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Abstract: We have developed a direct frequency comb spectroscopy instrument, which we have
tested on Saccharomyces cerevisiae (baker’s yeast) by measuring its CO, output and production
rate as we varied the environmental conditions, including the amount and type of feed sugar, the
temperature, and the amount of yeast. By feeding isotopically-enhanced sugar to the yeast, we
demonstrate the capability of our device to differentiate between two isotopologues of CO,, with
a concentration measurement precision of 260 ppm for '>C'°0, and 175 ppm for 3C'°0,. We
also demonstrate the ability of our spectrometer to measure the proportion of carbon in the feed
sugar converted to CO,, and estimate the amount incorporated into the yeast biomass.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Human breath analysis techniques offer non-invasive methods of diagnosing diseases, tracking
patient health, and monitoring the concentration of environmental contaminants in the body
[1-3]. The human breath largely comprises atmospheric molecules such as CO; and N,, but
also contains hundreds of volatile organic compounds (VOCs) in concentrations down to the
parts-per-trillion [4—7]. Some of these VOCs have been identified as biomarkers of human health
and may indicate failure of bodily functions and the presence of certain diseases, depending
on the concentration and type of molecule. To monitor the concentration and chemical species
of these biomarkers in trace quantities requires highly sensitive and specific instrumentation
that can perform measurements in situ and in real-time, without the need for sample storage
and preparation [4,8,9]. Furthermore, an ideal breath analysis instrument should be able to
distinguish between different molecules and their isotopologues, and be able to monitor a broad
range of biomarkers simultaneously and continuously over long monitoring periods.

Human breath analysis has previously been performed with Gas Chromatography, and later
Mass Spectrometry (GC-MS) to detect the trace-level VOCs in human breath [10-14]. GC-MS
can achieve parts-per-trillion (ppt) level sensitivity and can detect many molecular species
simultaneously, but is a multi-stage process requiring collection, storage, and pre-concentration,
which requires substantial time and technical expertise [4,15—18]. Proton Transfer Reaction Mass
Spectrometry (PTR-MS), by contrast, can be conducted in real-time while possessing a similar
level of sensitivity to GC-MS techniques [9,19-22]. Recently, PTR-MS has been successfully
used to monitor the breath of patients post-surgery and is also capable of detecting anaesthetic
gas several weeks after an operation [23]. However, the cations used in PTR-MS do not react
with all molecular species and hence other species of cations are needed for near-universal VOC
detection [1,7,24]. Selected-Ion-Flow-Tube Mass Spectrometry (SIFT-MS) is a similar technique
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to PTR-MS but where the protons are supplied by several different cation species in a fast flow
tube [9,25-28]. SIFT-MS can be used to analyse a range of VOCs in real time with comparable
sensitivity to PTR-MS and GC-MS [1,29-31]. However, both PTR-MS and SIFT-MS possess the
key problems that GC-MS faces, such as a high instrument cost, limited miniaturisation potential,
and required expertise to operate.

Laser spectroscopy is an ideal tool for human breath analysis. Unlike previously mentioned
techniques, laser absorption spectroscopy probes ro-vibrational transitions of molecules that are
dependent upon both the atomic weights of the molecular constituents as well as the bonds between
them [32-34]. This gives laser based spectroscopy unparalleled ability to distinguish between
different types of molecules and isotopes thereof. The specificity of laser absorption spectroscopy
has been shown to closely match MS-based techniques and are considered a potential alternative
in several applications [2,35-38]. For example, tunable diode laser absorption spectroscopy
(TDLAS) can produce high resolution lineshape information to extract thermodynamic properties
of the gas and differentiate between molecular species [2,4]. An optical cavity can be used in
conjunction with TDLAS to increase the interaction length between the sample gas and the
light to improve concentration sensitivity [2,4]. These single frequency laser sources provide
ease of use, however they cannot monitor multiple molecular species simultaneously; for this a
broadband light source is required.

Our aim is to develop an instrument that simultaneously exhibits some key characteristics:
high sensitivity, distinguishes between different molecules and their isotopologues, and ability to
monitor a broad range of biomarkers simultaneously over long periods. The instrument is based
around an optical frequency comb (OFC) [39—42] with its characteristic spectrum of hundreds of
evenly-spaced frequency modes over a broad frequency range. It is this combination of broad
spectral coverage with numerous modes that confers the molecular specificity and sensitivity.
The frequency, f,;, of each mode is given by:

Jn =f0+nfrep (D

where fj is the frequency zero-offset, n is the mode number, and f,,, is the repetition frequency,
being the difference in frequency between adjacent modes. Frequency combs were primarily
created for frequency metrology but have a growing number of spectroscopic applications
including interrogating atomic transitions, environmental sensing, and detecting trace gas
impurities [34,43-46]. There are examples of using an OFC, often in conjunction with VIPA
spectrometers, to perform human breath analysis in literature that have been highly successful
in detecting relevant breath analysis molecules (CO, CO,, H,O, CHy4, and NH3) down to ppb
sensitivities and utilising this information to accurately predict SARS-CoV-2 infection [47-52].

In this paper, we further investigate the suitability of using optical frequency combs for human
breath analysis. We use baker’s yeast (Saccharomyces cerevisiae) as an analogue for human
breath to test our spectrometer’s ability to monitor changing metabolic activity within a living
organism. Optical frequency comb spectroscopy is used to measure the concentration of CO,
produced by the yeast as it metabolises sugars, via techniques demonstrated in Ref. [40] to
measure CO; and its isotopologues. To improve the sensitivity of these measurements and
perform continuous monitoring of concentrations of the two most common isotopologues of CO,
during these biological processes we use a non-resonant enhancement cell called a Herriott cell.
Within this Herriott cell we were able to detect a concentration for '2C!°0, as low as 260 ppm
(or approximately 2.56x10'° molecules within the testing volume of 0.004 7>) and 175 ppm for
13¢1Q, (approximately 1.73x10' molecules). By quantifying the amount of CO, molecules in
this way, we were able to determine the ratio of input-to-output carbon atoms to be 3:1 which
matches the ratio expected from fermentation, the dominant metabolic process for baker’s yeast.



Research Article Vol. 15, No. 3/1 Mar 2024/ Biomedical Optics Express 1555 |

Biomedical Optics EXPRESS A

2. Baker’s yeast as a test organism

Baker’s yeast (Saccharomyces cerevisiae) has historically served as a substitute organism for
understanding human cell biology [53-57]. We chose to use this yeast species in our experiment
as a substitute for analysing human breath samples because: (a) it produces carbon dioxide
(CO») in a moist environment similar to human breath, and (b) the amount of CO;, and the rate
at which it is produced, depends on the yeast’s metabolism, which we can affect by changing
environmental parameters.

S. cerevisiae can metabolise a wide variety of carbon sources although it prefers sugars [58-61].
Here we use both sucrose and glucose, and note that the metabolism of these two sugars is
nearly identical since S. cerevisiae breaks down polysaccharides, such as sucrose, into glucose
molecules via enzymes [62].

Yeast metabolises sugars differently depending on whether they are being used for energy or to
create new biomass. In this paper we are only interested in the ways that S. cerevisiae metabolises
sugar to produce CO;. Yeast can metabolise glucose into CO, by one of two metabolic pathways:
respiration, (see Eq. (2)) and fermentation (see Eq. (3)). Note that Egs. (2) and (3) represent a
simplification of metabolic processes [58,63-67].

CgH20¢ + 60, — 6CO, + 6H,O 2)

CsH1206 — 2CO, + 2C,H50H. 3)

S. cerevisiae may perform both respiration and fermentation simultaneously, but only if
the available concentration of sugar is high enough. Below a certain sugar concentration
(approx. 100-150 mg/L), S. cerevisiae will metabolise available nutrients via respiration. If this
concentration is surpassed then the yeast will ferment the additional sugar, even under aerobic
conditions, leading to a mixed metabolism of both respiration and fermentation, a process referred
to as the Crabtree effect [58,68—70]. Given the sugar concentrations in this experiment are much
higher than this threshold, we expect our yeast samples to mostly ferment the available sugars.

We can affect the amount and rate of CO; production by changing the starting sugar mass and
the temperature [71]. For example, changing the initial mass of the glucose in Eq. (3) produces a
proportional change in the final amount of CO,. In addition, there is a temperature dependence to
the rate of fermentation and thus CO, production [71]. By changing the environmental parameters
to affect the metabolic output of S. cerevisiae, we created a proof of concept for measuring
changing gas concentrations, such as CO,, in human breath. We also examined the outcomes
of feeding S. cerevisiae mixed ratios of isotopic glucose, measuring the total concentration of
each CO; isotopologue. To measure the CO; concentration produced by S. cerevisiae, we utilise
direct frequency comb spectroscopy, which enables accurate concentration measurements as well
as the capacity to detect multiple isotopes.

3. Experimental method

There are two components to the experiment: an optical system, and a gas system. The optical
apparatus performs direct frequency comb spectroscopy, and the gas apparatus that controls,
siphons, and dries gas from the headspace above the S. cerevisiae, which is grown under controlled
conditions. The optical apparatus has been developed over the course of previous work and used
for the precise measurement of hydrogen cyanide, carbon dioxide (both '>CO, and '*CO,), and
acetylene [39-42].

3.1. Optical apparatus

The frequency comb used to perform direct frequency comb spectroscopy of the sample was a
Menlo Systems FC1500 spanning 1500 nm-1700 nm. The repetition rate, f,.,, of the comb is
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250 MHz, and is locked to a cavity-stablised CW laser (1560 nm NKT Koheras Boostik E15).
The carrier-envelope offset frequency, fj, is locked to 20 MHz via f-2f locking to a cesium-beam
clock (Datum CsIII).

Comb light is first split equally into two pathways: the spectroscopy pathway and the rarefaction
pathway as shown in Fig. 1. The spectroscopy pathway is further divided by a wedged beam
splitter (WBS) into a sample and reference path. Reference path light is retro-reflected back
towards the WBS without absorption by the molecular sample, as a reference measurement of the
comb power at each wavelength. The sample path light is directed into a non-resonant, sealed,
multi-pass Herriott cell by way of a periscope. The sample path is retro-reflected to double pass
the Herriott cell for a total optical path length of 60 m. Gas is pumped through a closed loop
from a Buchner flask containing the yeast through the Herriott cell, before returning to the flask.
Both sample and reference paths are equipped with an automated optical shutters to select which
path is being observed, and coupled into optical fiber to be directed towards the spectrometer.

I
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Fig. 1. A simplified diagram of the experiment. FP: Fabry-Perot (cavity); WBS: Wedged
beam splitter; RR: Retro-reflection (mirror). Fiber-coupled paths are represented in grey,
free-space optical paths are coloured red, with increased transparency indicating the beam
has passed through the Herriott cell once already. Gas paths are represented as light blue,
with blue areas indicating the presence of gas. The dotted line inset displays a rough diagram
of the reflection pattern of the beam on each Herriott cell mirror.

A rarefaction pathway leads into a low-finesse optical cavity with a free-spectral-range of
36Xfrep 9 GHz. This rarefies the comb frequency spacing so that only every 36" comb mode
remains. Our spectrometer is then able to resolve each comb mode individually, allowing
calibration of the frequency of each mode [40]. Light from the rarefied comb is coupled into
optical fiber and directed towards the spectrometer.
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The spectrometer consists of a Virtually-Imaged Phased Array (VIPA) etalon with a finesse
of approximately 200 and a free-spectral-range of 50 GHz, followed by an orthogonally-placed
diffraction grating with 600 lines/mm [39,40]. A VIPA disperses the comb frequencies vertically
and, to prevent frequency overlap, the diffraction grating horizontally disperses comb modes
that spatially overlap due to the limited Free Spectral Range (FSR) of the etalon. The grating is
double-passed for greater horizontal separation to minimise cross-talk between VIPA stripes [40].
The resulting 2D comb mode array is imaged onto an InGaAs Camera (Xenics XEVA-1.7-320)
over an integration time of 1s per shot. The spectrometer camera acquires six images per optical
spectrum, including two images for each of the sample, reference and cavity paths: a bright/dark
image with the shutters open/closed each with equal integration times. The spectrometer is
capable of measuring 25 nm of the optical spectrum at a time. This spectrometer has been shown
to produce precise and accurate number density measurements, in particular for CO, [40,41].
For further information on the design, precision, and accuracy of this VIPA spectrometer in
measuring controlled quantities of hydrogen cyanide, CO», and acetylene, see Ref. [39-42].

For trials 1-7, in which we tested S. cerevisiae under different environmental conditions, we
wished to monitor the strongest '2C'®0; transitions. To achieve this, the spectrometer grating was
adjusted to capture the 30012 «— 00001 ro-vibrational transitions of '2C'°0, located between
wavenumbers 6293 cm™! and 6395 cm™! (1563.72 nm - 1589.07 nm) as given by the HITRAN
database [72]. For trials 8-10, in which we desired to measure transitions for 12¢160, and
13C1%0, simultaneously, the grating was moved to observe between 6178 cm™! and 6273 cm™"
(1594.12 nm - 1618.65 nm) to measure the 30013 «— 00001 transitions and 30012 «— 00001
transitions of each isotopologue, respectively as given by the HITRAN database [72].

3.2. Yeast apparatus

Dry yeast was placed into a 500 mL Buchner flask, along with distilled water and either sucrose
or glucose. The flask was placed on a heater-stirrer which was capable of both temperature
control and spinning a magnetic stirrer to gently disturb the mixture to release any trapped CO,.
We maintained a closed, low airflow gas loop by way of an air pump moving the gas from the
headspace above the baker’s yeast into the Herriott cell and back out again. Moisture in the gas
mixture was reduced by passing it through a cold trap and drying column in series.

In Table 1 we summarise the different environmental conditions for the 10 different trials
we performed. For trials 1-7, we measured the Yeast’s metabolic output under different
environmental conditions and monitored changes in the CO, concentration profile between trials.
To modify the environment we varied the temperature, as well as the amount and type of nutrients
available to the yeast using different proportions of glucose or sucrose. For trials 8-10, we
measured the concentration profile of two different isotopologues of CO, simultaneously. This
was achieved by altering the ratio of store-bought glucose, naturally abundant in carbon-12 and
carbon-13, and D-glucose-'3Cg (Cé3 Hi,0¢). For each trial, a single spectrum was recorded every
minute, beginning immediately after the addition of the sugar, and lasting a typical run time of
approximately four hours. This was sufficiently long to reliably observe most of the dynamics of
the yeast’s metabolism, though in some cases was not quite long enough to stop completely, such
as in trials 3, 8, 9, and 10.
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Table 1. Feed-stock and environmental parameters for each trial.

Trial Time (min) Temp. (°C) Yeast (g) Sucrose (g)  Glucose (Nat.Abd.) (g) Glucose (C-13)
(8)

1 360 301 3.07£0.01 2.03 £0.01 - -
2 360 301 3.05+0.01 4.13+0.01 - -
3 274 301 6.057 £ 0.001 2.037 +0.001 - -
4 420 301 6.032 +£0.001 4.086 +0.001 - -
5 420 301 3.000 + 0.001 - 2.020 + 0.001 -
6 356 35+1 3.021 £ 0.001 - 2.063 +0.001 -
7 372 22+2  3.004 +0.001 - 2.015 +0.001 -
8 254 301 6.002 + 0.001 - 3.500 + 0.001 0.503 + 0.001
9 250 301 6.001 + 0.001 - 3.001 £ 0.001 1.003 £ 0.001
10 238 30+ 1 6.002 + 0.001 - 2.501 £ 0.001 1.477 £ 0.001

4. Image analysis

To extract the CO, concentration, the spectrometer images must first be converted into molecular
transmission spectra. Further detail on the following, including the effect of the number of pixels
upon detection ability, can be found in Refs. [40,42]. First, the dark images are subtracted
from their corresponding bright images to remove camera background effects. From this we
are left with images of vertical bright stripes for both the sample and reference path images
as the spectrometer cannot resolve individual comb modes without the rarefaction cavity, see
Ref. [39,40]. To minimise cross-talk between adjacent VIPA stripes to below the measurement
noise and maximise the signal-to-noise ratio, we apply a series of Gaussian matched filters to
the images [40]. The filters are based on the horizontal cross-section of each stripe from the
reference image, which is approximately a Gaussian profile, and are applied to the signal and
cavity images. This filter applies a low weighting in-between the stripes where the crosstalk is
greatest, and maximises the weighting in the centre of the stripes where crosstalk is minimal
and the signal is strongest. The result is a single representative brightness point for each row of
each stripe. We then divide the filtered sample signal by the filtered reference signal which is
unwrapped into a ro-vibrational transmission spectrum.

A relative frequency axis for the molecular transmission spectrum is derived using the resolved
modes from the cavity rarefied image as well as the cavity FSR and known comb parameters (f;.,
and fp). The absolute frequency is obtained by shifting this relative axis using spectral positions
from the HIgh-resolution TRANsmission (HITRAN) molecular absorption database [72].

5. Spectral fitting

To extract the CO, concentration we fit each ro-vibrational transition with a model transmission
spectrum based on a Voigt line profile. Each Voigt profile is scaled by 7; = S,,,(T)u L, the
optical depth of the i-th ro-vibrational transition with lower level n and upper level n’. The
concentration, u, and temperature, T, are left as free variables, while the interaction length, L,
is fixed based on a measurement of the Herriott cell filled with 100% CO, (natural isotopic
abundances) to calibrate the optical path length. The overall transmission spectrum is then the
summation of these individual Voigts, V (v — v;, T, P), as given by:

T (v, T,P)=exp |- > %V (v=vi,T.P)|, “)

1
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where v is the wavenumber, v; is the line centre, T is the temperature, and P is the total pressure
of the gas as described in Refs. [40,72]. We include several fixed parameters from the HITRAN
database, including the line strength S,,,/(T.r) at a reference temperature T, = 296K, lower
state energy of the transition E,,, the line centre frequency vy, and the pressure shift of the line
centre.

The temperature-dependent line strength is given by [72]:

(127} 2y’

Q(Tref)e T l—e T

STIU/(T) = S,]nf(Tref) Q(T) ey Ep V! (5)
e Tref 1-—¢ Tref
where ¢; = hc/kp, h is Planck’s constant, ¢ is the speed of light, and kg is Boltzmann’s

constant. The Q(T') terms are the complex molecular total internal partition function of CO,
and are temperature-dependent. This function is computationally intensive and so a polynomial
approximation to the partition function is used instead [73].

The Lorentzian and Gaussian components of the Voigt lineshape are a combination of molecular
properties and spectrometer broadening. Lorentzian collisional broadening coefficients are taken
from the HITRAN database, whilst the temperature-dependent Doppler Gaussian contribution
is calculated to be approximately 0.0049 + 0.00005 cm™! (1/e half-width) across all trials and
for both isotopologues. Systematic spectrometer line broadening of the spectra is also included,
with the Lorentzian and Gaussian spectrometer contributions being 0.01 +0.001 cm™! and
0.012+0.001 cm™! respectively, as measured previously [40]. The Gaussian contributions from
the Doppler and spectrometer broadening mechanisms are combined via a quadrature sum.

12 13
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Fig. 2. Top: Ideal model based on HITRAN parameters of the transitions 2C100,
(30013 «— 00001), in red, and 13C!°0, (30012 «— 00001), in purple. Middle: Fitted
transmission data taken from the final minute of trial 10 showing absorption of the comb
light from the gas in the Herriott cell. The model (blue) is fitted closely to the measurement
data (grey). Bottom: The residuals between the raw data and the fit, which show confirms
the high quality of the fit.
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There is an additional third-order polynomial included in the model to account for broad
background variations, and is obtained from fitting to the first captured spectra of each trial when
only atmospheric CO; is present. Additionally included in the background fitting are etalons of
varying amplitude and frequency that change between trials which are present within the optical
setup. The presence of these background transmission etalons necessitated manual selection of
initial conditions for each trial, disallowing true real-time monitoring. However, in the absence
of these etalons such monitoring is possible [40].

To extract concentration using this spectroscopic model we performed a least-squares fit of
our model to each spectrum, leaving temperature, 7, number density, #, and our background
parameters as free variables. An example of a single-shot spectrum can be seen in Fig. 2. This
spectrum was acquired when all available sugars had been consumed and shows the deepest
molecular absorption spectrum captured at the end of trial 10. The residuals in Fig. 2 are mainly
attributed to a small-scale high-frequency etalon that was unable to be successfully fitted in
the background fitting stage. The residuals show that we can expect our optical setup to detect
absorption features around 5 % in transmission in a single measurement. This sensitivity has
been shown to improve with additional averaging [40].

6. Results

We used our setup to perform 10 trials, changing the environmental parameters that affect
S. cerevisiae’s metabolism and production of CO,. Each trial took place over several hours
and a single spectra was captured every minute. The spectra were fitted to extract isotopic
concentrations of CO; and monitor their changes over time. The different trial parameters are
recorded in Table 1, with the extracted CO, concentrations over time presented in Figs. 3-5.
Tables 2, 3, 4, 5, 6, and 7 summarise different aspects of the measured CO; evolution in each trial.
Tables 2, and 5-7 summarise the CO, concentration after metabolism had completed, which was
calculated by averaging the final 50 concentration measurements in a run, which form the plateau
of the CO, profiles. Tables 3 and 4 summarise the production rate of CO, which are calculated
by fitting the CO, concentration over a time period where the rate of change is approximately
linear, i.e. after the initial exponential increase and before the plateau in concentration.

Table 2. Comparing ratios of starting sugar amount to ratios of
CO, concentration.

Trial Starting Sugar Ratio CO, Conc. Ratio
2/1 2.03 +£0.01 1.83 £0.02
4/3 2.006 + 0.001 1.77 £ 0.03

Table 3. Comparing ratio of starting yeast amount to ratios of
CO, production rate.

Trial Starting Yeast Ratio CO3 Rate Ratio
4/2 1.97 + 0.006 1.44 £ 0.04
31 1.97 £ 0.006 2.53£0.09

In trials 1-7, we monitored how the CO, concentration changes as the metabolism of S.
cerevisiae shifts in response to changes to its environment. The CO; profiles shown in Fig. 3 and
4 closely match the typical growth profile for S. cerevisiae [74-80]. These trials involved varying
the amount of yeast, amount of sugar, as well as temperature, to measure how the CO; profile
evolves differently - changing both the amount of CO, produced, as well as the rate of production.

For trials 1-4, we altered the starting amounts of yeast and sugar. The evolution of the measured
CO, concentration are presented in Fig. 3. From Eq. (2), we expect the ratio of CO, concentration
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Fig. 3. The concentration of CO, within the Herriott cell during trials 1-4. A spectrum
was recorded at every minute.
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Fig. 4. The concentration of CO, within the Herriott cell during trials 5-7. A spectrum
was recorded at every minute.

Table 4. The linear rate of change in CO, concentration with

temperature.
Trial Temp. (°C) Rate (x10' molecules.cm™.min™!)
5 30 13.9+0.2
6 35 17.5+0.2

7 22 7.45 £ 0.05
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Fig. 5. The concentration of 12¢160, and 13C'°0, within the Herriott cell. A spectrum

was recorded at every minute. The fitting algorithm failed to fit spectra from the first approx.
30 minutes of trial 8, hence the discontinuity in the plot.

Table 5. Isotope Ratios.

Trial Input Mass Ratio (Bin) Output CO; Ratio (Bout) Prop. of 13C emitted (@)
8 0.1563 + 0.0003 0.136 + 0.002 0.89 +0.01
9 0.3490 + 0.0005 0.27 £ 0.01 0.82 £ 0.03
10 0.6082 + 0.0007 0.45 £0.01 0.82 £ 0.01

Table 6. The number of carbon-12 atoms (x1022 atoms) input into
the testing volume as sucrose/glucose, and output as CO,. Ratio
of carbon atoms input to output.

Trial 12Cgugar In 12C0, Out 2Cou/"*Cra[%]
1 429 +0.02 1.51+0.11 353+29
2 8.72 £ 0.02 2.77+0.22 31.8+26
3 4.300 + 0.002 1.62+0.12 37.8+29
4 8.626 + 0.002 2.88+0.24 33.4+2.8
5 4.051 +0.002 1.30 +0.10 32.1+24
6 4.138 + 0.002 1.33+0.10 321+25
7 4.041 +0.002 1.25+0.10 30.8 2.5
8 7.020 + 0.002 224 +0.17 32.0+24
9 6.019 + 0.002 1.87 +0.17 31.1+2.8
10 5.017 = 0.002 1.68 +0.14 335+29
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Table 7. The number of carbon-13 atoms (x1022 atoms) input into the testing volume as
sucrose/glucose, and output as CO,. Ratio of carbon atoms input to output.

Trial B3 Cgugar In BCco, Out B3Cou/ 3 Cra[%)
8 0.976 + 0.002 0.31+0.02 31.3+2.6
9 1.947 + 0.002 0.51 +0.05 259+24
10 2.868 + 0.002 0.75 +0.06 26.1+2.1

to double with a doubling of the input sugar. Figure 3 shows this rough proportionality, with
trials 1 and 2 doubling sugar (a constant 3 grams of yeast) having a final CO, concentration
ratio of 1.83 + 0.02, and for trials 3 and 4 (6 g of yeast) a ratio of 1.77 = 0.03. These results are
summarised in Table 2. This slight discrepancy may be due to some of the additional nutrients
being invested in increased yeast budding rather than being metabolised.

Conversely, when the amount of yeast is doubled and the amount of sugar held constant, we
expect an increase in the rate of CO, production. Table 3 summarises input yeast amounts and
the observed rate increases. As expected, when the starting yeast mass was doubled there was an
increase in the rate of CO, production by a factor of 1.44 for trials 2 to 4, and approximately
2.53 from trials 1 to 3. The trials with a higher sugar starting mass (~4 g) had a much larger rate
increase in CO, production when the initial yeast mass was doubled, compared to the trials in
which the sugar mass was lower (~2 g), suggesting that the two yeast growth factors (initial sugar
and yeast masses) compound together to produce a much higher production rate.

In trials 5-7, we kept masses of the yeast and glucose constant, and monitored the effect of
changing the temperature of the system. Figure 4 demonstrates that increasing the temperature
results in an increased CO; production rate which is summarised in Table 4. This is expected
due to the faster metabolic rate of the yeast induced by a higher temperature. The growth rate
increase when the temperature is increased from 22 °C to 30 °C is much larger than that between
30°C and 35 °C. This is because the optimum temperature range for growth of most yeast species
is between 20 °C to 30 °C, with yeast beginning to perish faster than it can reproduce above
approximately 40 °C [71,81-83]. The optimum temperature to maximise yeast growth rate
depends on a number of factors including yeast species, pH, water activity, and the presence of
antimicrobial substances such as the ethanol produced by the yeast [71].

In trials 8-10 S. cerevisiae was fed several ratios of radioisotope-labelled glucose (13C¢H206)
and non-labelled glucose ( 12C¢H,06). Each trial incrementally increased the amount of
BC¢H 1,06 by 0.5 g and correspondingly decreased the amount of 12C¢H 1,06 by 0.5g, as
summarised in Table 1. Our spectrometer is able to measure the spectra of multiple isotopologues
of CO, simultaneously, thus we can monitor the concentration of these isotopologues as they
were produced by the yeast. An example spectra from trial 10 is shown in Fig. 2 displaying
absorption features from both 13CgH 206 and ">CgH,06. The measured time dependence of
the CO,; isotopologue concentrations for all three of these trials are displayed in Fig. 5. The
number density of both isotopologues across all trials qualitatively match the typical CO, profile
of baker’s yeast provided an initial amount of sugars to consume [74—80]. As expected, the
number density of >C'°0, increases proportionally to the amount of labelled glucose added.
However, the concentration of '2C'°0, does not decrease by the observed increase in '3C'°0,.

To better understand how the different isotopologues are metabolised, we calculate the carbon-
13/12 ratio of the input glucose to the output CO, which is summarised in Table 5. We observe a
difference between the input and output carbon-13/12 ratios due to the incorporation of carbon
from the sugars into the biomass of the yeast and subsequent exhalation of carbon that was once
part of the yeast biomass [67]. This biomass is the energy storage of the yeast, glycogen, which
are comprised of long chains of glucose which are consumed if a yeast cell is unable to access
external nutrients [84]. This glycogen glucose is metabolised via the same pathways. We denote
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the efficiency of the metabolism of '*C from glucose to CO, as @ and so can be represented as:

1
B Cou = 3 B¢y, (6)
Correspondingly the proportion of '3C which becomes embedded in the biomass is 1 — «,
where we hypothesise that each '3C incorporated results in a molecule of '>CO, emitted, such

that: |
2Cou = 5 (Cin+ (1 - @) Cur) 9

The 1/3 prefactor in Eqgs. (6) and (7) is because yeast metabolism is predominantly a
fermentative process as described by Eq. (3), in which 1/3 of carbon atoms introduced become
CO,. Here we have assumed that the initial biomass of the yeast is entirely '>C.

Combining Egs. (6) and (7) gives an expression for the ratio of carbon-13/12 expelled from
the yeast, as a function of input carbon-13/12 ratio as:

algin
1+ -a)Bn

where Bi, = 3Cin/"?Cip and Bout = PCout/'?Cour. This gives the proportion of 3C which is
metabolised and ejected as 13C02, a, as:

Bout = (8)

a = ﬁoul I+ IBin
I+ ﬁout ,Bin .

Table 5 summarises the input and output carbon-13/12 ratios and calculated « for each of the
relevant trials. The value of « is observed to be consistent across all trials being roughly 0.84.
As per Eq. (6), the percentage of input '3C metabolised into CO, was 0.84 x 1/3 ~ 28 %, whilst
the remaining 0.16 X 1/3 =~ 5 % is incorporated into the yeast as biomass. We expect this would
be true for both isotopologues, that is ~28 % of the input glucose is converted into CO, while
~5 Y% is incorporated into biomass. Over time, if S. cerevisiae had been fed continuously on a
fixed ratio of carbon-12/13 glucose, we would expect the exhaled CO; isotopologues to approach
the input ratio. This may explain why the CO, number density for both isotopologues doesn’t
appear to have reached equilibrium by the end of trials 8-10.

To analyse the limitations of our concentration measurements, we use trials 8—10 as these
were the trials that contained both '>C and '3C, and from these trials we considered only the
final 50 measurements as the concentration of CO, in the system at that point was relatively
stable. While the last 50 measurements were near equilibrium, there are still slow changes
in CO; concentrations. This effect was subtracted out via a linear fit to the final 50 points of
the concentration data, with the standard deviation of the resulting data used to estimate the
concentration noise. If we consider the standard deviation to be the minimum measurable change
in the concentration, then on average our spectrometer is capable of a minimum observed change
in 12C'0, of approximately 6.5x10"> molecules cm™>, or 260 ppm with respect to air at Standard
Temperature and Pressure (STP). Likewise for 13¢160,, we find our instrument can detect a
minimum concentration of 4.4x10'3 molecules cm™>, or approximately 175 ppm. These values
are supported by the first observable increase in CO, concentration, within the first few minutes,
being on average approximately 5x10'> molecules cm™3 across all three trials. A potential reason
for the 13C uncertainty being lower than for '?C is the quantity of 13C glucose was smaller
leading to smaller drifts towards the end of each trial. The average relative uncertainty (based
on the standard deviation and average CO; across the last 50 points) across the last three trials
for 12C'°0, was around 0.29 % with the highest value of 0.36 % for trial 9, and for 13¢160, an
average of 0.81% with the largest relative error being 1.15 % for trial 8. Noting the volume of the

€))
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Herriott Cell is approximately 0.004 m>, we can infer the smallest detectable number of '2C'°0,
molecules within our Herriott cell to be 2.57x10'° molecules. Likewise for 3C!'°0, we can
quantitatively say the smallest number of molecules detectable by our spectrometer is 1.73x10'°.

As the experiment is a closed system with known volume, we can investigate the mass balance
- a comparison of the number of carbon atoms introduced as glucose to the number which become
CO; - of carbon atoms within the system. Since S. cerevisiae is predominantly fermentative,
we would expect that the ratio of input carbon (as sugar) to output carbon (as CO;) to be 1/3,
according to Eq. (3). The results are shown in Tables 6 and 7, which summarise the number
of carbon atoms introduced to the yeast system as glucose/sucrose, and the number of carbon
atoms out. The carbon atoms out were calculated from the final 50-data point average CO,
concentration at the end of each trial and the volume of the system which was measured to be
0.0086 + 0.0006 m*. We see close agreement to the expected carbon in-out ratio of 1/3 with
an average over all trials of 33 + 3 %. We note the amount of atmospheric CO,, approximately
420 ppm, is negligible compared to the amount of CO; in the Herriott cell at the end of the trials,
and should not perturb this measurement.

We can connect these input/output ratios to our earlier results, where we compared the quantity
of CO; produced under different conditions. For example, trials 1 and 3 (which contained
~2 g of sugar) have a '>Cgy/!>Cy, ratio that is ~ 4 % higher than their counterpart trials 2 and
4 which started with double the initial nutrient amounts (= 4 g of sugar). This discrepancy is
noted in Table 2 where a doubling of the input sugar lead to an increase in CO; production,
but less than a factor of two increase. Examining the input/output carbon ratios indicates that
this discrepancy from a factor of two increase may be due to trials 1 and 3 having an increased
conversion efficiency above 33 %. Likewise, we noted that the production of 13C0O, indicated that
the isotopically labelled sugar was being incorporated into biomass, as summarised in Table 5,
which is also seen in Table 7 as an output ratio significantly below 33 %. Thus, calculating the
percentage of carbon that is emitted as CO, has helped explain why our earlier results did not
meet expectations.

7. Discussion

A major challenge for molecular spectroscopy in the near-infrared (near-IR) region being
investigated here is the presence of water vapour that can deteriorate optical systems and
contaminate the molecular spectral signature of interest. Using S. cerevisiae as a substitute
for human breath enabled us to test methods of removing water vapour from the gas sample
being probed. There are H,O transitions present in the measurement wavelength ranges with
line strengths approximately 100 times weaker than those of CO,. Consequently, since the
transmission residuals have a noise of approximately 1%, the concentration of H,O would need
to be on the order of 10'® molecules per centimetre cubed to be observed in our spectra.

We have been able to demonstrate several ways in which our spectrometer could be used
for human breath analysis. Most notable is the capability of our spectrometer to distinguish
isotopologues of CO, produced by the yeast in response to the addition of isotopically-labelled
glucose. This is analogous to a test that could be performed on a human being. Several such
medical tests are in development to measure exhaled CO; to monitor patient health such as the
field of capnography, and via the ingestion of isotopically-labelled substances diagnose infectious
diseases and monitor the metabolic health of a patient [85-88]. Our spectrometer’s minimum
measureable concentrations for '2C'°0, and *C'°0, were 260 ppm and 175 ppm respectively.
In comparison to human breath which has a CO, concentration in the range of 35,000 ppm -
50,000 ppm, these measurements correspond to a change of CO, concentration in a persons
breath of approximately 0.5-0.7 % [89]. Taking this one step further, based on this concentration
of CO, and assuming a natural abundance of '3C in a person’s breath, a person may exhale up to
approximately 400-500 ppm '3C'®0, which is theoretically detectable by our instrument.
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By enhancing the sensitivity of our instrument further, we may improve its diagnostic and
monitoring capabilities. A significant demonstration of this device for human breath testing would
be to match or outperform the performance of the existing '3C-Urea breath test for diagnosing
the presence of H. pylori, a type of gut bacteria which can cause stomach ulcers [90]. Most tests
will measure the 5'3C of a patient before and after they have ingested a tablet of '3C-labelled
urea: the ratio of 1*C to '>C in a sample, divided by the same ratio of a reference material. A
difference greater than 2 — 5 x 1073 generally indicates the test is positive [91]. If we consider
that the isotopic abundance of CO; in a person’s breath is the same as the surrounding air, then a
positive test would indicate an increase from approximately 385 ppm to 392 ppm. Our minimum
detectable concentration for '3C was 175 ppm, hence improvement is required.

To improve the performance of our instrument to this level, changes to the spectrometer
are required to improve its isotopic sensitivity. The transitions examined in this paper in the
near-IR are overtones of much stronger, fundamental transitions in the mid-infrared (mid-IR)
[72]. Utilising a mid-IR comb would therefore offer a significant sensitivity advantage due
to an increased absorption signal, enabling the detection of much smaller concentrations of
biomarkers as found in human breath [34,92]. Additional sensitivity gains could be achieved
by increasing the effective optical path length of the sample cell, as this would provide further
opportunities for interactions between the probing light and the molecules [93]. This can be done
by acquiring a cell with a longer effective optical path length, either a resonant optical cavity or a
longer multi-pass cell [94]. While these techniques will improve signal strength, the noise can be
reduced through a combination of: increasing the optical power of the probing light, utilising
low-loss mirror coatings to maximise throughput of the multi-pass cell, and a reduction in the
spectrometer detection noise.

8. Conclusion

We presented an optical spectrometer that shows potential use for medical diagnosis based on
breath analysis. A frequency comb and VIPA spectrometer were used to measure CO; produced
by Saccharomyces cerevisiae under different environmental conditions as an analogue for human
breath. The incorporation of a Herriott multi-pass cell gave our system the sensitivity to detect
CO, at comparable concentrations to human breath. Our spectrometer is able to observe the
changing metabolism of a living organism through monitoring the concentration of CO; it
produces. We observed the expected changes produced by varying the temperature, type and
amount of sugar and quantity of yeast. By quantifying the number of CO; molecules and
comparing the ratio of carbon input/output we were also able to determine the expected metabolic
process, fermentation, that the yeast was undergoing. Furthermore, we are able to distinguish
between and measure different isotopologues simultaneously, in our case 2C'°0, (to 260 ppm)
and 13C'%0, (to 175 ppm), which we tested using isotopically-labelled sugars. We were able to
verify our results by examining the carbon balance of the measurements via the proportion of
carbon which became CO, compared to the proportion which was incorporated into the yeast
biomass.
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