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Abstract

Short-chain fatty acids (SCFAs) are key molecules produced by gut bacteria in the intestine, that are
absorbed into the bloodstream and strongly influence human health. SCFA disruption and imbalances
have been linked to many diseases; however, they are seldom used diagnostically as their detection
requires extensive sample preparation and expensive equipment. In this work, an electrochemical
sensor was developed to enable real-time, quantitative measurement of SCFAs from complex samples
in liquid phase without the need for extraction, evaporation, or destruction. An impedance-based sensor
for in vitro detection of acetic acid, propionic acid, and butyric acid (accounting for more than 95% of
SCFAs in the intestine) was fabricated by the deposition of a ZnO and polyvinyl alcohol (PVA) on the
surface of a microfabricated interdigitated gold electrode. The sensor was first exposed to a broad,
physiologically relevant range of concentrations of SCFAs in isolation (0.5-20 mg/ml) and unlike
previously published SCFA sensors that could detect only in gas form with the aid of evaporation, it
was able to detect them directly in the liquid phase at room temperature. Electrochemical impedance

spectroscopy analysis was then applied to the mixture of SCFAs prepared at different ratios and in
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complex media at concentrations ranging from 0.5 to 10 mg/ml, which showed the capability of the
sensor to measure SCFAs in experimentally relevant mixture. The recorded faradaic responses were
then used to train a fit-to-data model to utilize the sensor to screen human bacterial isolates and detect
which species secrete SCFAs in vitro. This work will allow for the rapid and non-destructive
determination of the levels of SCFAs in complex biological samples, providing a miniaturized, highly
stable, and highly sensitive sensor for real-time monitoring applications.

Keywords: Electrochemical sensors, electrochemical impedance spectroscopy, gut microbiota, short

chain fatty acids, metal oxide, conductive polymer

1 Introduction

The gut microbiota constitutes a large community of microbes that is in constant crosstalk with its
mammalian host. Gut bacteria produce many bioactive metabolites which are absorbed by the gut
lining and transported into the portal blood system [1,2]. Some of the most important bioactive
compounds produced by the gut microbiota are short chain fatty acids (SCFAs), which are mainly
produced through the bacterial fermentation of non-digestible carbohydrates in the diet (e.g., plant
fiber) and exert significant effects on host metabolism and protection against invading pathogens [3,4].
The most abundant SCFAs in the gut are acetate, propionate, and butyrate, produced by a wide range
of bacterial species [5]. SCFAs play a significant role in regulating the integrity of the intestinal tissue,
are the main food source of energy for colon tissue cells (colonocytes) and are implicated in regulation
of inflammation [6]. In addition to their general role in gut health, SCFAs are absorbed into the
bloodstream where they are known to affect multiple organs. They are speculated to mediate crosstalk
between the gut and brain (e.g., cognition and emotion) [7], and affect lipid accumulation and obesity

by affecting intestinal energy harvesting [8]. Furthermore, increasing evidence supports a regulatory
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role for SCFAs in skeletal muscle and bone mass [9] and insulin sensitivity [10]. The critical role of
SCFAs in human physiology highlights the necessity for accurate detection methods to better

understand these prevalent molecules and their role in health and disease.

The conventional method for the detection of SCFAs in biological samples is chromatography. Gas
chromatography (GC), first introduced in 1952 for fatty acids [11], is often coupled with a flame
ionization detector [12] or a mass spectrometer [13], and uses a free fatty acid phase with a specific
capillary column to analyze SCFA acidified water. While this method provides very high sensitivity
to SCFA in a solution, it has significant drawbacks such as thermic degradation and consequent
structural modification of fatty acids during the methyl esterification process as well as low recovery
[14], long incubation time [15], and sample destruction [16]. To address these issues, pre-treatment
methods, either physical (e.g., filtration, centrifugation, or dilution) or chemical (acidification with
oxalic acid [17], sulfuric acid [18], phosphoric acid [19], etc., or sample distillation [20]), are used,
however, such techniques can lead to impurities or column contamination, are time-consuming, and

result in loss of column quality over short periods of time [14].

High performance liquid chromatography is the next most common chromatographic method for
SCFA detection, which requires derivatization (with 2-nitrophenylhydrazine [21], 3-
nitrophenylhydrazine [22], etc.) or deproteinization (with perchloric [23] or sulfuric [24] acid). Other
analytical techniques, such as nuclear magnetic resonance [25] and capillary electrophoresis [26], have
also been characterized for quantification of SCFAs in biological samples, but present significant
issues associated with high cost, low reproducibility and repeatability, and inability of performing real-

time analyses due to the long sample preparation time.

Real time analysis of SCFAs would be an important advancement in the medical field by allowing

immediate and direct reporting of the availability of these critical compounds. Among the techniques
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that allow real time detection, electrochemical sensors, and more specifically chemiresistors, provide
extremely high selectivity [27]. They also come with other benefits such as ease of fabrication and
miniaturization, small footprint, high stability and high temporal-spatial resolution, which are all
important for real-time monitoring of biochemical molecules [27]. Chemiresistors are made up of a
conductive thin-film sensing layer sandwiched by a pair of electrodes. Upon exposure to the analyte,
the electrical properties of the sensing layer change primarily due to resonant quantum tunnelling and
give rise to a response. The functionality and efficiency of chemiresistors are heavily dependent on the
sensing layer. Carbonaceous materials [28], perovskite-structured (e.g., LaFeO3 [29], MgGa,04 [30]),
and metal oxide (ZnO [31], In2O3 [32], SnO> [33]) semiconductors (usually doped or with a
heterojunction structure) are among the most common class of materials used for SCFA detection. The
reaction between the chemisorbed oxygen on the surface of the electrode with SCFAs releases
electrons back to the sensing layer, and the resultant decreases in the width of the depletion and
accumulation layers change the resistance of the sensor. This has been shown to facilitate SCFA
monitoring, i.e., for acetic acid: CH;COOH + 40~ — 2C0, + 2H,0 + 4e~ or CH;COOH + 40?%~ —
2C0, + 2H,0 + 8e™ [34]. Despite several reports on detection of single SCFAs (e.g., acetate,
propionate, and butyrate) in gas phase, there are no reports that differentiate SCFAs in an unaltered
biological sample. However, in biological samples different SCFAs are found in liquid phase and
within the same sample. Studies on fatty acids in liquid phase are either limited to larger molecules
(with greater affinity to bind to the surface) such as indole-3-acetic acid [35] or 2,4-dichlorophenoxy
acetic acid [36], or the determination of SCFA has been performed in vinegar and other liquids with

pure background [37] and bulky apparatus [38] (Table 1).

To overcome these limitations, we developed an electrochemical impedance-transduced chemiresistor

for determination of SCFAs produced by bacteria directly from biological samples without the need
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for vaporization or extraction. The sensing layer, made of ZnO/polyvinyl alcohol, was chosen to not
have response from other significant by-products of the gut microbiome. To characterize the sensor
response with pure SCFAs, the composite was first directly exposed to isolated SCFAs in liquid media.
The complexity of the media was then increased, and the sensor was tested in common bacterial growth
media with added pure SCFAs. The sensor was then tested in a mixture of SCFAs in a physiologically
relevant range of concentrations, and a fit-to-data model was established to predict the Nyquist data of
real samples diluted in the electrolyte. Finally, the sensor was used to measure the level of SCFAs
secreted by 6 strains of common human bacterial gut isolates grown in the liquid medium: 1 strain of
Bacteroides thetaiotaomicron, 3 strains of Lactiplantibacillus plantarum and 2 strains of Escherichia
coli. The measurements were validated using mass spectrometry. Measurements with the novel sensor
showed that different strains of L. plantarum (A138, HA119, and Lp-115) produce the same level of
different types of SCFAs; however, this amount is significantly different for strains of E. coli. The
results were corroborated with mass spectrometry results. Importantly, this paper presents a novel
simple method to detect the real time production of important bacterial metabolites directly from

complex biological samples providing is a promising new tool for future diagnostics research.

2 Experimental section

2.1 Sensing layer fabrication

All reagents used were of analytical grade, and were not purified, unless otherwise described. A stock
solution of 0.5 g of ZnO nanopowder (<100 nm particle size, Sigma Aldrich, ON, Canada) was
prepared in 25 mL ethanol and ultrasonicated with PVA (99+% hydrolyzed, Sigma Aldrich, ON,

Canada) for 12 h at different mass ratios (1:5, 1:2, 1:1, 2:1, 5:1). After vortex mixing for 10 mins (Maxi
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Mix II, Fisher Scientific), the suspension was then deposited dropwise on the interdigitated gold
substrate and allowed to calcinate at 80°C on a hotplate for 12 h. The gold electrode, serving as the
working electrode, contained two terminals on a glass substrate with a 10 um gap (0.0188 cm!) and
250 digits (125 digits on each side), each was 6760 um long. The drop wise method was performed by
occupying the least cross-sectional area for hampering the formation of capacitance at low frequencies.
The surface morphologies and crystallinity of the ZnO/PVA nanocomposite were investigated with

scanning electron microscopy (SEM) and X-ray diffraction (XRD) analysis (Figure 1).

2.2 Electrical measurement

The SEM was performed on an FEI Quanta 600 tungsten filament system, operated at 10 kV. The
images were collected with the secondary electron detector. The XRD blurb was conducted on a Bruker
D8 Advance Bragg-Brentano diffractometer equipped with an Fe filter foil, 0.6 mm (0.3°) divergence
slit, incident- and diffracted-beam Soller slits and a LynxEye-XE detector. Continuous-scan X-ray
powder-diffraction data were collected over a range 26=10-90° with CoKa radiation. The long fine-
focus Co X-ray tube was operated at 35 kV and 40 mA, using a take-off angle of 6°. The counting
times was performed with a strip detector. The step size was 0.02° with an exposure time at each step
of 0.5 s, but in aggregate each step gets a total of 96 s exposure (0.5 times 192 strips).

The Electrochemical measurements were conducted by electrochemical impedance spectroscopy
(EIS), using a potentiostat (CH Instruments CHI660D) with a sinusoidal wave with a bias potential of
5 mV over the sweeping frequency range of 100 kHz to 10 Hz with a quiet time of 2 s. The voltage of
5 mV was chosen to minimize the disturbance of the sensing layer and enhance the signal-to-noise
ratio. For the experiments conducted in the electrolyte, the solution of 5 mM Kz;Fe(CN)g, 5 mM

K,Fe(CN)¢, and 0.1 M KCl (Sigma Aldrich — Missouri — United States) was used as the redox
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mediator to transform electrons from the SCFAs to the working electrode. All experiments were
conducted at room temperature, with at least 3 replications performed under the same experimental
condition (e.g., all at room temperature or pH). After each measurement, the sensor was flushed with
deionized water for 1 min to wash away possible residuals from the previous experiment. To prepare
mixed SCFA samples, the initial concentration of the butyric acid was set, and the appropriate level of
propionic acid and acetic acid was added to the solution and stirred for faster diffusion. For automation
and to reduce the amount of analyte required, the measurements of bacterial samples were conducted
in a PDMS-based microfluidic chamber which was mounted on top of the gold substrate. Here, the
mold was fabricated on a silicon wafer using standard photolithography containing of a straight
chamber, one inlet and one outlet with L 10.0 x W 0.5 x H 0.5 mm dimensions. The SYLGARD 184
silicone elastomer base and curing agent (Dow Corning Co. Ltd) with a ratio of 1:9.8 was poured onto
the mold. The PDMS was then peeled off and plasma-treated for 1 min at 50 W power with the
interdigitated electrode, followed by heating overnight at 60°C to achieve bonding between the
microfluidic chamber and the sensor with no leakage. The schematic view of sensing platform is shown

in Figure 1a.

2.3 Cell culture

Culturing conditions and isolation of bacteria from probiotics

Lysogeny Broth and Mega Medium (LB and MM, Table S1) were chosen as media types that support
the growth of diverse species of bacteria. MM has SCFA in the base medium that support the growth
of specific fastidious bacteria [39]. E. coli strains were streaked onto Luria Broth (LB Fisher
BP1426500-500) + 1.5% agar (Fisher BP1423500) plates and grown overnight at 37°C. Single colonies

were inoculated into 5 mL liquid LB and grown overnight at 37°C shaking at 225 rpm. B.
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thetaiotaomicron VPI-5482 (B. theta, ATCC 29148; GenBank AE015928.1) was grown in an
anaerobic chamber (gas supplied by Linde: NI CDSH11U-T [5% CO., 5% Ha, 90% Nz]). All plates
and media used to grow B. thetaiotaomicron were pre-reduced under anaerobic conditions for at least
12 hours before use. B. thetaiotaomicron was streaked onto BHIS-agar plates (Brain-Heart Infusion
broth [BD B11059] supplemented with 0.5 mg/mL vitamin K1 (Alpha Aesar AAL1057506) and 5
pg/mL hemin chloride (MilliporeSigma 37415GM, with 1.5% agar), and grown at 37°C overnight.
Single colonies were inoculated into 5 mL liquid BHIS broth and grown at 37°C overnight without
shaking. Liquid overnight cultures were inoculated into 5 mL MM. Lactobacillus-containing probiotic
pills (Super 8 Plus Probiotic, FLORA) and (Gentle-Care Probiotic, Genuine Health) were purchased
from local pharmacies. The probiotics were in the forms of capsules, pellets, and powder, and they
were brought into the same anaerobic chamber used for B. thetaiotaomicron culturing. The probiotics
were placed in individual 15 ml centrifuge tubes and dissolved in pre-reduced, sterile phosphate-
buffered saline (PBS). The dissolved probiotics were struck on De Man, Rogosa and Sharpe (MRS)
agar and incubated at 37°C for 24 hours [40]. The colonies were resuspended in liquid media for DNA
extraction to verify the identity of the bacteria by 16S rRNA sequencing [41].

DNA Extraction from Colonies and 16S rRNA Sequencing: Bacterial DNA was extracted using a
DNeasy Blood and Tissue Kit (Qiagen, ON, Canada) following manufacturer instructions. Amplicons
of the 16S ribosomal RNA (rRNA) coding sequence region were generated using prokaryotic primers
broad-range bacterial primer 8F (5’-AGA GTT TGA TCC TGG CTC AG-3’) and universal primer
1391R (5’-GACGGGCGGTGTGTRCA-3") using a standard PCR protocol [42]. Purified PCR
products were sequenced at the Sequencing + Bioinformatics Consortium at the University of British
Columbia. Blast sequence analysis tool as used to align the resulting sequences against the NCBI

database to identify the specific isolated strain [43].
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2.4 Fit-to-data model

Impedance data obtained with mixtures of analytes at various concentrations were explored and
visualized in R [R: A language and environment for statistical computing. R Foundation for Statistical
Computing, Vienna, Austria. URL https://www.R-project.org/]. Multiple linear regression analyses
were performed with the function /m and the results plotted with the help of the packages ggeffects
[44] and ggplot2 [45]. The metrics quantifying the quality of the fit for the mixture experiments (R?
and p-values) were part of the output of the fitting function /m and they were accessed using the

summary function (https://search.r-project.org/R/refmans/stats/html/summary.lm.html) in R. Code can

be found at https://github.com/Tropini-lab/Adel-s-SCFA-sensor.

2.5 Gas chromatography tandem mass spectrometry

Agilent 8890 gas chromatograph coupled with an Agilent 7010B triple quadrupole mass spectrometer
with CTC PAL autosampler equipped with headspace and SPME options and a split/splitless injector
was utilized for the gas chromatography. The column used was an Agilent DB FATWAX UI 30-meter
column, 0.25 mm diameter and 0.25 pm film thickness with helium as carrier gas at a flow of 1.2
ml/min. Samples and standard curves of underivatized SCFA were analyzed by headspace injection
after incubation in acidified water at 95°C for 40 minutes and utilized a 0.5 ml injection and a 10:1
split. The column oven was temperature programmed from 90°C to 230°C over 18 minutes with
baseline separation of all SCFAs. Calibration curves utilized authentic standards and deuterium
labelled internal standards of acetic, propionic, butyric and caproic, all purchased from Millipore
Sigma or CDN isotopes. The GCMS was operated in SRM mode and regression lines were calculated

using quadratic fits with correlation coefficients of 0.995 to 0.9995.
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3 Results and discussion

3.1 Film characterization

To examine the crystal structure and crystallinity of the ZnO/PV A sensing layer, XRD measurements
were performed (Figure 1b). The polycrystallization with hexagonal wurtzite (diamond) structure of
ZnO was well-indexed by three characteristic sharp peaks at 20 = 38°, 40°, and 42°, attributed to the
(100), (002) and (101) crystal planes, respectively. Reflection peaks related to ZnO at 26 = 56°, 67°,
75°, 79°, 82°, and 84° correspond to the reflections from the next crystal planes: (102), (110), (103),
(112), (201), and (202), respectively, in agreement with available literature values (JCPDS card no.
36-1451). PVA, however, is a partially crystalline polymer due to the intermolecular hydrogen bonding
within the network. The small hump around 22° corresponds to the (101) plane of PVA, signifying its
semi-crystalline nature. The ZnO content suppresses the crystallinity of PVA and only a broad
depressed peak was observed at the (101) plane at 26 = 20 — 25°. This was attributed to the weakening
of hydrogen bonding in the PVA chain and the reduction of the dense structure of molecular packing
[46]. The overall XRD pattern of the PVA/ZnO composite revealed a slight shift (4°) of all peaks (26)
due to the incorporation of PVA in the ZnO crystal lattice and using a cobalt source instead of the
commonly used copper for the measurement. There were no peaks related to impurities or mixed
compounds, supporting the effective incorporation of the ZnO lattice in the PV A matrix. The formation
of a dispersed composite structure due to the difference between the crystal structure of ZnO and PVA

is a prominent parameter for the sensing characteristic of the sensor.

To study the surface morphology of the sensing layer, SEM was performed (Figure 1c¢-e). SEM images
of ZnO (white nanoparticles) embedded in PVA matrix (darker background) demonstrated a fairly

uniform and homogeneous distribution of ZnO (mean diameter of about 50 nm) throughout the

10
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polymeric matrix: uniform pores and high surface area were observed throughout the surface. ZnO
nanospheres tended to agglomerate due to their high surface area, particularly for smaller
nanoparticles, exhibiting a specific ZnO/PVA structure. Of note, while different mass ratios of the
metal oxide:polymer were tested (1:5, 1:2, 1:1, 2:1, 5:1), the percolation threshold was achieved at 1:1,

and thus all experiments were conducted at this ratio in this paper.

3.2 Impedance spectroscopy of individual SCFAs

The functionality of the developed ZnO-reinforced PVA-based sensor was first analyzed by the
introduction of the SCFA acetic acid dissolved in the electrolyte at a broad range of 0.5 to 20 mg/ml
(~ 8 mM — 333 mM). The range of the concentration was chosen to span the acetate levels in healthy
people, patients suffering from fatty liver and steatohepatitis [47], as well as colitis-induced mice [48].
Figure 2 shows to the Nyquist spectrum of the chemiresistor, which forms a quarter circle connecting
with a strike line at low frequencies. As the radius of the Nyquist is attributed to the charge transfer
resistance in alternative current (AC) (compared with the resistance in direct current [DC] models),
one can infer that an increase in the concentration of acetic acid, and localization in the surface pores,
results in higher conductivity of the chemiresistor. Specifically, as an n-type semiconductor, the
adsorbed oxygens trap electrons from the conduction band of ZnO and form a depletion region. The
chemisorbed oxygens oxidize the acetic acid, and the trapped electrons move to the conduction band,
decreasing the resistance of the film [34]. While the band theory is operational at elevated temperatures
(due to the dependence of reaction kinetics on temperature), the integration of PVA particles (with a
significant contribution to the composite) forms a heterojunction with a hole-electron depletion layer
at the interface of ZnO and PV A [49]. As such, the migration of free electrons from ZnO toward PVA

and diffusion of the holes of PVA to ZnO contributes a new balance between the energy bands and

11
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Fermi level. This provides a higher surface area for the sensing layer to interact with acetic acid and
facilitates molecular diffusion at the grain boundaries at room temperature [49]. The calibration curve
of the ZnO-PVA chemiresistor upon exposure to acetic acid at a frequency of 1000 Hz is represented
in Figure 2d, showing a linear response, Z,, = —2.303C,,[mg/ml] + 178.4, where Z,, is the
magnitude of impedance and C,, is the concentration of dissolved acetic acid in the electrolyte in
mg/ml. The small error bars (standard deviation from the mean values) and high R? value (~0.97, p —
value < 0.0001) demonstrate the reliability of the measurements.

Having demonstrated sensitivity to acetic acid, the sensor was then exposed to two other medically
relevant SCFAs: propionic acid, and butyric acid in physiological ranges of 0.5 to 20 mg/ml (~ 20 —
270 mM) [47,48]. The real and imaginary components of the impedance of the sensing layer after
exposure to butyric acid and propionic acid at varying concentrations follow the same trend as for
acetic acid; however, increasing the concentration of propionic and butyric acids increases the charge
transfer resistance of the sensor and consequently the radius of the Nyquist plot (Figure 2b, ¢, and
Figure 2e, f). We interpret this result to indicate that due to the small dipole moment between the C-
H bond and the larger nonpolar parts of propionic acid and butyric acid, higher concentrations of such
SCFAs lead to increases in the resistance of the sensing layer. Importantly, the film still elucidated a
linear response to the analytes of interest with calibration curve equations of Zp, = 1.985C,,4[mg/
ml] + 170.1 (R? = 0.95,p — value < 0.0001) and Zgz, = 5.157Cg,[mg/ml] + 116.8 (R? =

0.97,p — value < 0.0001), for propionic acid and butyric acid, respectively.

3.3 Reproducibility, stability, and selectivity of the chemiresistor-on-a-chip

To study the selectivity of the ZnO-PVA chemiresistor, the sensor was introduced to 5 mg/ml of

molecularly similar-structured compounds, ethanol, ethanol, and isopropanol (IPA). These chemicals
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are found at low level in the gut [50,51]. As illustrated in Figure 3a, the Nyquist plot formed the classic
pattern of a depressed half circle at high frequencies followed by a strike line as a common faradaic
probe for the analytes [52]. In short, the half circle is modelled by the double layer capacitance and/or
constant phase element (formed by ion solvation) as well as the Schottky contact/charge transfer
resistance, while the straight line is attributed to diffusion (Warburg impedance) [53]. The impedance-
frequency characteristics of the sensing layer upon exposure to SCFAs and alcohols show a notably
different behaviour, suggesting the selectivity of the sensor for the analytes of interest.

The repeatability of the results and recovery of the sensor was investigated through the response of the
thin film toward 0.5 mg/ml butyric acid after 3 consecutive measurements in the electrolyte under the
same experimental conditions, and no significant deviation was observed (Figure 3b, ¢). The standard
deviation and relative standard deviation of impedance at a frequency of 1000 Hz were 0.085 Q and
0.0020 Q, respectively, showing repeatability and the ability of the thin film to recover to its initial

condition and produce comparable results.

After assessing repeatability, we investigated the reproducibility of the sensor by synthesizing the
sensing layer 3 times and exposing each sensor to 0.5 mg/ml butyric acid dissolved in the electrolyte.
The Bode (impedance and phase angle vs frequency) and Nyquist plots of the 3 sensors are represented
in Figure 3d and Figure S1 in the frequency range of 10° to 10> Hz. Of note, the formation of
additional stray capacitance at frequencies higher than 10° and the following discrepancy may result
in a positive phase angle while no inductance appears to be generated (data not shown here), and
therefore data collected only using frequencies below 10° were only analyzed [52]. The maximum
value of phase angle (40°) occurred in the frequency range of 10° to 10* Hz, suggesting the frequency
dispersion and the interfacial heterogeneity of the sensing layer [54]. The value of phase angle suggests

that the capacitive behaviour of the sensing layer acts as an open-circuit and equals the source voltage

13
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[55]. In addition, the magnitude of the impedance gradually increased, as a common impedance
response in faradaic probes. The negligible deviation (the average impedance of 392.66 Q at the
frequency of 1000 Hz with the relative standard deviation of 0.016 Q) between the 3 separately
developed sensors following exposure to butyric acid confirmed the high reproducibility of the method.

The sensing performance of the fabricated sensor was calculated through the response of the sensor to

20mg/ml

20 mg/ml propionic acid over the base response (Z ) within a period of 16 days (Figure S2).

ZBase

The sensor showed a stable response with an average response, standard deviation, and relative
standard deviation of 1.92, 0.03, and 0.017, respectively, at a frequency of 1000 Hz (Figure S2). The
base response equal to 1 is defined as the sensor exposed just to the electrolyte.

The developed sensing system outperforms Recent ZnO-based SCFA sensors as it can directly detect
the analyte in the liquid phase and at room temperature with similar sensitivity which are required for
medical applications (Table 1). The high performance of the sensor is attributed to the highly porous
film morphology of the composite, which takes advantage of facilitated electron transfer via the
F e(CN)g_/ ““and KCI electrolytes. In comparison, the traditional metal oxide chemiresistors need
sample evaporation at elevated temperatures, which signifies energy waste and might be influenced by
long-term drift issues due to the sintering effect.

Furthermore, the developed sensor can directly detect the level of SCFAs in real aqueous samples with
only a small sample requirement by confining the measurement inside a microfluidic device such that
precious and significantly low-volumes samples can be tested. Specifically, while regular GC analysis
required at least 0.5 ml of samples in liquid medium, the total volume of the chamber was around
0.0025 ml, or a 200-fold volume reduction. Indeed, smaller chambers (with the cross-sectional area of

W 50 x H 50 um) could also be fabricated to further reduce use of samples for specific applications.

14


https://doi.org/10.1101/2022.09.11.507374
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.11.507374; this version posted September 13, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY 4.0 International license.

Table 1: Performance comparison of the developed ZnO/PVA chemiresistor and recent literature for the detection of

acetic acid.

Sensing Phase RH Linear Range Level Response T Ability to detect  Biological Ref.
0

layer o AA in a mixture  sample

Y doped ZnO  Gas - 1-800 ppm 1000 ppm 2.5 250 No No [56]

Pr-doped ZnO  Gas dry - 800 ppm 23 200 No No [34]

Ag-doped Gas - 1-25 ppm 100 ppm 350 300 No No [57]

ZnO

Mg-doped Gas - 20-200 ppm 200 ppm 1.32 300 No No [58]

ZnO

Y-doped ZnO  Gas 90 1-5 ppm 1 ppm 28 350 No No [31]

Sn0O2 Gas - 1-100 ppm 100 ppm 47 260 No No [59]

Y-doped ZnO  Gas - - 10 ppm 50 300 No No [60]

ZnO/PANi Gas - 1-10 ppm 10 ppm 0.22 RT No No [61]

ZnO/PVA Liquid 100  0.5-20 mg/ml 0.5mg/ml 1.9 RT Yes Yes This
study

RH= relative humidity; Response:R

sample=tested in an actual complex fluid in the presence of living cells

target

initial

3.4 Impedance spectroscopy of SCFAs in bacterial media

R=impedance measurement at the corresponding concentration; AA=acetic acid; real

Having established the sensor reproducibility and stability, more complex samples were analyzed using

complex bacterial growth media added directly to the electrolyte base. For determination of SCFAs

from different bacterial strains, measurements were conducted in LB — a common bacterial culture

medium for E. coli [62], and MM - a rich medium known to support the growth of diverse strains [39]

(Experimental section). As both LB and MM inherit weak electron transfer characteristics, different

dilutions of medium and electrolyte were prepared and tested and a volumetric ratio of 30:1

(electrolyte:medium) was chosen for further experiments (Figure S3). Of note, the starting point of

the Nyquist diagram represents the bulk resistance of solution, and higher dilution with LB and MM
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increased the resistance of the solution and decreased the conductivity of the film. This is due to the
lower levels of salts used in growth media to support bacterial growth, compared to the electrolyte
solution. SCFAs dissolved in the electrolyte/LB or MM were then measured with the chemiresistor,
and Nyquist spectra were recorded (Figure 4). The sensor followed a similar trend as for SCFAs
dissolved in just electrolytes (Figure 2). One major difference is that no significant response was
observed for butyric acid in LB (Figure S4), which can be attributed to the weak conductive
characteristic of LB and the nonpolar nature of butyric acid, hindering electron transfer from butyric
acid to the composite at room temperature and consequently leading to no response. In contrast, the
significant concentration of salts found in MM (Table S1) facilitates electron tunnel transfer, and the
impedimetric results in MM appeared to be comparable with pure electrolyte, indicating it is a
preferable medium compared to LB for obtaining these measurements. Notably, an initial amount of
SCFA was already present in MM (Table S1), and the base response was considered on the exposure
of the sensor to MM with the dissolved SCFA in it. The more complete curved half circle in MM was
attributed to the additional charge transfer in parallel to the double layer capacitance (a common
practice in the equivalent circuit of aqueous media [63]) which was generated in the sample because
of the significant level of ionic compounds in the background. The linear response of the sensor toward
SCFAs in MM at a frequency of 1000 Hz were Z,, = —49.39C,4[mg/ml] + 874.8 (R? = 0.96,p —
value < 0.0001), Zp, = 36.53Cp, [mg/ml] + 113.4 (R? = 0.98,p — value < 0.0001), and
Zpa = 37.92Cg,[mg/ml] + 344.0 (R? = 0.94,p — value < 0.0001) for acetic acid, propionic acid,
and butyric acid, respectively. The concentration was based on the added SCFA to MM. The
impedance spectra of acetic acid and propionic acid at the concentration of 1.0 to 10 mg/ml in LB are
shown in Figure S5. Given our results, measurement using the described sensor are most reliable in

more conductive media. The linearity of the impedance response within this range is represented
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Figure S5¢-d for acetic acid and propionic acid: Z,, = —2.723C,4[mg/ml] + 198 (R? = 0.93,p —
value < 0.0001) and Zyp = 5.397C44[mg/ml] + 258 (R? = 0.96,p — value < 0.0001),

respectively.

3.5 Impedance spectroscopy of SCFAs in mixture and fit-to-data model

Bacteria produce different amounts of SCFAs depending on the species, growth state and condition,
and the determination of analytes in a mixture is relevant for practical applications. Therefore, 40
samples at different physiologically relevant SCFA concentrations (in the range of 0 to 10 mg/ml,
targeting levels observed in in vivo studies [48]) were prepared and the impedance behaviour of the 3
analytes of interest was recorded by changing the concentration of one analyte and keeping the other
two SCFAs constant. The concentrations of acetic acid and propionic acid were in the range of 0 to 10
mg/ml while two concentrations were chosen for butyric acid, 0.5 and 1.0 mg/ml (Figure S6), as the
level of butyric acid is significantly smaller than the other two in biological samples (the molar ratio
is of 60:25:15 acetic:propionic:butyric acid in the colon [64]). Figure 5a shows representative Nyquist
spectrum with the level of butyric acid kept constant at 0.5 mg/ml. While all individual measurements
were conducted at 1000 Hz, it was observed that in the SCFA mixture more robust results could be
obtained at the frequency of 100 Hz. The imaginary component of impedance (Z'') at 100 Hz is
reported instead of Z' as the response is directly associated with the charge transfer resistance [27] and
Z” maintained a linear relationship with different acid concentrations, indicating its utility in converting
the sensor measurements to SCFA concentrations in mixture conditions. For example, the descending
value of Z'" (Figure S7a-b) for the impedance changes of acetic acid at the concentration of 10 mg/ml
and 0.5 mg/ml of propionic acid and butyric acid and the increasing value of Z'* for propionic acid in

the mixture (Figure S7c-d) revealed the same trend as it was observed in the MM and pure electrolyte.
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Results from a multiple linear regression for the experiments with a butyric acid concentration of 0.5
mg/ml are shown in Figure 5b-c¢ where the fit Z” (at 100 Hz) = 279.850 Q — (23.607 X acetic acid
concentration [mg/ml]) + (40.716 X propionic acid concentration [mg/ml]) achieved a correlation
coefficient R? of 0.99 (adjusted R? of 0.9892, p-value < 2.2e-16). To investigate reproducibility, we
repeated the experiment with concentrations 5.5-5.0-0.5 mg/ml (acetic-propionic-butyric acid) and
obtained the experimental value Z” =358.6 Q at frequency of 100 Hz and compared with the predicted
value according to the fit (353.4 Q), which corresponding to a difference of only 1.5%. This data shows
that the developed chemiresistor can preserve its linearity in an SCFA mixture, and it is sensitive to
individual SCFAs as low as 0.5 mg/ml. Our results therefore indicate this sensor can be utilized to
detect SCFAs in complex samples as those found in medical applications. Importantly, precise
quantifications of acetate, propionate and butyrate in these mixtures will require knowledge of the
levels of one of the three SCFA. It should be noted that in biological systems, many microorganisms
produce only one or two SCFA significantly. For example, while Ruminococcus and Faecalibacterium
genera are significant producers of butyrate, other probiotics (e.g., Lactobacillus genera) strains are
usually associated with the secretion of propionate [65]. We therefore envision the use of our sensor

as a fast detection system in clinical settings to identify samples that should undergo further analysis.

3.6 Live bacterial sample analysis

To analyze the performance of the sensor with previously uncharacterized complex bacterial samples,
6 bacterial strains from three species were grown in their corresponding media (Experimental section).
After dilution with the standard electrolyte as above, they were exposed to the electrochemical sensor
(Figure 6a). The level of SCFAs in 3 strains of L. plantarum A138, HA119, and Lp-115, 2 strains of

E. coli S17-1 Apir and One Shot™ PIRI, and B. thetaiotaomicron (as a control) were measured with
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the sensor and the values very cross-validated with gas chromatography (GC) after extraction. In E.
coli strains we expected only one SCFA to be produced in the sample (primarily acetic acid [66,67]),
therefore the predicted concentration was achieved by the calibration curve of acetic acid and propionic
acid in LB in Section 3.4 at the frequency of 1000 Hz with the confidence interval of 0.99. Figure 6a
demonstrates that various strains of E coli secrete SCFAs at significantly different levels. The small
deviation (~ 0.1 mg/ml for One Shot™ PIR] and ~ 0.03 mg/ml for S77-1 Apir) between the response
of the sensor and GC can be attributed to other fatty acids (e.g., valeric acid and isovaleric acid) in the
background that were produced in insignificant amounts of < 14 pg/ml. The Nyquist spectra of 3 strains
of L. plantarum showed an extremely similar response (Figure 6b), suggesting that the level of
produced SCFAs should be very similar. With the obtained value of Z” at the frequency of f= 100 Hz
and the fit-to-data model, for the fixed concentration of 0.5 mg/ml of butyric acid (as expected from
previous studies (e.g., [68]), 3 strains of L. plantarum secreted ~ 2.1 mg/ml of acetic acid and 0.6
mg/ml of propionic acid, which was confirmed by GC. The deviation in the concentration of butyric
acid in L. plantarum strains is attributed to the generation of isobutyric acid and isovaleric acid at the
level of < 0.1 mg/ml. No significant concentration was obtained B. thetaiotaomicron, suggesting the
negligible presence of SCFAs present in the sample which was proven by GC. These results show that
the application of the sensor can be generalized to a broad range of bacteria producing at least 200

pg/ml of total SCFAs.

4 Conclusion

In this study, an impedance-based electrochemical sensor was developed to screen complex human
bacterial isolates and detect the individual and total amount of SCFAs secreted from bacterial species

in vitro. The sensor was synthesized through the formation of a heterojunction between ZnO and PVA.
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Using EIS, SCFAs in isolation, dissolved in the electrolyte, MM, and LB were introduced to the sensor,
and linear responses were measured. To detect the ability of the sensor to determine SCFAs in vitro,
the sensor was exposed to a mixture of SCFAs over a broad range of concentrations, and a fit-to-data
model was used to train a platform from the data obtained for the mixture results. The sensor could
detect the level of SCFAs in bacterial isolates (L. plantarum and E. coli) and identify them with high
accuracy with only 2.5 pL of sample required (200 times less than a chromatography method). This
technique outperforms the current gold standard method (gas chromatography) as the detection is
directly in liquid phase at room temperature without the need for evaporation, extraction, or sample
destruction. Importantly, the method is also real-time, performing measurements for one sample in less
than 2 minutes. Future applications will require testing of the sensor using more complex human
biological fluid samples such as blood where SCFAs may have a biomarker role in multiple disorders
[69]. Thanks to its small size, the developed sensor could be used to test in vivo samples inside animals
where bulky chromatographic devices are normally unable to execute. This method also presents
limitations. Specifically, in the case of the presence of other analytes in a significant amount, the signal-
to-noise ratio may decrease significantly affecting the performance of the system. In addition, if
multiple sources of SCFA were to be present in the biological fluid (such as ones coming from
intestinal samples where hundreds of bacterial species are growing), a more comprehensive calibration
and predicted model will be required. Finally, in future applications, specific media should be tested
to ensure the largest signal possible can be obtained. All in all the method presented here demonstrates
that electrochemical sensors can be employed in the real-time measurements of complex biological
molecules such as SCFAS without the need of extraction and should be further investigated as the
medical relevance of these compounds increases the needs for fast and reliable measurements to be

performed at the time of collection.
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Figure Legends:

Figure 1. a. Schematic view of the microfluidic setup and sensing layer synthesis b. X-ray diffraction pattern (inset: 20 =
12-35° and the effect of PVA on shifting the peaks) c-e. Magnified images (SEM) of the sensing layer, showing a
homogeneous distribution of ZnO nanoparticles in PVA matrix.

Figure 2. The Nyquist spectra of a. acetic acid, b. propionic acid, and c¢. butyric acid d-f. the corresponding calibration
curve (the magnitude of impedance) at a frequency of 1000 Hz at SCFA concentrations of 0.5-20 mg/ml.

Figure 3 a. The different Nyquist spectra of the SCFAs (IPA= isopropanol, BA = butyric acid, AA = acetic acid, PA =
propionic acid) and other analytes of interest at 20 mg/ml suggest high selectivity of the chemiresistor b. Relative change
in the Nyquist spectra and ¢. the Bode plot (impedance vs. frequency) of the chemiresistor after 3 consecutive exposures
to 0.5 mg/ml butyric acid, suggesting recovery of the sensor. The error bars in ¢ show standard deviation. d. The similar
Bode spectra (impedance and phase angle vs frequency) of the sensor exposed to 0.5 mg/ml butyric acid with 3
simultaneously fabricated sensors demonstrates the reproducibility of the sensor at low SCFA concentrations.

Figure 4 The Nyquist spectra of a. acetic acid, b. propionic acid, and ¢. butyric acid, dissolved in MM at a volumetric
electrolyte:medium ratio of 30:1 and concentration of 0.5-10 mg/ml, and d-f. the corresponding calibration curve,
follows the same trend as pure electrolyte.

Figure 5 a. The Nyquist spectra of the sensing layer at various concentrations of acetic acid and propionic acid in the
mixture at the concentration of 0.5 mg/ml butyric acid. The three acid concentrations are listed in the legend (acetic-
propionic-butyric). Two dimensional representations of the multiple regression fit to the experiments for b. acetic acid
and c. propionic acid with a butyric acid concentration of 0.5 mg/ml for Z” at the frequency of 100 Hz, R? = 0.99. The
ribbons correspond to confidence intervals of 95%.

Figure 6 a. The Nyquist spectra of 5 strains of L. plantarum and E. coli in their corresponding medium (AA=acetic acid,

PA=propionic acid, and BA=butyric acid) b. Similar response between 3 strains of L. plantarum ¢. comparison between
the determination of the level of SCFA with electrochemical sensor (ES) and gas chromatography (GC) for 5 strains.

Figure S1 Reproducibility of the sensor through fabrication of 3 chemiresistors exposed to 0.5 mg/ml butyric acid and
similar Nyquist spectra.

Figure S2 The small deviation between the response of the sensor after 16 days of exposure to 20 mg/ml propionic acid.

Figure S3 The Nyquist spectra of 10 mg/ml acetic acid in a. the electrolyte, and electrolyte:LB at a volumetric ratio of b.
1:1 and c. 30:1.

Figure S4 The Nyquist spectra of butyric acid dissolved in LB with a volumetric electrolyte:medium ratio of 30:1.

Figure S5 The Nyquist spectra of a. acetic acid, b. propionic acid dissolved in LB with a volumetric electrolyte:medium
ratio of 30:1, and c-d. the corresponding calibration curve. No significant response was observed with butyric acid.

Figure S6 a. The Nyquist spectra of butyric acid at two different concentrations of 0.5 and 1.0 mg/ml at various level of
acetic acid and propionic acid b. The calibration curve of butyric acid at two concentrations represents the non-linear
characteristic (different slope) for various level of acetic acid and propionic acid.
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Figure S7 a. The Nyquist spectra of acetic acid in the mixture of 10 mg/ml propionic acid and 0.5 mg/ml butyric acid
and b. the calibration curve for Z'' at the frequency of 100 Hz ¢. The Nyquist spectra of propionic acid in the mixture of 1
mg/ml acetic acid and 0.5 mg/ml butyric acid and d. the calibration curve achieved by Z'’ at the frequency of 100 Hz.
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