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ABSTRACT: Despite recent advances in molecular diagnostics,
ultrafast determination of the antibiotic susceptibility phenotype of
pathogenic microorganisms is still a major challenge of in vitro
diagnostics (IVD) of infectious diseases. Raman microspectroscopy
has been proposed as a means to achieve this goal. Previous studies
have shown that susceptibility phenotyping could be done through
Raman analysis of microbial cells, either in large clusters or down
to the single-cell level in the case of Gram-negative rods. Gram-
positive cocci such as Staphylococcus aureus pose several challenges
due to their size and their different metabolic and chemical
characteristics. Using a tailored automated single-cell Raman spectrometer and a previously proposed sample preparation protocol,
we acquired and analyzed 9429 S. aureus single cells belonging to three cefoxitin-resistant strains and two susceptible strains during
their incubation in the presence of various concentrations of cefoxitin. We observed an effect on S. aureus spectra that is weaker than
what was detected on previous bacteria/drug combinations, with a higher cell-to-cell response variability and an important impact of
incubation conditions on the phenotypic resistance of a given strain. Overall, the proposed protocol was able to correlate strains’
phenotype with a specific modification of the spectra using majority votes. We, hence, confirm that our previous results on single-cell
Raman antibiotic susceptibility testing can be extended to the S. aureus case and further clarify potential limitations and development
requirements of this approach in the move toward industrial applications.
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B INTRODUCTION

By allowing targeted instead of empirical antibiotic therapy,
ultrafast prediction of antimicrobial susceptibility within
minutes to hours after sampling an infected patient is expected

may lead to false-positive resistance detection. Importantly,

this situation is known to evolve over time,"* ™** which is a real
pain point for the industrial development of a routine AST

solution due to the highly regulated context of in vitro

to revolutionize therapeutic efficacy and to help optimizing
antibiotic stewardship,”” with strong positive impacts on the
efficiency and costs of healthcare systems.”~>

Molecular detection of resistance-associated genes is clearly
a part of the solution.”"* Indeed, molecular diagnostics meets
the huge challenges of being directly applicable to raw samples,
ultrafast (<1 h), while addressing sets of genes with proven
clinical relevance in a number of cases. Such solutions have
reached their industrial maturity in highly automated and
point-of-care compatible formats (e.g., BioFire’s FilmArray or
Cepheid’s GeneXpert). In the near future, sequencing-based
solutions are expected to further improve the accuracy and
exhaustiveness of molecular AST predictions.”"’

However, the accuracy of phenotype prediction based on the
detection of genetic information alone has some limitations,
depending on both antibiotics and bacterial species that are
considered. Cases of resistance gene mutations or partial
coverage of genetic variability may generate false results that
may lead to wrong therapeutic decisions. Horizontal resistance
gene transfer and samples with mixed microbial populations
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diagnostics (IVD). Thus, a direct sample testing solution that
would unambiguously correlate with the microbial phenotype
and provide clinically actionable results within hours is highly
desirable."*

To tackle this challenge, a number of nonmolecular methods
to detect microbial phenotypes in the presence or the absence
of antibiotics have been proposed.'*™' These range from
imaging of early division cycles to the detection of metabolic
alterations using a wealth of analytical methods (optical
spectroscopy, electrochemistry, mechanical vibration, hydro-
dynamics, redox markers, and cytometry, to mention a few; for
more detailed information, see van Belkum et al.**).
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Among the new and rapid methods, Raman micro-
spectrometry is a particularly attractive option.”” The microbial
Raman information is known for long to provide identification
information down to the strain level.”*~** More recently, it was
used to probe the differences between resistant and susceptible
phenotypes of microbial cell clusters in the presence of
antimicrobials.””~** This was also demonstrated for smaller
groups of single microbial cells, even down to single
cells.””*>™** Cell-to-cell variability in a microbial strain
population was not measured in these studies, which may
lead to incorrect interpretation. Our group and others have
applied this approach to large populations of single cells and
provided an unprecedented vision of cell-to-cell response
variability in the presence of antibiotics. Using Escherichia coli
as a model organism, we showed that individual cells shift
between distinct Raman signatures in an antimicrobial dose-
dependent manner, with a massive population transition at
antibiotic concentrations around the minimal inhibitory
concentration (MIC).*

Although the sum of the results mentioned above clearly
opens the way to ultrafast determination of resistance
phenotype in a quantitative manner, their scope and modalities
are far from an industrial IVD application for routine testing.
Even before considering constraints linked to commercial
deployment, a future Raman-based diagnostic system should at
least have the ability to address an extended panel of
microorganisms and drugs, which requires both a versatile
sample preparation procedure and the biological demonstra-
tion of performances on this extended panel, in a simple-to-use
(hence automated) format.

We already addressed some of these concerns in previous
studies.*® First, we described optimized mild electrostatic
capture conditions to immobilize a wide variety of micro-
organisms onto glass coverslips, where they can be incubated
in physiological conditions and keep their ability to grow.
Second, we demonstrated the fully automated, high-through-
put localization and Raman probing of immobilized single
cells, giving access to large sets of highly informative single-cell
Raman spectra with unprecedented speed and accuracy.

As for the applicability of Raman to testing microbial
antibiotic susceptibility on a wider panel of microorganisms,
we noted that published demonstrations generally use a few
strains in the Gram-negative rod group. Here, we wanted to
extend our previous demonstration to a significantly different
kind of cells. We chose methicillin-resistant Staphylococcus
aureus (MRSA) because it is a Gram-positive microorganism,
with metabolic and chemical characteristics that are known to
be different from Gram-negative microorganisms, and a coccus
with a relatively small size (often <1 um), a situation that is
challenging for microspectrometry.”’ We document here the
intensity and variability of single-cell spectra for a reduced set
of susceptible and resistant S. aureus strains in the presence of
cefoxitin and discuss our actual ability to use the Raman
information to predict their resistant/susceptible phenotypes.

B METHODS

Experimental Design and Data Processing Strains
and Culture Conditions. Two susceptible S. aureus strains
(SA44 and SAS86 strains) and three MRSA strains (two mecA
positive, SA127 and SA128, and one mecC positive, SA126)
were selected (see the Supporting Information, SI1 section,
and Table S1). As in most methicillin-resistant tests,*”** we

used cefoxitin in all our susceptibility tests on S. aureus. For

susceptible strains SA44 and SA86, cefoxitin concentrations
were set to 4 times their MIC values (8 and 16 pg/mlL,
respectively) to create conditions with a clear effect on
bacterial viability. For resistant strains (SA126, SA127, and
SA128), 8 ug/mL cefoxitin was used, below their reported
reference MIC (16, 16, and >256 pug/ml, respectively), to
prevent an effect on viability (see the Supporting Information,
Table S1). For comparison purposes, we also tested two E. coli
strains (one susceptible EC10, one resistant EC21, see the
Supporting Information, Table S2) that were used in our
previous studies’” in the presence of gentamicin, using our new
experimental setting and procedure.

Raman Measurement. Detailed information about the
successive steps of our protocol is provided in the Supporting
Information, SI2—SI6 sections. Briefly, for each test, bacteria
from a single colony were cultured in a liquid MHB medium
for around 2 h at 37 °C. Bacteria were then recovered in a
saline phosphate buffer at 2 X 10’ CFU/mL. A drop of this
suspension (300 yL) was deposited onto an aminosilane-
functionalized glass coverslip (Schott Nexterion (Miillheim,
Germany) ref 1666121) to immobilize bacteria on the surface.
After washing, the coverslip was used to close a fluidic chamber
made of a glass slide and a Gene Frame spacer. This chamber
was filled with a 10% MHB growth medium with or without
antibiotics depending on the testing condition. This assembly
(see Figure 1) was set up on the Raman microspectrometer

A)
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Strains SA SA SA SA SA
44 86 127 128 126
Phenotype S S R R R
Number  of 2002 1314 2093 2015 2005
spectra !/ /4 /3 2 /3 /3
Replicates

Figure 1. (A) Scheme of the experimental setup: S. aureus bacteria
were immobilized on an aminosilane-functionalized glass coverslip (a)
by incubation in phosphate buffer 20 mM, pH 7.2, and NaCl 50 mM
solution at a final concentration of 2 X 10’7 CFU/mL (300 uL). After
washing, the coverslip was used to close a fluidic chamber made of a
Gene Frame (Thermo Scientific) (b) and a glass slide (d). The
chamber was filled with MHB 10% with or without an antibiotic. (c)
Assembly was set up on the Raman microspectrometer stage (d). (B)
Table view of the S. aureus strains used in this study and experiments
performed.

stage. Raman spectrum acquisitions were performed automati-
cally on single bacteria over a period of 4 h. In one given
experiment, a sample without antibiotics was systematically
tested in parallel with samples containing antibiotics. The
effect of antibiotics on cell viability was tested in parallel in a
liquid broth format, starting from the same inoculum and
reagents used for Raman experiments. Each experiment was
replicated independently on different dates.

Raman acquisitions were performed as described in the
Supporting Information, SI6 section.

Data Treatment and Analysis. Raw single-cell spectra
were preprocessed to remove the background signal (mostly
fluorescence) and glass signal (see details in the Supporting
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Linear Discriminant Analysis - axes built on strain * concentration

Split by strain
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Figure 2. Response of resistant strains (SA128, SA127, and SA126) versus susceptible strains (SA44 and SA86) to cefoxitin: penalized linear
discriminant analysis (LDA) axes built on classes corresponding to strain and antibiotic presence/absence combinations, therefore 10 classes. The
spectra corresponding to several experiments are lumped in the same class and are not separated in this figure. Each graph corresponds to a strain.
The color corresponds to the presence/absence of the antibiotic. The blue arrows are traced between the average spectra with no antibiotic and
with an antibiotic (tip of the arrow). Therefore, the length of the blue arrow is a measure of the spectral response of the strain to the antibiotic.

Information, SI7 section) to reduce the contribution of
nonbiological and nonspecific signals.”* The overall database
contains 9429 spectra of single bacteria after data treatment.

Linear discriminant analysis (LDA) was preferred to
principal component analysis (PCA) for visualization purposes
to determine the effect of specific test conditions or
combinations thereof (species, resistance) on the spectra.
Each of these conditions is referred to as a class.

In brief, LDA is a supervised method that provides a
representation of the spectra in a low dimension (two-
dimensional (2D) in our case). This representation is
constructed to maximize the ratio between the interclass and
intraclass variance, therefore allowing a good separation
between the classes. In our particular case, LDA has been
regularized to avoid artifacts linked to the fact that the data
have a dimensionality (number of channels per spectrum)
comparable to the number of instances (number of spectra).
See the Supporting Information for more details on LDA and
its implementation.

LDA can be used as a predictor to discriminate between
bacterial phenotypes. Explicit and easily interpretable rules
could be carved out from it, for instance, based on the distance
between centroids in LDA visualization. Nonetheless, to keep
consistency with our 2018 study,39 we preferred to evaluate the
discriminative capability of the system through a ridge-
regularized SVM with a linear kernel. The SVM classifier was
trained on a set of strains and one strain was left aside for
testing.

B RESULTS AND DISCUSSION

An important first step in the perspective of routine use in
clinical microbiology diagnostics is to show that Raman-based
resistance phenotype determination can be applied to very
different microorganisms.

In the present study, we consider S. aureus cells, which are
known to have a small size - a challenging situation for single-
cell Raman spectra acquisition - and a significantly different
overall chemical composition compared to the E. coli strains
that we have studied so far.

To document Raman spectra for a statistically relevant
number of single cells, in conditions where their metabolism is
best preserved, we used the automated system described by
Douet et al."” We have shown that this system allows for the
acquisition of highly informative spectra on very large numbers
of cells (>65000 Raman spectra of single cells) and in a
growth-compatible liquid environment. We also wanted to
determine if this system would catch the potentially faint
Raman differences caused by metabolic adaptations in the
presence of antibiotics in the S. aureus/cefoxitin case.

As a test case, we challenged the effect of cefoxitin on two
susceptible and three resistant strains with two different
resistance genes (see characteristics in the Supporting
Information, Table S1). The use of our new instrument
allowed us to acquire spectra at a high rate (400 spectra/h)
and have refined documentation of cell-to-cell variability. The
resulting spectra were processed as described in the Supporting
Information, SI7 section. The differences between mean
spectra of resistant or susceptible strains in the presence or
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Table 1. Susceptible (S)/Resistant (R) Classification Performances for Each Strain Tested

Nb of] Whole Nb of|%
C " % correctly iment |G d Nb of] ¢ b "
Strain  |Exp # |Nb of Spectra orrf:c Y predicted exper@en roun image fields eorrec . ‘y— correF v
predicted majority  |truth field majority|classified
spectra analyzed
spectra vote result votes fields
1 306 195 63.7 % S S 14 12 85,70%
2 398 231 58.0 % S S 12 10 83,30%
SA44
3 263 121 46.0 % R S 8 3 37,50%
4 231 131 56.7 % S S 9 5 55,60%
5 311 185 59.5% S S 11 8 72,70%
SA86 |6 139 74 53.2% S S 6 2 33,30%
7 150 97 64.7 % S S 5 4 80%
8 786 680 86.5 % R R 17 17 100%
SA127
9 475 439 92.4% R R 16 16 100%
10 166 149 89.8 % R R 7 7 100%
SAI128 |11 562 407 72.4 % R R 21 21 100%
12 393 355 90.3 % R R 11 11 100%
13 568 385 67.8 % R R 17 17 100%
SA126 |14 586 245 41.8 % S R 22 8 36,40%
15 151 80 53,00% R R 9 4 44,40%

the absence of cefoxitin are illustrated in Figure S3 in the
Supporting Information.

We built up an LDA representation on a 10 class problem
(five strains/two antibiotic conditions). The first two axes are
plotted in Figure 2. We showed in a separate repeatability
experiment (susceptible SA44 and resistant SA128 strain/see
the Supporting information, SI10 section, and Figure S4) that
interexperiment reproducibility was good enough for us to
lump several repeated experiments on each of the plots of
Figure 2 to increase the representativeness (see the Supporting
Information, Table S1 for the number of replicates).

As expected, we observe that single-cell spectra can be
separated according to their class, despite some overlaps, in
this reduced-dimensionality representation, between condi-
tions. In particular, the susceptible strains (SA44 and SAS86)
exhibit a clear response to cefoxitin, basically oriented along
the first LDA axis, while the spectral modification in mecA-
positive resistant populations (SA128 and SA127) show much
less variation.

We checked if this faint response could be due to a reduced
ability of our new measurement setting to catch the Raman
information related to the cells’ response to antibiotics. To do
so0, we repeated the same experiment on the E. coli/gentamicin
model used in our 2018 study.” The susceptible EC10 and the
resistant EC21, which were known to show very clear
antibiotic-related Raman modifications, were used (see the
Supporting Information, Table S2). Mean spectra and
classification results are shown in the Supporting Information,
Figure S5 and clearly evidence a strong response of the EC10
gentamicin-susceptible strain, while the resistant strain EC21
remains unaffected. This confirms that our new setting is able
to catch the spectral modifications associated with antibiotic
susceptibility at least as well as the 2018 one.

Not only spectral modifications in S. aureus in the presence
of cefoxitin were faint, but the mecC-positive resistant strain
SA126 exhibited an intermediate behavior, suggesting that the
antibiotic effect itself could be partia. We checked this
hypothesis by challenging the viability of microorganisms, in
the same incubation conditions as for Raman experiments, by

16276

plating and colony-counting (see the Supporting Information,
SI3 section). As expected, the viability of susceptible strains
decreased in the presence of antibiotics. The decrease was
moderate due to both the short incubation time in the
presence of the antibiotics and the nutrient-poor medium used
for the incubation, in which growth and bacterial metabolism
are inherently slowed down. On the contrary, the resistant
SA127 and SA128 strains grew in the presence of antibiotics,
similar to the control condition without antibiotics. Strikingly,
the SA126 population did not grow in the presence of cefoxitin
as much as in the control condition. So, it appears that the
cefoxitin concentration used in our experiment was unexpect-
edly close to the effective MIC of SA126 in our experiment and
that the Raman effect observed can be correlated to the actual
growth behavior of S. aureus cells.

In the end, the modification of single-cell Raman spectra in
the presence of antibiotics correlates with the longer-term
growth, or growth inhibition, of a cell population among all S.
aureus strains tested in this study. This is very consistent with
the observations and interpretation of Lopatkin et al,*
suggesting that the metabolic state of microorganisms is a
good predictor of the antibiotic effect. Raman spectra, as a
representation of this metabolic state, would also be a good
predictor of the fate of a bacterial population in the presence of
antibiotics. Interestingly, we observed that spectral changes,
when occurring, were detectable within the first 30 min of
incubation in the presence of antibiotics and did not change
significantly more over time (see results in the Supporting
Information, SI11 section). The same observation was noted in
our previous work in the E. coli/gentamicin case.”” This would
be in favor of a very rapid orientation of cells toward division
or death, which is also consistent with observations by
Collins’s group.*>*’

We tested if, despite the faint Raman modifications at the
single-cell level, our data would allow us to predict the
antibiotic resistance/susceptibility phenotype at the popula-
tion/strain level. To do so, we applied a machine-learning
approach with a leave-one-strain-out strategy to our data (see
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the Supporting Information, SI9 section for details). The
classification results are shown in Table 1.

As expected, at the single-cell level, the variability is too high
to allow for accurate predictions in all cases. The prediction is
at least better than random in most cases, with very good (86—
92%) accuracy for some cases but also very difficult cases
(41.8% for one of the SA126 experiment for which the
antibiotic effect on viability was partial).

We carried out a majority vote on the predictions associated
with all of the bacteria of a microscope field, which
corresponds to typically 30 bacteria. This allows us to evaluate
whether lumping a moderate number of predictions (which
corresponds to a few minutes of acquisition) is sufficient to
yield an accurate phenotypic prediction. We found that the
percentage of correct prediction at the field level reached 100%
in the best cases (on resistant strains SA127 and SA128
noticeably) but that field-level majority vote did not yield
substantial improvement in other cases. The same tendency
was found with a majority vote at the full experiment level,
with correct prediction in 13/15 cases

These limits in prediction accuracy may be due to the fact
that the number of strains included in the study was limited.
For instance, only two susceptible strains were included, which
means that in the cross-validation design, only one example of
the resistant strain was provided to the classifier during
training. This may explain the relatively poor behavior of the
classifier on susceptible strains. We believe that increasing the
number of strains in the study will allow the classifier to
capture more inter-strain variability and eventually improve its
performance.

B CONCLUSIONS

Overall, our results confirm that single-cell Raman spectra can
be acquired rapidly over large cell populations and provide a
refined vision of their spectral variability. This is expected to
help tackling challenging bacterial susceptibility/resistance
diagnostics cases by rapidly and easily probing the spectral
response over thousands of cells rather than an averaged
response. As acquisitions can be performed in a liquid
environment, bacteria keep their ability to grow, which is an
important asset to facilitate future sample preparation
procedures for direct sample testing. In some cases, e.g., the
Gram-negative E. coli in the presence of gentamicin, we have
shown that resistant and susceptible cell populations can be
unambiguously separated based on their spectral changes in
the presence of antibiotics. We show, here, that this conclusion
can be extended to the Gram-positive S. aureus/cefoxitin case,
however, with some care. Indeed, Raman characteristics do
allow for the separation of S. aureus cell populations according
to their resistance phenotypes. This was not documented
before and was expected to be more challenging due to the
smaller staphylococcal cell size. In a more quantitative
approach, however, we show that cell-to-cell variability is
higher in the S. aureus/cefoxitin case than the E. coli/
gentamicin case, which affects the accuracy of phenotype
prediction. This might prevent prediction to be done from
small cell numbers, which would be a clear restriction for direct
testing of samples with low bacterial cell counts. We suggest
that a part of this variability might be reduced by optimizing
the testing conditions (growth conditions, media, and
antibiotic concentration). Improving test automation and
throughput is thus necessary but not sufficient. Optimized
testing procedures are expected to be required for virtually

each new bug—drug combination on the road toward
extended-panel Raman-based AST.
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