. It has been shown that the
initial response of E. cloacae to the treatment of a -lactam
antibiotic is cell elongation, instead of decreased number of
live cells (Cushnie et al. 2016). Therefore, the ODg, value
of the treated culture may not change within 2 h of treatment
for the E. cloacae-CTX combination (Figure S9B). Such
morphological change is postulated to be a repair process
for survival (Mitchell and Silhavy 2019). In contrast, SERS
measures the change in the amounts of secreted purines and
their derivatives in response to antibiotic treatment. Such
measurement is less affected by changes in cell morphology
and could more accurately reflect drug sensitivity in a short
period of time.

LVX tests accounted for half of the disagreement cases,
mostly with Gram-positive bacteria (Table 1). Among the
seven antibiotics tested, LVX is the only one not acting on
cell wall synthesis. It is a quinolone antibiotic that inhibits
gyrase and topoisomerase IV leading to impaired DNA rep-
lication, repair, and recombination (Drlica et al. 2008). It has
been shown that gyrase is the primary target of quinolones in
Gram-negative bacteria, while topoisomerase IV is the main
target of quinolones in Gram-positive bacteria (Drlica et al.
2008). In DNA replication, inhibition occurs within minutes
when the antibiotic acts on gyrase (Snyder and Drlica 1979)
but takes place later if it targets topoisomerase IV (Khodur-
sky et al. 1995). However, bacterial responses to quinolones
have been shown to vary on a species-by-species and drug-
by-drug basis (Aldred et al. 2014). The widely spreading ;5
distributions of the E. faecium-LVX combination (Fig. 2H)
suggest that the responses of E. faecium to quinolones could
even vary on a strain-by-strain basis. It is likely that a longer
time is required for LVX to obtain consistent responses from
the Gram-positive bacteria. Based on the result shown in
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Figure S8, we recommend that the antibiotic treatment time
be extended to at least 3 h for all the samples treated with
LVX in future studies.

Klebsiella pneumoniae tested with CAZ, CTX, or LVX
conferred the most disagreement cases (36%) (Table 2). K.
pneumoniae is known to produce a pronounced polysac-
charide capsule covering the entire bacterial surface result-
ing in a mucoid phenotype (Struve and Krogfelt 2003)
with reduced ability to secrete purines and their deriva-
tives, thus yielding weak SERS signals. K. pneumoniae
is also known to produce the CTX M pf-lactamase, which
is an extended-spectrum f-lactamase (ESBL) and can
degrade third-generation cephalosporin antibiotics at dif-
ferent rates (Canton et al. 2012). In addition, compared to
CTX, which is the preferred target of CTX M f-lactamase,
CAZ is relatively resistant to that enzyme and may require
more than 2 h. to be degraded. Therefore, some CAZ-
resistant bacteria may be determined by laboratory testing
as susceptible, which is inconsistent with clinical manifes-
tations. We also note a previous study (Roosendaal et al.
1987) showed that the bacterial count of K. pneumoniae
treated with CAZ in broth decreases more slowly than the
one treated with another more effective antibiotic (such as
ciprofloxacin in that work). The Advanced Expert System
(AES) of VITEK 2 can identify bacteria with ESBL by
special software and modify the primary laboratory results
accordingly (Spanu et al. 2006). In this study, there were
five AES-revised K. pneumoniae-CAZ results. Three of
them that were determined as susceptible by SERS-AST
after 2-hour antibiotic incubation were interpreted by AES
as resistant. This result thus raises a question whether a
similar system like AES in VITEK 2 is also needed for
SERS-AST.

Given the successful outcomes of SERS-AST in expe-
diting the AST process without overnight incubation, there
are still several issues for further investigation. First, can
the treatment time of antibiotics be shortened? Adopting
new culture media and condition may increase growth rate,
adding cations and adjusting pH condition may boost the
release of purines and derivative, and new SERS substrates
and new optical detection schemes may help distinguish
smaller difference between the SERS biomarker signals
of susceptible and resistant strains. These three research
directions are expected to yield a shorter incubation time in
the SERS-AST protocol. Second, P. aeruginosa is another
pathogen that shows high occurrence rate (5.3%) and critical
antibiotic-resistant priority (by WHO) but was not studied
here. The permeation efficiency of its cell envelope is as
poor as A. baumannii and moreover the strong fluorescence
emitted by its intracellular pigment (pyoverdine) (Cunrath
et al. 2016) can easily overwhelm the weak SERS signal.
Similarly, about 10% bacteremia arises from fungus infec-
tion (such as Candida albicans). A new sample preparation

procedure would be needed to tackle the different biological
characteristics and behaviors of these two pathogens. Third,
polyclonal infection (PI) did occur in a few clinical cases
in this study and thus raises the questions about the inter-
pretation of the obtained SERS-AST result. Can the SERS
spectrum be used to identify the responsible species in the
PI case? Can the SERS spectrum after the antibiotic treat-
ment be used to determine the respective resistograms of
the co-present pathogens? More development of the current
SERS-AST protocol to tackle the PI cases is needed. Fourth,
in the whole SERS-AST protocol, 2 h are needed for sample
washing and concentration adjustment in the pretreatment of
blood-culture samples and the post-treatment of incubated
samples with antibiotics, and about an hour is needed to
adjust bacterial concentration for SERS measurement. The
automation of these steps would certainly shorten the total
operation time of the protocol.

Conclusions

The emergency of new pathogens and antimicrobial resist-
ance worldwide has stimulated the development of new anti-
biotics and fast diagnostic methods for precise and timely
antimicrobial administration. Based on our previous success-
ful demonstrations of the antimicrobial susceptibility testing
with surface-enhanced Raman scattering (SERS-AST pro-
tocol) on blood-culture S. aureus and E. coli isolates treated
with oxacillin and cefotaxime, respectively, we in this work
have further extended the application of this protocol to 18
other bacterium-antibiotic combinations, including three
new Gram-positive species (S. epidermidis, E. faecalis and
E. faecium), three new Gram-negative species (E. cloacae,
K. pneumoniae and A. baumannii), and five new antibiotics
(levofloxacin, vancomycin, ampicillin, ceftazidime and imi-
penem). From the total 401 tests of blood-culture isolates,
overall 96% agreement was achieved between the results
of the SERS-AST protocol, obtained within five hours, and
the VITEK 2 based on overnight incubation. This outcome
proves that the SERS-AST protocol is a simple general AST
method that can provide opportune and accurate AST infor-
mation. This study also shows the developed and proposed
strategies to accommodate unique biological characteristics
and activities of bacterial species (low permeability of A.
baumannii envelope) and distinctive mechanisms of action
of antibiotics (elongated action of levofloxacin). These strat-
egies can be easily incorporated to the protocol and are not
expected to significantly influence the AST performance of
all other bacterium-antibiotic combinations. The success of
this study implies that this new AST paradigm based on
prompt bacterial metabolism could potentially revolutionize
the AST process.
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