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Silvio D. Brugger,1 Annelies S. Zinkernagel,1,5,* and Pablo Sinues2,3,5,6,*

SUMMARY

Early detection of pathogenic bacteria is needed for rapid diagnostics allowing
adequate and timely treatment of infections. In this study, we show that sec-
ondary electrospray ionization–high resolution mass spectrometry (SESI-
HRMS) can be used as a diagnostic tool for rapid detection of bacterial infec-
tions as a supportive system for current state-of-the-art diagnostics. Volatile
organic compounds (VOCs) produced by growing S. aureus or S. pneumoniae
cultures on blood agar plates were detected within minutes and allowed for
the distinction of these two bacteria on a species and even strain level within
hours. Furthermore, we obtained a fingerprint of clinical patient samples
within minutes of measurement and predominantly observed a separation of
samples containing live bacteria compared to samples with no bacterial growth.
Further development of this technique may reduce the time required for micro-
biological diagnosis and should help to improve patient’s tailored treatment.

INTRODUCTION

A prompt and accurate identification of the causative pathogens of a bacterial infection is essential for

providing patients with adequate treatments to reduce mortality and to prevent antibiotic resistance (Ku-

mar et al., 2006; Lodise et al., 2003; Paul et al., 2010; Rasmussen et al., 2010). Bacterial infections caused by

the human pathogenic bacteria Staphylococcus aureus and Streptococcus pneumoniae remain highly

prevalent (Choi et al., 2021; Henriques-Normark and Normark, 2010; Kyaw et al., 2005; Lowy, 1998). Despite

the development and availability of antibiotics, mortality remains high, reaching 20 % for S. aureus-associ-

ated endocarditis and more than one million deaths of children below 5 years of age by S. pneumoniae

(Choi et al., 2021; Henriques-Normark and Normark, 2010).

Currently, state-of-the-art bacterial identification methods consist of different strategies: in addition to

conventional growth-based diagnostics, molecular methods (16S-rRNA, whole genome sequencing and

antigen detection) and matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spec-

trometry are the current culture-based gold standards for identification of bacteria (Griffiths, 2008; Van-

damme et al., 1996; Vrioni et al., 2018; Yarza et al., 2014). Both methods portray complementary properties.

Molecular methods allow for detection of single bacterial components such as pneumococcal antigen or

DNA directly in a clinical sample. This translates into a similar diagnostic tool comparable to MALDI-

TOF at the cost of not being able to differentiate between live and dead bacteria or to present limitations

to identify antibiotic susceptibilities (Opota et al., 2015). On the other hand, the rich peptide fingerprints

detected by MALDI-TOF allow for a very high degree of specificity, covering a vast range of pathogens.

However, this gold-standard method still bears limitations. In order to be able to identify a bacterium, a

minimum concentration of bacteria must be grown for a defined time to allow an accurate identification

of the sample (Cheng et al., 2018; Clark et al., 2018; Griffiths, 2008; Singhal et al., 2015; Vrioni et al.,

2018). Such prerequisite introduces additional time for diagnosis of approximately 16 to 24 h until the bac-

teria have grown sufficiently (Altun et al., 2015; Buchan et al., 2012; Clark Andrew et al., 2013). Studies in the

last decade have aimed to reduce the time required for MALDI-TOF preprocessing, with diverse ranges of

success from 3 to 5 h turnover; however, this also implied a reduction in the specificity of the results (Altun

et al., 2015; Nomura et al., 2020).
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Additional experimental methods are being developed to overcome these limitations of the techniques

currently accepted in microbiological diagnostics. One approach is to detect volatile metabolites (i.e. vol-

atile organic compounds aka VOCs) released by microorganisms as they grow (Bos et al., 2013; Sethi et al.,

2013). The development of ‘‘electronic noses’’ in the early 1980s and its utilization for bacteria detection in

clinical diagnosis and the food industry showcased the importance of volatile analysis and further increased

the development of related technologies (Casalinuovo et al., 2006; Gardner and Bartlett, 1994). An addi-

tional approach has also been taken by selected-ion flow-tube mass spectrometry (SIFT-MS) where one

study reported the detection of different bloodborne pathogens such as S. aureus, S. pneumoniae, and

P. aeruginosa after 6 h of incubation in special blood enrichment media, leading to the feasibility of a

fast detection of bacterial pathogens directly from cultures, albeit requiring high concentrations of bacteria

((Allardyce et al., 2006a; Allardyce et al., 2006b). Furthermore, additional technologies such as ion mobility

spectrometry (IMS) has also been applied to analyze bacterial culture in vitro as well as patients’ breath to

generate correlations within patients presenting ongoing bacterial infections, such as tuberculosis with a

sensitivity of 81% (Sahota et al., 2016; Steppert et al., 2021). Moreover, the IMS technology coupled to gas

chromatography has also been applied successfully to analyze bacterial growth derived from blood by en-

riching its bacterial content (Drees et al., 2019). By doing so, the limitations of molecular methods such as

time to positive detection and distinguishing between dead and live bacteria are overcome. In addition,

similarly to the specificity provided by the peptide profiles captured by MALDI-TOF, the unique meta-

bolism developed over millions of years of evolution of bacteria provides an opportunity to render a

high specificity. This strategy has been usually pursued by different mass spectrometric variants. The work-

horse of VOCs analysis released by bacteria has been gas chromatography-mass spectrometry (GC-MS)

possessing the main advantage to detect very complex gas mixtures (Bean et al., 2012). However, this

method requires time-consuming sample preparation, limiting the possibilities of providing quicker results

than MALDI-TOF-based analyses. Alternative real-time mass spectrometric techniques such as SIFT-MS

and secondary electrospray ionization–high resolution mass spectrometry (SESI-HRMS) (Ballabio et al.,

2014; Bean et al., 2014; Kaeslin et al., 2021; Lee and Zhu, 2020; Li et al., 2019; Li and Zhu, 2018; Zhu

et al., 2010, 2013a, 2013b, 2013c; Zhu and Hill, 2013) can provide analyses of VOCs on the fly, thus poten-

tially shortening time-to-results.

Despite the encouraging results and evidence accumulated over decades of analysis of VOCs released by

pathogens, such analytical strategy did not make it to transition from a research level to a commercially

available solution. Some of the reasons include that it is unclear yet whether the sensitivity of such methods

is enough to detect bacterial growth during very early stages of bacterial replication, hence potentially

accelerating positive results to just a few hours. Another remaining question is whether at such low

VOCs concentration levels, the selectivity is enough to enable species differentiation. In this work, we ad-

dressed these open questions using SESI-HRMS, which features limits of detection for VOC features as low

as part-per-trillion (Martı́nez-Lozano et al., 2009) and operates in real time. Additionally, SESI-HRMS allows

for the simultaneous detection of hundreds of VOCs from microorganisms because of the high resolution

of the mass analyzer (Tejero Rioseras et al., 2017). To do so, we conducted quantitative measurements of

two different S. aureus and S. pneumoniae strains. Parallel image analysis and gold-standard culture and

MALDI-TOF measurements were used to benchmark the technology. Previous studies have sought to

directly measure in vitro and ex vivo volatile molecules from a diverse set of clinical samples (wound swabs,

tissue, body fluids, among others) using gas sensors andmass spectrometry-based technologies (Allardyce

et al., 2006b; Byun et al., 2010; Daulton et al., 2020; Ratiu et al., 2019; Roine et al., 2014; Slade et al., 2017;

Thomas et al., 2010); with this in mind, we culminated the study providing proof-of-principle on the feasi-

bility of this sample preparation-free approach to ‘‘sniff-out’’ a variety of clinical samples with high

complexity such as unprocessed tissue and prosthetic implants in real time.

RESULTS

Detection and quantification of low-level bacterial colony forming units (CFUs)

To evaluate the capability of SESI-HRMS for the detection of bacterial VOC features, we measured a low

number of CFUs (140 – 2000 CFUs per plate) of S. aureus and S. pneumoniae strains over �15 h with

SESI-HRMS. In parallel, time-lapse (TL) images were acquired to record bacterial growth over 15 h and

up to 38 h for certain replicates (Figure 1 and see also Figure S1). As an example, Figure 1A shows a

time trace of an unspecific mass spectral feature present in all four biological replicates of S. aureus

Cowan1 during SESI-HRMS measurement at a mass-to-charge ratio (m/z) 144.04765. Complementary TL

pixel intensities for each replicate are presented in Figure 1B, accompanied by control measurements
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together with TL image row examples at 15, 24, and 38 h of measurement. No bacteria were visually de-

tected by the TL system by the end of SESI-HRMS acquisition at 15 h. In contrast,m/z 144.04765 in S. aureus

Cowan1 was detected by SESI-HRMS in all four replicates within the first minutes of growth/measurement

even if CFU numbers are as low as 140 CFUs (Figure 1A). To control for bacterial growth, the plates were

further analyzed via TL beyond the 15 h analysis with SESI-HRMS, confirming the appearance of colonies

after 24 h of growth (Figure 1B). In general, growth was detected for all bacterial strains under low CFU con-

dition as well as under high CFU condition (see also Figure S1).

Discrimination ability: Real-time detection of unique features on species and strain level

After confirming the detection of features under a low number of CFUs, we investigated whether these de-

tected features were attributable to the S. aureus strains JE2 and Cowan1 or the S. pneumoniae strains D39

and TIGR4. We were able to assign a total of 392 features to the two bacterial species or their respective

strains as summarized in Table S1. We found that out of 392 features, 51 features were S. aureus-specific

(JE2 and Cowan1), 302 features were unique to S. aureus JE2, and 15 features unique to S. aureus Cowan1.

Moreover, 18 features were identified as S. pneumoniae-specific (D39 and TIGR4), five features were unique

to S. pneumoniae D39, and one feature was unique to S. pneumoniae TIGR4.

Since the features listed in Table S1 identified for low CFUs (in the order of thousands) were not always

present in all four biological replicates measured for a bacterial strain, we aimed to evaluate the use of

SESI-HRMS with high-density (billions) CFUs cultures to increase the signal strength and achieve a better

reproducibility among the four biological replicates measured for each bacterial strain. Table S2

summarizes the total of 1,269 features identified to be unique for a distinct bacterial strain or species under
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Figure 1. Detection of features in headspace of growing bacterial culture by SESI-HRMS vs. visual monitoring by

TL camera

(A) Example of an unspecific feature time trace atm/z 144.04765 with proposedmolecular formula [C6H11O2NS]+ acquired

by SESI-HRMS over 15 h of measurement is illustrated for S. aureus Cowan1.

(B) Corresponding TL normalized pixel intensity of the measured replicates along with pictures showing visually captured

growth at 15, 24, and 38 h after the bacteria were put on the plate. The four colored lines represent four biological

replicates and the four dashed black lines represent the four control replicates. The colors indicate how many CFUs were

put on the blood agar plate for each replicate measured. MS=Mass spectrometer, CFU = Colony forming unit, TL = Time

lapse. See also Figure S1.
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high-density conditions. Out of the total of 1,269 features, 19 features were detected in both S. aureus

strains JE2 and Cowan1. Three specific features were only found in S. aureus Cowan1 and 26 features in

S. aureus JE2. For S. pneumoniae, 15 specific features were present in both strains D39 and TIGR4.

When both S. pneumoniae strains were evaluated separately, 1,206 features were unique to S. pneumoniae

D39 and no unique features were identified for TIGR4.

Out of the 26 features assigned to the strain S. aureus JE2, one representative feature atm/z 104.10693 is shown

for all biological replicates and the controls (Figure 2A). The signal of this particular feature wasmore abundant

in all four S. aureus JE2 replicates with a signal intensity of � 4 3 105 (a.u.) and nearly absent among all other

strains and controls (Figure 2A). A similar profile was shown for additional nine features depicted in the heat-

maps of S. aureus JE2 (Figure 2A). They start to be detectable at� 5 h with increasing abundance towards the

end of the measurement at 15 h. In contrast, the features remained at the baseline level for the rest of strains

and for the control. Another example of S. aureus species-specific time profiles is shown in Figure 2B. Out of 19

features detected in both S. aureus strains JE2 andCowan1, a relevant feature atm/z 101.06079 is shown for all

biological replicates and controls (Figure 2B). Very similar to Figure 2A, this particular feature started to increase

towards the end of the measurement and was only present in both S. aureus strains with a high signal intensity

and nearly not detected in the other strains and controls. Figure S2 shows the heatmaps and/or representative

specific features identified for the remaining species and strains. Unique features were assigned to each strain

and species with the exception of S. pneumoniae TIGR4 for which no unique features were assigned, albeit its

growth was confirmed by TL (See also Figure S1). Nevertheless, some features were present in S. pneumoniae

TIGR4 whereas they were absent in the control (See also Figure S2E and Figure S2F).

Furthermore, we also compared the overlap of features detected using low-density culture (Table S1)

versus using a high-saturated growth plate (Table S2). Only six species S. pneumoniae-specific features

were found under both conditions (See also Figure S3).

Diverging metabolic trajectories of bacterial strains

Next, we investigated the evolution over time of the features produced by the different bacteria under

investigation as they grew. Given the large number of features detected, we visualized our multivariate da-

taset using principal component analysis (PCA) and dendrogram trees to obtain clusters of the different

bacterial strains at different stages of bacterial growth (Figure 3, See also Figure S4 and see also Figure S5).

An initial separation of S. pneumoniae D39 from the other strains became apparent after 15 min of mea-

surement (See also Figure S4). At the time point 7 h, a separation was noted for the S. aureus JE2 replicates.

The S. aureus Cowan1 group started to drift apart from the controls at 10 h after growth. The best discrim-

ination of the different groups was observed at 12 h as shown in the PCA and dendrogram tree in Figure 3.

Except of S. pneumoniae TIGR4, all strains could be distinguished from the controls very clearly. Further-

more, it is well visible how Euclidean distance shortens as a function of growth time (See also Figure S5).

Measurement of clinical patient samples by SESI-HRMS

After assessing the quantitative and qualitative capabilities of our real-time analysis system to detect bac-

terial growth in enriched bacterial cultures, we tested the feasibility of such an approach for the direct anal-

ysis of a heterogeneous set of 17 clinical samples from 13 different patients derived from various origins

including heart valves, skin, deep tissue, as well as foreign bodies such as pacemakers (Table 1). All clinical

samples were initially analyzed by routine diagnostics and the etiological agents identified by MALDI-TOF.

Most samples came from patients which underwent antibiotic therapy prior to SESI-HRMS measurement.

Hence, for 10 out of the 17 clinical samples, no bacterial growth was detected by conventional growth on

agar plates. For the remaining seven samples for which bacterial growth was detected, four were S. aureus

positive and three grew S. epidermidis at the time of measurement by SESI-HRMS (Table 1). This is a typical

problem encountered in clinics rendering the current culture-basedmicrobiological diagnostics inefficient.

Indeed, our clinical information confirmed that 11 out of 13 patients from this study were previously treated

with different doses of antibiotics, and no bacterial growth could be detected at the sampling time for eight

out of 13 of these patients (Table 1).

Despite these challenges, all samples obtained from patients were subjected to a targeted analysis whereby

the specific features previously identified under high-density conditions were extracted from the clinical

dataset. To then visualize this highly complex dataset, t-SNE analysis was performed (Figure 4). A clear cluster

in the middle of the t-SNE space consisting of clinical samples from S. aureus (methicillin-susceptible, MSSA)
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Figure 2. Specific time-dependent features detected during bacterial growth

(A) Example time trace of the positive ion at m/z 104.10693 (framed in red) unique to S. aureus JE2 is shown on top of the heatmaps consisting of total ten

features (positive ions) unique to S. aureus JE2.

(B) Example time trace of the negative ion at m/z 101.06079 (framed in red) unique to the species S. aureus (i.e. present in both JE2 and Cowan1) is

shown on top of the heatmaps consisting of total 14 features (negative ions) unique to species S. aureus. Real-time evolution of all features is shown over

15 h of measurement by SESI-HRMS for all four investigated strains (n = 4 biological replicates) and controls (n = 4). The color bar indicates the z-score

values of absolute signal intensity for each feature, from low (dark blue) to increased signal intensity (dark red). See also Figures S2 and S3 and Tables S1

and S2.

ll
OPEN ACCESS

iScience 25, 105080, October 21, 2022 5

iScience
Article



and S. epidermidis infections is visible. For these samples, growth of bacteria was confirmed a posteriori (Ta-

ble 1). In addition, two clinical S. aureus samples (MRSA, further growth not confirmed) clustered at the bottom-

right of the t-SNE space.

DISCUSSION

In this study, we showed that SESI-HRMS detects in real-time unique features of the human pathogens S.

aureus and S. pneumoniae within minutes of growth on an agar plate. We obtained detectable features

using bacterial cultures with less than 103 CFUs. Furthermore, a clear differentiation between these impor-

tant two human bacterial pathogens was achieved, even within strains. Since bacterial numbers are often

low in patient samples, especially if the patients already received antimicrobial therapy, this is of great

importance for future diagnostics.

For any diagnostic method to be of clinical use, it requires to be sensitive and specific enough to enable

meaningful further clinical decisions such as an accurate antibiotic treatment. A third dimension of crucial

importance in diagnostics of suspected bacterial infection is time-to-response. A perfect diagnostic

method should be sensitive enough to detect a positive sample during early phases of infection, selective

enough to distinguish different species or strains, and should be fast and require little-to-no sample prep-

aration. Currently, state-of-the-art DNA-based diagnostic methods for bacterial identification require just a

single bacterial component to provide a positive response (Clark Andrew et al., 2013). However, limitations

include that no differentiation between living and dead bacteria or a limited identification of antibiotic sus-

ceptibilities are possible. These limitations can seriously affect its clinical usefulness (Vrioni et al., 2018). On

the other side, peptide profile identification by mass spectrometric methods can overcome these two

noted limitations of DNA-based methods. However, this comes at the expense of requiring relatively

lengthy pre-growing steps to enable active and sufficient bacterial cells to be detected by the MALDI-

TOF system (Buchan et al., 2012; Kok et al., 2011; Osthoff et al., 2017).

The proposed mass spectrometric method lies somewhere in between these two techniques, hence over-

coming some of their limitations. On the one hand, detectable features accumulate in the headspace of the

specimen only if the bacteria replicate, hence are alive. On the other hand, the data presented in here sug-

gest that bacterial loads in the order of 103 CFUs are enough to be detected within one hour by SESI-HRMS,

well before sophisticated image analysis methods detect any indication of macroscopic bacterial growth

which is the current gold standard in diagnostics. Moreover, the proposed approach analyzes features

in real time, hence enables monitoring the blood agar plates directly as the bacteria grow. The real-time

measurement of bacteria growth could potentially allow for a versatile diagnostic where physicians will

have access to pathogen identification in real time with a high level of confidence. In addition, this provides

a large automation potential as one can easily envisagemultiplexingmultiple dishes whereby an automatic

valve would switch across samples to monitor their growth every few minutes.
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Figure 3. PCA score plot and dendrogram of PCA scores explaining 95% of variance illustrated at time point 12 h

after the start of measurement

(A) PCA score plot of 1235 strain-specific features (positive and negative ions) at 12 h identified for high CFU cultures.

(B) Dendrogram showing the detailed hierarchical relationship between bacterial species and strains at time point 12 h.

See also Figures S4 and S5.
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Regarding the selectivity required to discriminate different pathogens, the high resolution of Orbitrap mass

analyzers enables the separation of typically thousands of ions in the m/z range of 50–500, where most of

the features from VOCs lie (Rochat, 2016). Such resolving power renders a very high specificity potential

when it comes to distinguish specific metabolic patterns stemming from different microorganisms. In our

case, hundreds of features were found to be unique to each species. For the first time, we showed here that

such discrimination ability can go down to the strain level, reinforcing the notion that metabolomics is very

well suited to capture such subtle heterogeneity as it provides a downstream read-out of genetic plus environ-

mental factors (Choueiry et al., 2022; Johnson et al., 2016). The different environments between low- and high-

CFU conditionsmay well explain the rather diverse metabolic signature observed under both conditions, lead-

ing to a modest overlap in the features detected under such different conditions.

Thus, overall SESI-HRMS identification of bacterial species by the present design suggests a high level of

sensitivity and specificity, whereby already after 6min, some strains, like S. pneumoniaeD39, differ substan-

tially from negative controls. The best separation was observed after 12 h, which can be notably quicker

than the current MALDI-TOF identification procedures.

Proof-of-principle of the applicability of the method in a more realistic clinical context was also achieved by

measuring clinical samples, including patient tissue and foreign material (e.g. pacemakers). This is one key

advantage of this technique, as it requires no sample preparation, and therefore it is suitable for any solid

or liquid specimenwith a total analysis time of five–tenminutes to fingerprint the samples. In this study, 17 clin-

ical samples from 13 different patients and from different origin were measured by SESI-HRMS. Following the

standard procedure after a bacterial infection is diagnosed, those patients received antibiotics aiming to clear

Table 1. Clinical characteristics of patient samples analyzed by SESI-HRMS

Sample

identifier

Clinical

Microbiology

Growth

parallel to

SESI-HRMS

Sample

type Condition

Antibiotics

prior

sampling

1 Methicillin-resistant Staphylococcus

aureus (MRSA)

no Lung tissue Pneumonia yes

2 Methicillin-resistant Staphylococcus

aureus (MRSA)

no Blood Bacteremia not

available

3 Staphylococcus aureus (MSSA) no Heart valve Endocarditis yes

4 Staphylococcus aureus (MSSA) no Heart valve Endocarditis yes

5 Aggregatibacter spp.

Actinomyces meyeri

no Lung tissue Pneumonia with

empyema

yes

6 Staphylococcus aureus (MSSA) yes Heart valve Endocarditis yes

7 Staphylococcus aureus (MSSA) yes Heart valve Endocarditis yes

8 Staphylococcus aureus (MSSA) yes Heart valve Endocarditis yes

9 Staphylococcus aureus (MSSA)

Staphylococcus lugdunensis

Staphylococcus epidermidis

yes Nasal aspirate Bacterial sinusitis yes

10 Staphylococcus epidermidis yes Cardiac device Pacemaker infection no

11 Staphylococcus epidermidis yes Cardiac device Pacemaker infection no

12 Staphylococcus epidermidis yes Cardiac device Pacemaker infection no

13 not available no Cardiac device Pacemaker infection yes

14 Staphylococcus aureus (MSSA) no Cardiac device Pacemaker infection yes

15 Streptococcus anginosus no Cardiac device Pleural emypema no

16 Parvimonas micra no Lung tissue Pleural emypema yes

17 Aggregatibacter

(Haemophilus)

aphrophilus

no Lung tissue Thoracic hematoma yes

Description of clinical microbiology, detected growth by SESI-HRMS, sample type, clinical condition and whether there was

antibiotic treatment before analysis by SESI-HRMS.
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the infection. This often interferes with diagnostics because bacteria do not grow anymore after antibiotic chal-

lenge as was the case at the time of sampling and analysis by SESI-HRMS. Four out of seven samples with an

ongoing S. aureus infection and positive bacterial growth at the time of the analysis, clustered together in the

t-SNE space (Figure 4). These results were obtained despite a low bacterial load in the clinical samples. Similar

studies have been performed with technologies such as ion mobility spectrometry coupled to gas chromatog-

raphy or multicapillary columns with various levels of sensitivity reported; however, these studies included the

enrichment of bacteria in blood culture bottles or uptake of sample in transfer bags (Drees et al., 2019; Steppert

et al., 2021), while in this study the samples were measured without any prior enrichment or preprocessing.

While these results should be interpreted with caution, they clearly suggest that the proposed methodology

for diagnostics in bacterial infections can be used with unprocessed clinical material.

In conclusion, we tested the concept of exploiting the fact that bacteria produce complex volatile meta-

bolic mixtures as they proliferate. SESI-HRMS features a high gas-phase species’ sensitivity and a great

selectivity driven by the high-resolution of the mass analyzer. This was accomplished in real time, without

any sample preparation. These characteristics allowed for the first time to monitor the kinetic profiles of

hundreds of metabolic species emitted by S. aureus and S. pneumoniae as they grew on agar plates. These

hundreds of features rendered highly specific signatures, which enabled distinguishing the samples even at

the strain level. Finally, we scaled-up the concept to test the feasibility of evaluating clinical samples

retrieved from patients with bacterial infections. The results showed that such samples can be fingerprinted

within five minutes. Characteristic metabolic patterns emerged, suggesting the potential of such an

approach to complement current diagnostic methods.

LIMITATIONS OF THE STUDY

While we showed that SESI-HRMS allows a rapid, sensitive, and selective discrimination of bacteria species

down to a strain level and the feasibility to fingerprint clinical samples within five minutes, this study also

comes with limitations that need to be addressed. One important limitation is the use of only Gram-positive

bacteria. In addition, this study evaluated the identification of Staphylococcus epidermidis from clinical

samples but not from Streptococcus mitis or other bacteria known for challenging identification. However,

given the ability of this technique to identify unique features between two different strains of the same spe-

cies, we believe this approach will allow for amore accurate determination of difficult-to-identify bacteria of

clinical interest. Additionally, VOC libraries of relevant bacterial pathogens, as they are available for

MALDI-TOF, need to be constructed in a follow-up work along with a machine learning classification algo-

rithm to allow a prediction/ identification of the bacteria causing the infection. Such library will allow the

identification of relevant VOCs which was not in the scope of the current study. Additionally, a very common

Staphylococcus aureus (MSSA)
Staphylococcus aureus (MRSA)
Staphylococcus epidermidis
Aggregatibacter aphrophilus
Streptococcus anginosus
Parvimonas micra

Growth
0 = no
1 = yes
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Polymicrobial infection
Staphylococcus polymicrobial infection
Not available 

Figure 4. t-SNE analysis of clinical patient samples

Samples for which growth of the bacteria could be confirmed in parallel to SESI-HRMS measurement are represented as

1 = yes, whereas samples where no growth was observed are represented as 0 = no. The different colors indicate the

causative bacterial strains responsible for the infection obtained in the sample withdrawn from patients. For details

regarding the samples, refer to Table 1. MSSA = Methicillin-susceptible Staphylococcus aureus, MRSA = Methicillin-

resistant Staphylococcus aureus.
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limitation on these types of devices and their application in the field are their high acquisition and mainte-

nance costs. However, in comparison to a GC-MS setup for the purpose of clinical diagnostic, the SESI-

HRMS design used in this study is comparable regarding their price. Nevertheless, the results obtained

in this study and the application of the SESI-HRMS allow to consider an outlook with a simplified version

of the proposed setup in which given a larger library of samples and algorithms for data analysis will facil-

itate a possible reduction in price. Finally, the number of samples and the single center nature represent an

additional limitation inherent to the setup used in this study. The COVID-19 pandemic along with the direct

measurement of samples from the operating room presented a technical challenge and did not allow to

acquire a larger number of samples. Nevertheless, we believe that the advantages of a direct measurement

of unprocessed samples directly from the operating room represented a unique opportunity to organize an

interdisciplinary strategy and to evaluate the feasibility of the SESI-HRMS in the analysis of highly complex

samples. Following this, benchmarking of the technology against MALDI-TOF and validation studies needs

to be performed to evaluate the clinical utility of this method. All those steps are of pivotal importance to

ensure correct antimicrobial therapy and optimal therapeutic outcome for the patient.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Pablo Sinues (pablo.sinues@unibas.ch).

Materials availability

This study did not generate new unique reagents, bacterial strains or plasmids.

Data and code availability

� RAW files obtained from real-time mass spectrometric measurements have been deposited at

MetaboLights: MTBLS5085.

� This paper does not report original code.

� Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon reasonable request.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

Staphylococcus aureus strain JE2 NARSA collection NR-46543

Staphylococcus aureus strain COWAN I ATCC ATCC 12598

Streptococcus pneumoniae strain D39 Jensch et al. (2010) Prof. Sven Hammerschmidt

Streptococcus pneumoniae strain TIGR4 Jensch et al. (2010) Prof. Sven Hammerschmidt

Biological samples

Patient material: tissue, blood, pus, foreign

material

University Hospital Zurich Within clinical studies: Vascular Graft Cohort

study (VASGRA; KEK-2012-0583), the

Endovascular and Cardiac Valve Infection

Registry (ENVALVE; BASEC 2017-01140),

the Prosthetic Joint Infection Cohort

(Balgrist, BASEC 2017-01458), and

BacVivo (BASEC 2017-02225)

Chemicals, peptides, and recombinant proteins

Water with 0.1% (v/v) Formic acid Merck Cat#159013

Deposited data

Raw and Analyzed data MetaboLights MetaboLights: MTBLS5085

Software and algorithms

Auto Click Typer version 2.0 VCL Examples https://auto-click-typer.

software.informer.com/2.0/

MATLAB version 2021b MathWorks https://ch.mathworks.com/

products/matlab.html

Coltapp version 1.0 MathWorks Bär et al. (2020)

Thermo Exactive Plus Tune

software version 2.9

Thermo Fisher Scientific Thermo Fisher Scientifc

Other

TaperTip silica capillary emitter New Objective, USA www.mswil.com
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human clinical samples description and ethics

For this study, 17 samples from 13 patients with vascular graft /endovascular infections, infective endocar-

ditis, bone and prosthetic joint infections and any other infections were collected during the time period of

November 2020 to May 2021 in the framework of the Vascular Graft Cohort study (VASGRA; KEK-2012-

0583), the Endovascular and Cardiac Valve Infection Registry (ENVALVE; BASEC 2017-01140), the Pros-

thetic Joint Infection Cohort (Balgrist, BASEC 2017-01458), and BacVivo (BASEC 2017-02225), respectively.

The study was approved by the local ethics committee of the Canton of Zurich, Switzerland. Information

regarding sex and demographics of the patients is not deemed necessary for the analysis and conclusions

obtained in this study and in order to improve the anonymity of the patients it is not provided. A more

detailed description regarding the type of sample, etiological agent and antibiotic treatment prior to

the analysis can be found in Table 1.

Bacterial strains and growth conditions

S. aureus (JE2 and Cowan1) and S. pneumoniae (D39 and TIGR4) were initially cultivated axenically from

glycerol stocks on Columbia agar plates with 5% sheep blood (BioMéreux) at 37�C and 5% CO2 for �15

to 16 h. Two different sets of experiments were performed with each strain. The first experiment consisted

of plating a high-density culture (i.e. high CFUs) by performing a subculture on a fresh blood agar plate

directly from the overnight plate (14 to 16 h). In the second experiment, the initial overnight culture in

agar was resuspended in PBS and diluted to obtain a low number of CFUs (i.e. low CFUs) ranging from

�140 to �2000 CFUs per plate.

METHOD DETAILS

Sampling of clinical patient material

Clinical samples were obtained from patients with bacterial infections requiring surgery with a total time

from sample transfer from the operating room to the SESI-HRMS set up of approximately 30 min. The

description of the different clinical samples used in this study such as origin, identified bacterial pathogen,

and antibiotic treatment prior to sampling is depicted in Table 1. The processing of the patient material

depended on the characteristics of the sample. To verify the growth of bacteria from these samples, the

clinical sample obtained directly from the operating room was immediately transferred to a BSL-2 labora-

tory and divided into two parts, one for direct and raw measurement by SESI-HRMS and one for colony

plating and quantification. In short, the patient’s material part designated for SESI-HRMS measurement

was directly transferred to a BSL-2 laboratory equipped with a high-resolution mass spectrometer (Exactive

Plus, Thermo Fisher Scientific, Germany) with an ion-source (Super SESI, FIT, Spain) connected to a custom-

made airtight sample box. The raw, unprocessed sample was placed inside the airtight box and measured

as described in the section ‘‘Sample measurement with SESI-HRMS". For bacterial recovery and quantifi-

cation, samples such as skin, heart valves and soft tissues were processed by disrupting the tissue using

a tissue lyser (Qiagen TissueLyzer, vibration frequency of 30/s for 10 min). For foreignmaterial such as pace-

makers, the processing involved an initial sonication step of 5 min using a sonicator bath (Ultrasonic bath

XUBA3, Grant) in sterile PBS. Following these two initial steps, the remaining processing protocol was the

same for all samples. The resulting suspension was washed twice with sterile PBS to remove traces of an-

tibiotics from the sample and a final step with sterile milliQ water was used to lyse the eukaryotic cells. The

sample was then serial diluted in sterile milliQ water, plated on blood agar plate and incubated at 37�C and

5% CO2 for 24 h to monitor for growth. In total, 17 clinical samples from 13 different patients were used for

analysis.

Sample measurement with SESI-HRMS

The experimental set-up consisted of a custom-made plexiglass box (dimensions: width 120 mm, length

120 mm, height 100 mm) with an airtight closing mechanism which was directly connected to an ion source

(Super SESI, FIT, Spain) coupled to a high-resolution mass spectrometer (Exactive Plus, Thermo Fisher Sci-

entific, Germany). The sample (bacteria plate or clinical patient material) was placed inside the plexiglass

box which was heated at 37�C in a water bath. A mass flow controller was coupled to the box on the oppo-

site side of the SESI-HRMS via PTFE - tubes and ensured a constant medical grade air supply through the

system at a flow rate of 0.5 L/min and carried the VOCs emitted by the bacterial cultures or from the clinical

material towards the SESI-HRMS. Mass spectral analysis of bacteria plates was conducted over a period of

�15 h and for 5 min in case of clinical samples. An automated switch system (Auto Click Typer version 2.0)
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allowed to alter between positive and negative ionization mode every 30 min when measurements were

conducted for �15h. In addition, a high-resolution camera was placed above the box and was triggered

as described in the ‘‘bacterial plate imaging’’ section of the STAR Methods. In total, 36 bacterial plates

measurements were performed whereby for both conditions (high-density and low CFUs) a total of 16 mea-

surements were conducted each (n = 4 biological replicates per strain) along with measurements of empty

blood agar plates which served as control measures (n = 4) for both CFU conditions. Furthermore, a total of

17 clinical samples from 13 different patients were analyzed by SESI-HRMS.

To generate the electrospray in the SESI, a 20-mm ID TaperTip silica capillary emitter (New Objective, USA)

and a solution of 0.1% formic acid in water were used. The pressure of the SESI solvent environment was set

to 1.3 bar. Temperature of the ionization chamber and the sampling line was set to 90�C and 130�C respec-

tively. The voltage of the electrospray was set to 3.7 KV in positive and 3 KV in negative ionization mode.

The sheath gas flow rate was set to 10, capillary temperature was 320�C and S-lens RF level 50.0.

Mass spectra were acquired via Thermo Exactive Plus Tune software (version 2.9) in full scan mode (scan

range 50 – 500m/z, polarity positive or negative, microscan number 10, ACG target 106, maximum injection

time 50 ms) at a resolving power of 140000 atm/z 200. The system was calibrated on a regular basis before

the measurements externally and internally by using common background contaminants as lock masses in

the respective polarity (Keller et al., 2008; Schlosser and Volkmer-Engert, 2003)

Bacterial plate imaging

Simultaneously as the plate was analyzed for the production of VOCs by SESI-HRMS, a TL imaging exper-

iment was performed using a high-resolution camera (Cannon EOS 1200D reflex) triggered every 10 min by

an Arduino Uno board (Arduino) to capture images of the plate inside the box to visually document bac-

terial growth (Bär et al., 2020). To verify the growth of the bacteria on the plate, TL measurement was con-

ducted until � 40 h for specific replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

SESI-HRMS data analysis

Data analysis was performed using MATLAB (version 2021b, MathWorks Inc., USA). Raw mass spectra files

were accessed via inhouse C# console apps based on Thermo Fisher Scientific’s RawFileReader (version

5.0.0.38). The MATLAB functions, ksdensity andmspeaks were applied to generate the final list of features.

In short, ksdensity was used in a first step to appropriately bin the centroid peak list from each scan of all

files to generate a further peak list. In a second step, the mspeaks function was applied to extract relevant

features via specification of the HEIGHTFILTER criteria to define the minimum permissible height for all

reported peaks and to remove the others from the output feature list. For some peaks (i.e. m/z 59-60 in

negative mode andm/z 257 in positive mode) we observed noisy interferences from themass spectrometer

(detected by visual inspection of the output plots of the mspeaks function). Therefore, these m/z were

completely excluded from further analysis. As a result, a data matrix of total 571 files (165551 time points)

x 3439 mass spectral features in positive mode and 571 files (165275 time points) x 1033 mass spectral fea-

tures in negative mode was obtained. Signal intensity time traces of all features were then computed and

smoothed (moving mean; span = 300) for visualization purposes. The mean Area Under the Curve (mAUC)

of the time traces (n = 4 replicates per strain) was calculated by interpolating the data every 0.01h. To iden-

tify features, unique to a particular bacterial strain, two criteria were defined; first criteria kept only features

with a log2 fold change (FC) R 2 in mAUC of a particular strain compared to the mAUC of the control and

2nd criteria required a log2 FCR 4 in mAUC of the particular strain compared to the averagedmAUC of the

other investigated strains. Furthermore, species specific time traces were identified, meaning that they had

to be present in both S. pneumoniae strains (D39 and TIGR4) or both S. aureus strains (JE2 and Cowan1).

Therefore three criteria were defined: first criteria kept only features with a log2 FC R 2 in mAUC in both

strains of a particular species compared to the mAUC of the control; 2nd criteria defined to only consider

the features further if within one species the respective strains had at least a mAUC of 30% of the mAUC of

the other strain under the respective species to avoid features to be selected which tended to be rather

present in one strain and not in both; 3rd criteria considered only features which showed a log2 FC R 4

in average mAUC of the two strains of one species compared to the average mAUC of the two strains of

the other species and vice versa. In a next step the time traces of features unique for the different strains

and species were auto scaled (z-score), subjected to a hierarchical cluster tree (Ward method; Euclidean

distance) and visualized as heat maps showing the evolution of the features over time. Principal
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Component Analysis (PCA) of 5th – root transformed data matrix and a hierarchical binary cluster tree (Ward

Method; Euclidean distance) were used to visually discriminate the different bacterial strains at distinctive

time points over �15 h.

Clinical samples were analyzed using a targeted approach, where unique positive and negative time traces

of features previously identified for the different strains under high density CFU condition were directly ex-

tracted from the clinical samples raw data using in-house C# console app based on RawFileReader which

resulted in a data matrix of 17 3 1269 (samples x mass spectral features). We then performed t-distributed

stochastic neighbor embedding (t-SNE) to visualize this highly complex and exploratory dataset.

For all features, molecular formulae were assigned based on accurate mass by using the ‘‘seven golden rules’’

(Kind and Fiehn, 2007), considering the elements C, H, N, O, P and S and the adducts [M + H], [M - H2O + H],

[M+NH4], [M - NH3 +H], [M+Na] in positivemode and [M - H], [M –Na], [M - H2O - H], [M+NH3 - H], [M - NH4]

in negative ionization mode.

Time lapse image data analysis

Simultaneously to the SESI-HRMS measurement, bacterial growth on agar was verified and quantified by

time lapse imaging. The acquired TL images were analyzed with a custom extension for ColTapp software

(Bär et al., 2020) to quantify the bacterial growth as changes in pixel intensity over time. As the visual growth

pattern of S. aureus and S. pneumoniae are distinct, different image analysis pipelines were utilized. For S.

aureus, images were transformed to grayscale by selecting the green channel of the Red Green Blue (RGB)

image. Then, a subsequent top-hat filtering using a disk-shaped structuring element with a radius of 65

pixel was performed to reduce lighting heterogeneity. For S. pneumoniae, the RGB images were trans-

formed to YIQ color space, subset to the I channel only and the complement image calculated. A gaussian

filter with a kernel of 10 pixel was applied to the first image of the TL series to generate an empty back-

ground image which then was subtracted from each other image in the TL series. These steps achieved

comparable lighting heterogeneity correction as with top-hat filtering for S. aureus.

The following steps were the same for both species: the corrected grayscale images were subset to include

only the area within plate boundaries. Then, min-max scaling with [0, 0.7] as range was applied to the pixel

intensities. Finally, the sum of all pixel intensities was divided by the sum of pixels to derive a normalized

intensity value per time point of a TL image series.

ADDITIONAL RESOURCES

This work used clinical material from patients recruited from the following clinical cohorts for the identifi-

cation of bacterial presence by SESI-MS: Vascular Graft Cohort study (VASGRA; KEK-2012-0583),

ClinicalTrials.gov Identifier: NCT01821664, https://clinicaltrials.gov/ct2/show/NCT01821664. The Endo-

vascular and Cardiac Valve Infection Registry (ENVALVE; BASEC 2017-01140), URL: https://www.usz.ch/

en/clinic/infectiology/research/endovascular-infections-envalve-cohort-study/. The Prosthetic Joint Infec-

tion Cohort (Balgrist, BASEC 2017-01458) and BacVivo (BASEC 2017-02225). https://www.bacvivo.uzh.ch/

en/aboutus.html.
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