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Identifying the characteristics of bacterial species can improve treat-
ment outcomes and mass spectrometry methods have been shown to
be capable of identifying biomarkers of bacterial species. This study is
the first to use volatile atmospheric pressure chemical ionisation mass
spectrometry to directly and non-invasively analyse the headspace of
E. coli and S. aureus bacterial cultures, enabling major biological
classification at species level (Gram negative/positive respectively).
Four different protocols were used to collect data, three utilising
discrete 5 min samples taken between 2 and 96 h after inoculation and
one method employing 24 h continuous sampling. Characteristic
marker ions were found for both E. coli and S. aureus. A model to
distinguish between sample types was able to correctly identify the
bacteria samples after sufficient growth (24—48 h), with similar results
obtained across different sampling methods. This demonstrates that
this is a robust method to analyse and classify bacterial cultures
accurately and within a relevant time frame, offering a promising
technique for both clinical and research applications.

Introduction

The rapid identification of bacterial species is crucial to provide
appropriate treatment as misuse of antibiotics is a primary
cause of antimicrobial resistance." Additionally, it is important
to identify features of antimicrobial sensitivity such as the
presence of a bacterial biofilm infection, which requires higher
concentrations of antibiotics to treat compared to planktonic
bacteria.®> Traditional tests such as Gram-staining and
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microscopy, combined with biochemical tests and antibio-
grams for antibiotic resistance profiling,** require skilled
operators to perform, as these techniques often include
a subjective visual judgement.® More recent techniques include
polymerase chain reaction (PCR), which can provide informa-
tion on genotypic but not phenotypic antimicrobial resistance.®

Mass spectrometry methods are capable of measuring
biomarkers of bacterial infection. Matrix-assisted laser desorp-
tion ionization-time of flight mass spectrometry (MALDI-TOF
MS) can determine the species of a bacterial sample within
a few hours with 80% accuracy,” much faster than traditional
methods. However, the ionisation method destroys the sample
so it cannot be used to monitor changes. Gas chromatography-
mass spectrometry (GC-MS) is the ‘gold-standard’ for analysing
volatile organic compounds (VOCs) and has been commonly
used to analyse VOCs from the headspace of Dbacterial
cultures.®¢ Using gas chromatography to separate the volatiles
before they reach the mass spectrometer allows for a more
accurate identification of the compounds but complex samples
can take an hour to analyse’ and differences in the materials
used for pre-treatment have been shown to affect the VOCs
detected from bacterial samples.*>*?

Real-time analysis methods such as proton transfer reaction-
mass spectrometry (PTR-MS) and selected ion flow tube mass
spectrometry (SIFT-MS) can be used to obtain a snapshot of
a sample within minutes,' or measure the changes of a sample
over time." This allows for monitoring of the growth of
a bacterial culture or the response to antibiotics over time.
These methods are both soft ionisation techniques, which
makes the resulting ions easier to interpret as there is less
fragmentation. Previous studies using PTR-MS headspace
analysis have found 23 m/z windows as potential biomarkers
over a 24 h growth period of E. coli (across a mass range of m/z
18-150)* and 15 m/z windows with clear differences between
blank broth and growing S. aureus cultures, across a mass range
of m/z 20-200 from inoculation to 350 min.*

This research uses volatile atmospheric pressure chemical
ionisation coupled to a single quadrupole mass spectrometer
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(VAPCI-MS) which facilitates the direct analysis of VOCs using
a venturi jet-pump. Therefore, no sample pre-treatment is
required, reducing potential sources of interlaboratory varia-
tion, thereby increasing the potential for direct comparison
between studies. Additionally, no pre-treatment step allows for
real-time analysis of VOCs in air samples such as exhaled
breath®>**, bloodstains,* and the headspace of food.” The
headspace of bacterial cultures can be analysed without any
disruption to the sample; therefore, allowing for observations
over time, similar to PTR-MS or SIFT-MS, but unlike the most
commonly used method MALDI-TOF MS. Direct analysis can be
used to measure changes such as bacterial growth or the reac-
tion to antibiotics. Additionally, the system is much smaller
than traditional bench-top mass spectrometers at 66 x 28 x
56 cm, requiring less laboratory space and potentially making it
transportable due to the compact footprint. It also has
a simplistic design and user-friendly software which does not
require expertise to operate. These factors make it a promising
method for analysing bacterial samples in both research and
clinical contexts.

Many existing metabolomics data processing protocols to
reduce noise and identify potential biomarkers are not suitable
for the data structure produced by vAPCI-MS analysis, or have
not been tested. Existing open-source software, such as
Metaboanalyst,* have various data processing tools available,
including variable filtering and scaling methods. However,
these packages were often designed for mass spectrometry
methods with chromatographic separations, which provide
a discrete signal separated over two dimensions, and are
therefore challenging to adapt for direct analysis techniques.
Developing a standardised method for vAPCI-MS data process-
ing and analysis is crucial to ensure the results are represen-
tative of the samples and allow for comparison between studies.

The purpose of this study was to determine the capability of
the vAPCI-MS to detect markers relating to the presence and
characterisation of bacterial samples and establish a data pro-
cessing protocol, by analysing two existing datasets collected by
different researchers under slightly different conditions.

Materials and methods
Bacterial species

Two medically important bacterial species corresponding to
major biological classification of bacteria based on their cell
wall structure differences were obtained from Sigma-Aldrich
UK. E. coli ATCC25922 is a Gram-negative clinical isolate and
a control strain used for antimicrobial susceptibility testing
with further applications in bioinformatics, food testing,
medium testing, and quality control. S. aureus NCTC 6571 is
a Gram-positive clinical isolate, first added to the NCTC
collection in 1943 by Sir Alexander Fleming in the testing and
development of penicillin and used as a standard in Public
Health England Standards for Microbiology Investigations and
control strain for antimicrobial susceptibility testing.
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Instrumentation

All samples were analysed using an expression single quadru-
pole mass spectrometer (Advion, NY, USA) with a commercially
available vAPCI source (Advion, NY, USA). This instrument uses
a quadrupole mass analyser with an electron multiplier
detector. It has a mass accuracy of £0.1 Da units across the 30—
300 m/z range.

Optimisation of mass spectrometer conditions

10 mg of six VOCs known to be produced by E. coli (acetone,
acetic acid, methyl propionate, indole, 2-octanol and 2’-ami-
noacetophenone (Sigma-Aldrich, UK)*>'*****) were mixed with
methanol in a 10 ml volumetric flask. This solution was further
diluted in a solution of methanol and deionised water (50 : 50)
to obtain a final concentration of 100 ug ml~". This solution was
infused directly into the vAPCI source at a rate of 10 pl min™" to
optimise and tune the vAPCI-MS e the vAPCI-MS detection
parameters. The optimum instrument conditions were found to
be: capillary temperature 250 °C, capillary voltage 120 V, source
voltage offset 25 V, source gas temperature 350 °C, corona
discharge voltage 5 kV, transfer line temperature 100 °C.

The instrument was operated in positive ion mode for all
experiments, over a mass range of 30-300 m/z. The system was
flushed by connecting an empty 20 ml capacity headspace vial
pressurised with a nitrogen gas flow, between samples to limit
any potential contamination.

Sample preparation and analysis

Dataset 1. Control agar samples of 5 ml volume were
prepared in 20 ml headspace vials (pre-sterilised by auto-
claving). Bacterial samples were prepared using standard
microbiological techniques to first create pure culture lawns of
E. coli and S. aureus on agar, incubated for 48 h at 37 °C.
Inoculated bacterial samples for analysis were created via
aseptic transfer of cultured bacteria onto 5 ml agar volume in
20 ml sterile headspace vials.

Samples were incubated at 37 °C for timepoint analysis at 2,
6, 24, 48 and 72 h post inoculation. During analysis, headspace
temperature was maintained at 35-38 °C by incubating head-
space vials in a thermal heating block with a modified heated
transfer line (Fig. 1a). The modification attached tubing to the
lid of the headspace vial to prevent vacuum formation and
maintain aerobic conditions for the bacterial cultures. For each
condition, triplicate headspace vials were analysed, all
measured with a 5 min run time, at 0.9 scans per second. A
blank agar sample was analysed with a 5 min run time, before
and after each time point.

The headspace of individual cultures, one of E. coli and one
of S. aureus, were analysed continuously for 24 h using the
VAPCI-MS, to allow for changes over the growth period to be
examined. Laboratory air was passed through a 20 ml vial
containing deionised water prior to reaching the headspace vial
containing the bacteria. This humidified the atmosphere to
maintain the integrity of the agar for the entire 24 h experiment.

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Diagram of VOC sampling apparatus for direct analysis of
bacterial headspace using VAPCI — mass spectrometry. (a) Bacterial
headspace sampler, (b) bespoke Petri dish VOC sampler, (c) Advion
mass spectrometer equipped with VAPCI source, (d) an example mass
spectrum obtained from E. coli. Figure key: (1) vAPCI heated transfer
line, (2) 20 ml crimp cap, (3) 20 ml capacity glass headspace vial
containing agar culture, (4) temperature controlled heater block, (5)
20 ml capacity head space vial containing deionised water, (6) 1/16”
stainless steel air inlet tube, (7) 1/16” stainless steel transfer tube, (8)
custom steel plate sampler lid, (9) air inlet, (10) custom steel plate
sampler body, (11) Petri dish containing agar culture and (12) bespoke
Petri dish lid equipped with 1/8” Swagelok male union.

A blank agar sample was analysed with a 5 min run time, before
and after each 24 h sample.

Dataset 2. E. coli and S. aureus agar cultures were prepared by
combining ‘Lab lemco’ powder (10 g), bacteriological powder
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(10 g), NaCl (5 g) and agar powder (15 g) (Thermo Fisher
Scientific, UK) in purified water (1 L), with final pH adjustment
to 7.4 £ 0.1 and sterilised by autoclaving at 150 °C for 15 min.
The sterile media was used to prepare the agar plates using
sterile Petri dishes. The prepared plates were stored under
aseptic conditions at 2-8 °C and used within 7 days of prepa-
ration. Bacterial lawns (14 E. coli, 10 S. aureus, and 7 blank agar
samples) were created using 100 pl of bacterial culture Agoo 0.2-
0.5 on an agar plate. The experiment was repeated with blood
agar plates (Thermo Fisher Scientific, UK), using one blank
blood agar sample and triplicate lawns for each bacterial
species.

The headspace of the plates was analysed by the vAPCI-MS at
2, 6, 24, 48, 72, and 96 h from initial inoculation. The sample
was placed into the Petri dish VOC sampler (Fig. 1b), with the
temperature kept between 32 and 38 °C. The heated transfer
line was attached to the adapter in the lid and left to equilibrate
for 1 min before the sample was acquired. All samples were
analysed for 5 min, at 2.5 scans per second. After analysis the
sample was placed back into the incubator.

Data processing and statistics

The data was binned into windows of 1 m/z width, as done
previously.”” All following data analysis was performed using R
3.6.1.*% As the bacterial samples act as permeation sources and
were expected to be biologically stable over the discrete
sampling period, and no separation was performed prior to the
headspace entering the vAPCI-MS, each scan in a single 5 min
run was treated as technical replicates. Fig. S1 (ESIf) shows
some examples of the total intensity count over the 5 min run
time.

Variable selection. A variable was selected as a potential
biomarker within a single sample all three of the following
criteria were met.

e =50% of the values were non-zero.

e The signal-to-noise ratio was above three.

e The fold-change was above two.

Percentage of non-zero values, signal-to-noise ratio and fold-
change have been used previously to filter variables and ensure
data quality.?>3°%*

Variables that met these criteria for at least one time point
for a bacteria sample were selected for that plate. Variables that
were selected in at least two thirds of the plates were considered
in the further analysis. The variables selected by the 5 min
samples in dataset 1 were used to model the difference between
the sample types (as described below). The variable selection in
the other samples was for comparison.

Random resampling. A random selection of one-minute's
worth of time points were summed for each 5 min sample and
each 5 min section of the 24 h continuous samples. This was
repeated 200 times, to sample across potential instrument
variation. Fig. S2 (ESI{) illustrates this process.

Classification model. Multinomial logistic regression was
used to create a classifier on three classes: blank agar, E. coli and
S. aureus. Multinomial logistic regression is a generalisation of
binomial logistic regression and is a form of generalised linear

Anal. Methods, 2021, 13, 5441-5449 | 5443
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Fig.2 Mean (SD) of E. coli (black triangles), S. aureus (black crosses), and blank agar (white circles) intensity counts of dataset 1 5 min samples for

some of the selected variables (labelled above each plot).

model. The maximum likelihood estimation is used for fitting
with a likelihood ratio calculated against a base class, in this
case blank agar. This method was chosen as it does not assume
statistical independence of the predictors, which would not be
appropriate here, and it is a model with few parameters which
reduces the likelihood of overfitting.

The multinom function of the nnet R package*® was used to
fit the maximum likelihood multinomial log-linear model via
neural networks. The neural networks allow for one model to be
created with more than two outcomes, instead of concatenating
the resulting probabilities of multiple models. This is relevant
to multinomial regression, as each class other than the base
corresponds to a separate outcome. The result of this approach
is a multinomial logistic regression model, not a more
complicated neural network. Prior to model creation, the
dataset was mean centred and scaled, as recommended by the
nnet authors.

The model was created containing only two predictor vari-
ables; m/z 118 and m/z 231, chosen as follows. For each bacteria
strain, the variable with the highest median signal-to-noise
ratio across time points for the dataset 1 5 min samples was
selected. Visual examination of intensity plots for dataset 2
revealed the clearest differences between blank agar, E. coli and
S. aureus could be detected at 24 h (ESI, Fig. S31). Therefore, the
model was trained on the data taken at 24 h post-inoculation to
ensure the model highlighted the differences between the
sample types after sufficient growth.

5444 | Anal Methods, 2021, 13, 5441-5449

A random selection of 19 samples from dataset 2 (six S.
aureus, nine E. coli, and four blank samples) was used as the
training set to create the model, and the remaining samples
used as the test set. The model was also tested on the blood agar
samples.

To evaluate the model, first the performance measure You-
den's index was used. When fit, a multiple logistic regression
model assigns to each pair of predictor values a vector of class
weights. We can obtain a classifier by setting a threshold for
each class of a class weight over which the predictor vector is
assigned to that class. Youden's index is the threshold for which
the sum of sensitivity and specificity of the classifier for that
class is maximized. In our setting, we get three Youden's
indices, one for each of E. coli, S. aureus, and blank agar. When
we consider samples all from the same class, specificity will
always equal zero. Hence, only sensitivity (proportion correctly
classified) is relevant and is therefore the performance measure
used.

Results and discussion
Selected variables

In total, 30 different m/z windows were selected across the
sample collection methods for E. coli, with three being selected
across all four experiments: m/z 117, 118, and 122. Thirteen
different m/z windows were selected for S. aureus, with m/z 231
selected by the three 5 min sample experiments. A table of all

This journal is © The Royal Society of Chemistry 2021
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Fig.3 Mean of log transformed random resamples of each sample for the predictive variables, m/z 118 and m/z 231. For the train set, test set, and
blood agar set. The shape indicates the time that the sample was collected, and the colour indicates their actual class: blank agar (turquoise), E.
coli (purple), or S. aureus (orange). The background is shaded with corresponding colours to indicate which class model would predict each
sample to be. The data has been log transformed to enable clearer interpretation of the model's predictive ability.

the selected variables across all the methods are shown in ESI,
Fig. S4at (E. coli) and S4b (S. aureus).

This method successfully selected ions also found in other
studies to be markers of E. coli, including indole at m/z 118 (ref.
12, 13, 19, 34 and 35) which was selected across all four
methods in this study, along with ions at m/z 117 and 119, and
an unidentified ion at m/z 132," which was found across both
dataset 1 methods. An ion at m/z 109 was selected as a marker
for S. aureus in the dataset 1 5 min samples which has been
found previously and tentatively identified it as 4-methyl-
phenol.”® This replication of results indicates that the method is
valid and capable of measuring VOCs actually present in the
samples. Further research could employ MS/MS techniques to
investigate the chemical structure and hopefully find identifi-
cations for the unknown markers in this study, in particular m/z
231.

Plots over time of some of the selected variables for in
dataset 1 are shown in Fig. 2. Many of the selected m/z windows
for E. coli show a similar pattern, with the highest measured
intensity at 6 h but remaining considerably higher than the
blank agar samples for all subsequent measurements. The

This journal is © The Royal Society of Chemistry 2021

highest measured intensity for S. aureus was at 48 h for most of
the selected m/z windows. However, m/z 231 continued to rise
over time, with the final measurement at 72 h recording the
highest intensity. The only method that did not select m/z 231 as
a potential biomarker of S. aureus was the 24 h continuous
sample, which may be due to this delayed peak.

Plots over time of the variables only selected by the 24 h
continuous samples are shown in ESI, T Fig. S5a (E. coli) and S5b
(S. aureus). For the E. coli samples, there were many lower
masses that were detected only in the first two hours. This has
been reported in similar previous research, with m/z 59 only
detectable for around 100 min." This shows the advantage of
continuous sampling, which can detect compounds which
would otherwise have been missed if only discrete 5 min
samples had been utilised. However, as there was only one
continuous sample of each strain, further research is required
to determine the consistency of the profiles, and the optimum
time points for discrete sampling. Additionally, the identifica-
tion and biological relevance of these biomarkers has yet to be
determined but could provide insight into changes in cell
metabolism over time.

Anal. Methods, 2021, 13, 5441-5449 | 5445
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Fig. 4 Mean of 24 h continuous resamples of each 5 min window for E. coli and S. aureus of the predictive variables, m/z 118 and m/z 231
(labelled above each plot). The shading reflects the sensitivity (proportion of correctly classified samples) at that time point by the model, with the
lightest grey indicating none were correctly classified and black indicating all were correctly classified. All of the misclassifications were as blank

agar.

Classification model

The variables included in the model were m/z 118 and m/z 231,
with median signal-to-noise ratios across time points of 44.8
and 10.2, respectively, for the dataset 1 5 min samples. The
coefficients for the model are in Table S1 (ESIT).

The model had a mean (across times and classes) Youden's
index of 0.713 for the test set and 0.897 for the blood agar set.
Youden's index for each set separated by class and time is
shown in ESI, T Fig. S6. A visualisation of the separation for this
model is shown in Fig. 3. The model was especially accurate at
identifying the different bacteria species at 24 and 48 h, with
Youden's index's =0.947 for both test sets, only one false
negative across all the sets. Most of the misclassifications were
at 2-6 h or after 48 h of growth. This suggests the cause of the
misclassification is the low growth of the bacteria, or the start of
bacteria death. For the samples grown in blood agar, only E. coli
samples analysed at 2 h were misclassified, with all samples at
6 h or after correctly identified. This indicates that this method

5446 | Anal. Methods, 2021, 13, 5441-5449

can successfully identify bacteria after only six hours of growth,
much less than the 24 hours often required for other methods.”

The model was also used to predict the class of the 24 h
continuous samples. Plots of the intensity over time for m/z 118
and m/z 231 with the proportion of correctly classified resam-
ples indicated are shown in Fig. 4. The model was able to
correctly classify the 24 h continuous E. coli sample between 5-
20 h, which given the differences in the methods, shows the
strength of the model, and the consistency of the analysis
methods. The model was less accurate at classifying the S.
Aureus 24 h continuous sample; however, this is likely due to
a delay in bacterial growth which seems to peak after 24 h, as
shown in Fig. 2. All the misclassifications of the 24 h continuous
samples were as blank agar, not the other strain of bacteria,
suggesting that the model's predictive ability is very high,
providing adequate bacterial growth has occurred.

As the headspace of the 24 h continuous samples was
constantly being drawn into the instrument, compounds could

This journal is © The Royal Society of Chemistry 2021
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not gather in the headspace as they would for the discrete
samples, which may be why the intensities measured were lower
for the continuous samples. The constant movement of air over
the sample may also have had an effect on the agar integrity.
Additionally, the 5 min samples were stored in an incubator
when not being sampled whereas the continuous samples were
in the heating block for the whole 24 hours, which may have led
to differences in growth patterns. Differences between the
methods should be investigated further. An adjustment of the
data processing methods may be required to account for the
lower intensities measured and ensure relevant changes are
identified.

The data processing methods in this paper were developed
specifically for the data produced by the vAPCI-MS technique.
As there was no separation prior to the sample entering the
mass spectrometer and the samples were expected to be bio-
logically stable over the 5 min sampling period (any changes
should be too slow to be detected over such a short period), each
individual scan over the 5 min sample could be treated as
a technical replicate. Fig. S1 (ESIt) shows that the measure-
ments over the 5 min sample were not always stable, which was
assumed to be due to instrument drift, transfer line contami-
nation or other sampling/technical error. For dataset 2, the
equipment was left to equilibrate for 1 minute before a reading
was taken, which appears to reduce the effect of transfer line
contamination. Some of the dataset 1 samples, however, have
large changes in total intensity counts in the first minute before
levelling off.

Repeated random resampling of the ‘technical replicates’
allows for the effects of instrument drift and sampling error to
be minimised and artificially increases the sample size,
reducing the chance of overfitting a model. This makes signif-
icance values irrelevant, as they can be made smaller simply by
increasing the number of resamples. However, ensuring that
the test sets are completely independent to the data the model is
trained on, and judging the performance of the model based on
its ability to correctly classify the test sets, ensures that the
model is not overfitting and can be applied to other samples.
This has been shown to work previously on breath samples
analysed using vVAPCI-MS.*” In this study, the model performed
well across all the test sets, even on data collected by different
researchers and/or using different protocols.

Conclusions

Analysing bacterial culture headspace with a vAPCI-MS can be
used to detect markers of bacteria and differentiate between
different sample types. This system can provide rapid results, is
non-destructive so can be used to analyse changes over time,
and is smaller than many traditional bench-top mass
spectrometers.

These methods have potential clinical applications, to
identify bacterial infections within a relevant time frame;
however, substantially more research is required and, if using
the traditional culturing methods, this is unlikely to replace
existing diagnostic tools such as MALDI-TOF-MS. Further
research will examine whether bacterial infection can be

This journal is © The Royal Society of Chemistry 2021
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identified and monitored by sampling the headspace of
a wound directly, or a breath sample in the case of lung infec-
tions, which this system in particular is ideal for, as it can
analyse directly in real-time. Additionally, these methods will be
used to study antimicrobial resistance, by detecting differences
between strains or monitoring changes in response to an anti-
biotic. This is a relatively new area for MS research, with few
studies performed to differentiate resistant and non-resistant
strains by headspace VOC profiles.>® Nevertheless, differences
have been detected,” demonstrating the potential, with stand-
ardised and robust methods, to develop a clinical diagnostic
method for antimicrobial resistance or further the under-
standing of antimicrobial resistant bacteria.
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