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ARTICLE INFO ABSTRACT

Keywords: Thermotolerant Campylobacter bacteria, most notably Campylobacter jejuni and Campylobacter coli, are a major

C“"’Pyl"b““?r species cause of human foodborne gastroenteritis, which is usually related to consumption of contaminated poultry. In

}Z)mﬂtry. farming this work, we present a sensor and the associated assay for the on-site detection of the prevalent species C. jejuni
oonosis

and C. coli. The sensor uses surface-imprinted polymer (SIP) layers as selective, biomimetic recognition elements
in combination with a modified heat-transfer method (M-HTM) as a label-free, quantitative readout principle.
The selectivity for C. coli and C. jejuni was evaluated against six other morphologically similar Campylobacterales
species, confirming that the sensor is selective at species level while responding uniformly to different strains
within the same species. For the relevant matrix, that is chicken cecal droppings suspended in PBS buffer, the
detection limits are 1.1 x 103 CFU/mL for C. coli and 2.7 x 10* CFU/mL for C. jejuni, which is both low enough
for a meaningful diagnostic test. The sensor concept requires only a minimum of sample preparation and a given
concentration can be measured within less than one hour: Both are important assets for on-site detection such as
on a poultry farm or in a slaughterhouse, keeping in mind that Campylobacter detection with established methods
in analytical laboratories takes 2-4 days for obtaining the result.

Biomimetic sensors
Surface-imprinted polymers
Heat-transfer method

1. Introduction

Thermotolerant Campylobacter (hereafter called Campylobacter), the
causative agent of campylobacteriosis, is a major health concern glob-
ally. The World Health Organization (WHO) estimates that in 2010
Campylobacter was responsible for 166 million illness cases, including 96
million food-related illnesses, and it was the second most prevalent
foodborne pathogen, after the norovirus [1]. Within the European
Union, Campylobacter is responsible for the majority of bacterial food-
borne gastroenteritis cases with a notification rate of 64.8 per 10,000
population and year [2]. Humans are exposed to Campylobacter through
consumption of contaminated food, person-to-person transmission and
direct contact with contaminated animals (domesticated and wild).

Campylobacter has been isolated from poultry [3], cattle [4], pigs [5],
sheep [6], cats and dogs [7]. During slaughtering of chicken, the

intestine is frequently ruptured, which leads to leakage of intestinal (and
cecal) contents onto the carcass and the meat [8]. Undercooked poultry
(broiler chicken, turkeys, ducks and geese) and milk are the primary
sources of Campylobacter contamination [2], although it is possible to
eliminate Campylobacter by heating to temperatures above 70 °C [9].
The European Food Safety Authority (EFSA) estimates that chicken is
responsible for 50-80 % of campylobacteriosis cases, making them a
major reservoir for infection [10]. Additionally, poultry-meat con-
sumption is expected to increase further from 124.6 megatons (world-
wide) in 2019 to 140.2 megatons in 2028 [11]. The production needs to
rise accordingly with the strongest increase expected for the developing
countries [12]. This creates a fertile ground for Campylobacter infections
and highlights the need for monitoring foodborne pathogens in animal-
and food-producing facilities. To prevent Campylobacter contamination
during food production, the meat industry will need novel technologies
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to monitor and restrict the pathogen.

Conventional methods for the detection of Campylobacter, such as
polymerase chain reaction PCR tests [13], qPCR [14], and cultivation
[15] are established and sensitive. For example, PCR has a limit of
detection (LoD) of 50 CFU/mL while qPCR reaches a LoD of 3.3 log CFU
per carcass; CFU denotes colony-forming units. Nonetheless, these
methods require trained staff, analytical-laboratory facilities, and costly
reagents. This also holds for cell-culture methods based on the ISO
standard (ISO 10272-1:2017), which take 2-4 days from sample prep-
aration to result. Hence, it is difficult to analyze large sample batches
without delay by using the established techniques. To fulfill high
food-safety demands, we need detection tools that are fast, low-cost, and
applicable directly at the relevant location such as farms, slaughter-
houses or food factories.

Biosensor technology is working towards on-site testing: Table 1
provides an overview on research-type biosensors that were developed
for Campylobacter detection [16]. Most of these assays use antibodies as
receptors that are coupled to optical, electro-optical, and
electro-chemical transducers; some of these techniques require addi-
tional labelling chemistry. A limited number of on-site tests for
Campylobacter detection is already available commercially [17-21].
However, these are single-use tests that suffer either from a long
response time (up to 49 h) or require a high bacterial load (i.e. detection
is only possible in highly Campylobacter-colonized broiler flocks).

In the present work, we have developed surface-imprinted polymer
(SIP) receptors for Campylobacter. SIPs are biomimetic receptors that
have been used successfully to detect bacteria [22-25], yeast [26],
mammal cells [27,28], viruses [29,30], and proteins [31]. SIPs, a sub-
type of molecularly imprinted polymers, are imprinted only at the sur-
face to allow for facile template extraction after imprinting [32,33]. SIP
receptors can be combined with various transducers, including surface
plasmon resonance [25,34], microbalances [25,35], impedance spec-
troscopy [36], and thermal detection [27,37]. Compared to antibodies,
SIPs have a low fabrication cost and can be regenerated multiple times
without losing affinity. It is feasible to deposit SIPs on various chip
materials, including glass, silicon, and metals, which enables a broad
application range. Although they do not yet reach the selectivity of
antibodies, there is rapid progress in enhancing selectivity as seen for
instance in blood-group typing [28], distinguishing cancer-cell lines
[27], and recent work on Enterobacteriaceae [23]. SIPs obtain their
selectivity by two elements, being the geometrical matching between

Table 1
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target cells and the imprints and complementarity of biochemical
recognition functionalities: During imprinting, phospholipid fragments
of the template cells are transferred to the polymer where they serve as
anchoring points when binding target cells from solution. The relevance
of phospholipid remnants was identified by scanning-electron micro-
scopy, infrared spectroscopy (FTIR), and x-ray photoemission spectros-
copy XPS [26]. The recognition mechanism of SIP layers has therefore
also potential in cell-sorting [38,39]. In the present work on Campylo-
bacter, we will take the selectivity of SIPs to test at several levels,
including the strain, species, and order level to document the analytical
capacity of this class of receptors in broad perspective. This entails also
their inclusivity, describing to which extend receptors synthesized with a
given template strain can also recognize bacteria of other strains within
a species.

To quantify the binding of target cells, we combine SIP coatings on
stainless-steel chips with the thermal detection principle of the heat-
transfer method HTM, which is explained in its basic version in refs.
[48-50]. In brief, HTM measures the thermal resistance Ry of a
solid-liquid interface, which depends sensitively on the presence (or
absence) of target particles such as cells at this interface. The main el-
ements are a heat source at the backside of the sensor chip, whose
temperature T is kept constant (e.g. 37.0 °C) using a PID (proportional,
integral, derivative) controller, and a thermocouple that measures the
temperature T3 of the supernatant liquid. A schematic cross section of a
HTM device is provided in Fig. 1. Together with the heating power P, we
obtain the thermal resistance Ry, according to Eq. (1):

@

R, — T, —T, [°C}

P w

Binding of cells to the interface between the SIP coating and the
liquid enhances Ry in a concentration-dependent way because phos-
pholipid bilayers have high thermal resistance [51]. Without further
optimization, HTM can reach a lower LoD in the order of 10* CFU/mL
for Escherichia coli- and Staphylococcus aureus when combined with
SIP-type receptors [24]. Other applications of HTM include the detec-
tion of single-nucleotide polymorphisms in DNA [52], monitoring the
proliferation and quality of cell cultures [53,54], and detecting phase
transitions in lipid vesicles [55]. The HTM device used in the present
work is a technical upgrade (denoted as modified heat-transfer method,
M-HTM) in which a calibrated, planar gold meander provides the
heating power P and measures the backside temperature T; of the chip.
This meander combines the hitherto individual elements, a power

Biosensors for the detection of Campylobacter. CFU: Colony forming units, SPR: surface plasmon resonance, FRET: Forster resonance energy transfer, TIRF: total in-

ternal reflection fluorescence, M-HTM: modified heat-transfer method.

Target Bioreceptor /Detection Method LoD (CFU/mL) Application / Medium Labelling Reference
T . 3 PBS
C. jejuni Antibody / SPR 10 Broiler meat rinse No [40]
C. jejuni Antibody / SPR 4 x 10* PBS No [41]
C. jejuni Antibody / SPR 1.1 x 10° Apple juice No [42]
L . 10 PBS
C. jejuni Antibody / FRET 100 Poultry liver samples Yes [43]
C. jejuni 9.7 x 102
PB
C. coli 7.8 x 10° s
3.1 x 10° River water
C. jejuni . 1.6 x 10° Ground turkey
Antibody / TIRF 3.1 x 10° Carcass wash Yes (441
1.6 x 10° River water
C. coli 7.8 x 10° Ground turkey
7.8 x 10° Carcass wash
Campylobacter spp Antibody / Square-wave anodic stripping voltammetry 4 % 10% Tris-HCl buffer Yes [45]
C. jejuni Antibody / Impedance spectroscopy 10° PBS No [46]
g' ]c ‘Z;nl Aptamer / Spectrophotometer : Carcass wash No [47]
S 3
g' ]:;;:m ?g i 183 PBS No This work, Fig. 3
c. Jejuni SIP / M-HTM 27 % 10°
C. coli 11 x 10° Chicken cecal droppings No This work, Fig. 4
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(3 spiking

Cecal
suspension

Fig. 1. Schematic workflow of establishing the dose-response curve of the sensor system, starting in step 1) with dissolving Campylobacter-free cecal droppings in PBS
buffer. Step 2) is vortexing to homogenize the sample and step 3) spiking with appropriate Campylobacter concentrations. After filtering in step 4), the cecal solution
is introduced into the flow cell of the sensor in step 5), where bacteria that bind to the receptor layer (SIP) diminish the heat flow from the chip to the Pt100
temperature sensor embedded in the lid of the sample chamber. The heat flow is symbolized by red arrows. Note that components are not drawn to scale, short black
bars symbolize the Campylobacter bacteria. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

resistor and a thermocouple to measure T7, in a single element as
described recently [23]. As a result, the device is compact (matchbox
size), the heat flow is focused through the chip-to-liquid interface and,
most importantly, there is a significant improvement in the
signal-to-noise level of Ry, data. M-HTM can therefore achieve a LoD as
low as 100 CFU/mL (for E. coli) and enables to measure even weak
binding signals, which is beneficial for cross-selectivity studies.

While there are several Campylobacter species, isolates from cam-
pylobacteriosis patients have revealed that C. jejuni and C. coli are pre-
dominant; C. jejuni counts for 84.4 % of the identified species and C. coli
for 9.2 % as reported for the European Union [2]. Infections with other
Campylobacter species are far less common and therefore, we chose to
focus on detecting C. jejuni and C. coli. To quantify the cross-selectivity,
the sensor response is measured for six different, potential competitor
species that are morphologically similar to C. jejuni and C. coli. In
addition, we evaluate the applicability of the sensor on cecal-droppings
samples from chicken. In case of colonization, Campylobacter is abun-
dant in the caecum of chicken with 10° — 108 cfu/g and cecal droppings
are easy to collect without slaughtering the animal [3,56]. Therefore,
cecal droppings are the best choice of sample type to achieve maximum
sensitivity when monitoring the bacterium in poultry farms.

2. Experimental section
2.1. Reagents and culture media

The culture media Campylobacter blood-free selective agar base
CMO0739B with CCDA selective supplement SR0155 (mCCDA), Mueller-
Hinton Agar CM0337 and the micro-aerophilic atmosphere-producing
CampyGen™ 3.5 L Sachets CNOO35A were purchased from Thermo
Fisher Scientific (Merelbeke, Belgium). The Sylgard 184 silicone-
elastomer kit for preparing polydimethylsiloxane (PDMS) stamps was
purchased from Malvom N.V. (Schelle, Belgium). All other reagents, i.e.

acetone, isopropanol, ethanol, sodium dodecyl-sulfate (SDS), anhydrous
tetrahydrofuran (THF), bisphenol A, phloroglucinol and 4,4'-diisocya-
natodiphenyl-methane, NaCl, NapHPO,4, and KHyPO4 were purchased
from Sigma-Aldrich (Diegem, Bel-gium). All chemicals had a purity of at
least 99 %. The buffer, 10 x PBS (1.29 M NaCl, 0.061 M Nay;HPOy4, 14
mM KH,POy, pH 7.4) was homemade and diluted to 1 x PBS (denoted as
“PBS”) with MilliQ water. Stainless-steel sheets (AISI 304, Finetubes,
UK) cut into squares (10 x 10 x 0.2 mm?) served as sensor chips.

2.2. Cell culturing and bacteria counting

The bacteria are four C. coli strains (MB3272, MB3363, MB4182, and
C154a), three C. jejuni strains (MB3391, KC40, and C157a), Campylo-
bacter lari (MB1268), Campylobacter upsaliensis (MB3264), Helicobacter
pullorum (KC112), Arcobacter butzleri (P340), Arcobacter cryaerophilus
(MB3234) and Arcobacter skirrowii (MB3238). C. coli C154a was isolated
from pigs and C. jejuni C157a from broilers in 2018. More information
on all species is summarized in the Supporting Material. The bacteria are
kept in the MB collection of ILVO in horse-blood stocks at — 80 °C.
Campylobacter and Helicobacter grew on mCCDA agar plates at 41.5 °C
under microaerophilic conditions (5% Oz, 10 % CO,, and 85 % Ny)
overnight. Arcobacter was cultured on Mueller-Hinton agar plates, sup-
plemented with 5 vol.% horse blood at 30 °C in microaerophilic con-
ditions overnight. The bacteria were harvested from the agar plates by
adding 2 mL PBS and softly rubbing the agar surface with a T-shaped cell
spreader. This was repeated twice, then the bacterial suspension was
filtered through sterile tissue paper to remove agar particles. The bac-
terial suspensions were washed with PBS to remove culture-medium
residues, centrifuged at 7500 rpm for 10 min and re-suspended in
PBS. The washing was repeated two additional times. All bacteria-
related processes were performed in BSL-2 laboratories.

The concentration of all bacteria was calculated using the plate-
count method: The initial bacterial suspension was diluted four times
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in PBS with a dilution factor of 10 each (total dilution ratio: 1 to 10%).
We evenly spread 100 pl of the fourth dilution on mCCDA (for
Campylobacter and Helicobacter) or Mueller-Hinton supplemented with 5
vol.% horse blood (for Arcobacter) agar plates and incubated them
overnight at 41.5 °C in microaerophilic conditions. Finally, we counted
the number of colonies per plate and calculated the initial concentra-
tions based on the average colony number of three plates and the dilu-
tion factor.

2.3. Surface imprinting of polymer layers

We synthesized SIPs by imprinting C. coli (strain C154a) and C. jejuni
(C157a) on polyurethane (PU) layers: PU was formed by dissolving 122
mg of 4,4'- diisocyanatodiphenyl-methane, 222 mg of bisphenol A and
25 mg of phloroglucinol in 500 pl anhydrous THF [27]. The mixture was
stirred at 65 °C for 200 min under nitrogen atmosphere until the gelling
point, and then diluted in a 1-5 ratio with THF. Then, the solution was
applied on stainless-steel chips and spin-coated for 60 s at 2000 rpm
(spin coater WS-650Mz-23NPPB, Laurell Technologies, North Wales,
USA). In parallel, PDMS stamps (10 x 10 mmz, 3 mm thickness) were
covered with 700 pl bacterial suspension (10 CFM/mL) in PBS and the
bacteria were allowed to sediment for 60 min. Thereafter, the
cell-covered stamps were rotated for 30 s (2000 rpm) on the spin coater
to remove excess liquid, resulting in a cell monolayer on the stamp
surface. The stamps were then placed onto the still viscous PU layer
(thickness ca. 1 pm) on the steel chips and the polyurethane was cured
for 18 h at 65 °C under N, atmosphere. Finally, the stamps were
removed from the chips, residues of the template bacteria were rinsed
off with 1% SDS detergent and MilliQ water (each for 5 min), and the
chips were blown dry with nitrogen gas. The chips were stored dry at
room temperature until further use.

2.4. M-HTM sensor setup and data acquisition

The technical description of the M-HTM device, including the
hardware and software, is given in ref. [23]. In brief, the setup consists
of the actual sample compartment, a syringe pump (NE-500, ProSense,
Oosterhout, The Netherlands), a Keithley 6221 current source and
2182A nanovoltmeter, a HP 34401A digital multimeter, and a laptop
equipped with in-house developed LabView software. The sample
compartment features a planar, meander-type heater (gold on glass) that
also measures the backside temperature T; of the sensor chip, which is
placed on top of the heater. Heat loss along the backside of the heater is
minimized by thermal insulation. A rubber seal on top of the SIP chip
defines the flow cell with 25 pl inner volume (5 x 5 x 1 mm?). The top
lid of the flow cell is made of titanium with integrated inlet- and outlet
for the sample and a calibrated Pt100 sensor to measure the temperature
T, of the liquid at 1.0 mm distance from the SIP layer. The meander
heater itself is also calibrated and the accuracy of temperature readings
is better than 0.1 °C. Together with the power P provided by the heater,
one obtains Ry, as defined in Eq. 1. During all experiments we kept T7 at
37.0 £ 0.1 °C by PID control while the ambient temperature was 18.5 +
0.5 °C. The concentration-dependent Ry, data were fitted with the
dose-response function, see Eq. 2, which is implemented in the Origin™
software package [57].

A, — Ay

th = Al + 71 T 1000e(Co —C)-p)

)
C is the concentration of bacteria in CFU/mL while A; and A, stand
for the bottom- and top asymptotes of the curve, respectively. Cy is the

concentration that corresponds to half of the total Ry response and p is
the Hill slope.

2.5. Dose-response measurements

The dose-response curves were measured in two different ways: First
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with Campylobacter suspended in PBS and, second, with Campylobacter
suspended in buffer solution containing chicken cecal droppings. The
measurement with pure PBS started by filling the sample chamber twice
with PBS and stabilizing T; at 37.0 °C. The device was stabilized for 60
min after the second PBS injection to verify the reproducibility and
stability of the baseline signal. Then, we injected Campylobacter-spiked
PBS in increasing order of concentration from 5 x 10% to 5 x 10° CFU/
mL (5, 10, 25, 50, 100, 250, and 500 x 10° CFU/mL). Each time, the
injected volume was 1.0 mL (flow rate 0.2 mL/min, 5 min in total),
which exceeds the flow-cell volume by 40 times to guarantee that the
initial fluid was replaced completely. The bacteria were allowed to
sediment and bind to the imprints for 20 min, after which we flushed the
flow cell with 1.0 mL pure PBS to remove unbound bacteria that possibly
affect the thermal conductivity of the liquid itself. After flushing, we
waited again for 20 min, allowing the flow cell to return to thermal
steady-state conditions before moving to the next-higher concentration.
Due to the small flow-cell volume, the receptor surface was not regen-
erated between the subsequent exposures.

For the dose-response measurements on cecal samples, we used
chicken cecal droppings from broiler flocks, which were verified to be
Campylobacter-free as checked by cell-plating tests on mCCDA agar [58].
The samples were stored at — 80 °C until use and the workflow is illus-
trated in Fig. 1. We added 1.0 g of cecal samples to 10 mL of PBS and, to
suspend the cecal droppings, the solution was mixed by vortexing at
2500 rpm for 2 min. Thereafter, the appropriate spiking doses were
added to result in the same Campylobacter concentrations as with pure
buffer. These solutions were filtered with Whatman™ filter paper (pore
size: 20-25 pm, VWR, Oud Heverlee, Belgium), which allows bacteria to
pass while larger, undissolved particles of the droppings are retained.
With cell plating as a reference, we could prove that the filtration step
does not decrease the actual Campylobacter concentration that is present
in a sample. The dose-response measurements were performed in the
same way as with PBS without the cecal matter. After measuring, all
sensor components were decontaminated with 70 % ethanol and rinsing
with MilliQ.

2.6. Selectivity and inclusivity measurements

For selectivity and inclusivity testing, the SIP receptors were
imprinted with either C. coli (strain C154a) or C. jejuni (strain C157a) as
described above, followed by testing their response to six Campylo-
bacterales species, being C. lari (MB1268), C. upsaliensis (MB3264),
Helicobacter pullorum (KC112), Arcobacter butzleri (MB3232),
A. cryaerophilus (MB3234), and A. skirrowii (MB3238). In addition, we
tested the C. coli imprinted SIPs against C. jejuni strain C157a and three
C. coli strains (MB3272, MB3363, MB4182); vice versa, the C. jejuni
imprinted SIPs were tested against C. coli strain C154a and two C. jejuni
strains (MB3391, KC40). Each measurement was done with a new chip
following the standard exposure protocol, however, with a uniform
concentration of bacteria of 1.0 x 10° CFU/mL in PBS.

2.7. Acquisition of scanning-electron microscope (SEM) images

Due to the pathogenicity of Campylobacter, we used scanning-
electron microscopy that allows imaging the SIPs under vacuum con-
ditions. The SEM instrument was a JEOL JSM 7800 (Freising, Germany),
equipped with a field-emission electron source and a secondary-electron
detector. Prior to imaging, the SIP chips were metallized with a sput-
tered, 10 nm layer of Pt/Pd alloy (sputter coater JEOL JFC 2300) to
compensate for the electrically insulating behavior of polyurethane. For
SEM imaging, we chose magnifications of 16.000x (overview images)
and 50.000x to zoom in at individual imprints.
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3. Results and discussion
3.1. SEM imaging of Campylobacter imprints

The SEM images of Campylobacter-imprinted polymers are shown in
Fig. 2. Campylo-bacter is Gram negative with a spiral rod shape, its length
varies between 0.5-5 pm and the width is 0.2 — 0.8 pm [59]. The di-
mensions of C. jejuni shown in Fig. 2A agree with literature, which also
holds for the imprinted, empty cavities in Fig. 2B and C, becoming
visible after template extraction. The areal density of cavities, as
determined from overview scans, is ca. 1.5 x 10* cavities/cm? for C. coli
and 1.3 x 10* cavities/cm? in case of C. jejuni. For comparison, using the
same imprinting protocol for E. coli resulted in SIPs with more than 10°
imprints per cm? [23]. We attribute the low imprint density in the
present case to the fact that Campylobacter cells tend to aggregate in
solution, which decreases the number of resulting, unique cavities on the
SIP surface. Furthermore, the yield of Campylobacter colonies during
plate culturing is lower than for E. coli, which is cultured in suspension.

Another effect at play is shown in Fig. 2D, where coccoids with 0.8
pm diameter are visible on the SIP surface. This indicates that
Campylobacter template cells encounter stress during the imprinting,
where temperature rises to 65 °C in the curing step. It is reported that C.
jejuni can change into its coccoid form above 60 °C [60], while the
transition from helical to coccoid morphology can also be induced by
other stress factors such as oxidative and aerobic stress, osmotic shock,
starvation, and entry into the stationary phase [61-63].

3.2. Dose-response of Campylobacter in PBS buffer

Fig. 3A shows the Ry, response of the sensor with a C. coli imprinted
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SIP layer upon exposure to the same target strain. Here, we followed the
protocol as described in the Experimental Section, starting with
establishing the baseline and its standard deviation ¢ with pure PBS and
then administering increasingly higher Campylobacter concentrations
from 5 to 500 x 10° CFU/mL in PBS. As illustrated in Fig. 3B, each
exposure to a given concentration consists of four steps: i) Injection of
the sample, ii) sedimentation, iii) flushing with pure PBS to remove
unbound cells, and iv) the thermal equilibration.

The spikes in the Ry, signal indicate that fluid at room temperature is
injected into the flow cell, causing a temporary overshooting of the
signal. To obtain the dose-response curve, we utilized the Ry data
collected in the last 5 min of the sedimentation- and equilibration phases
(datasets B and C). Here, the internal temperature distribution of the
stagnant liquid in the flow cell is again in equilibrium. Fig. 3C shows the
stepwise increase of Ry, with increasing C. coli concentration, illustrating
that bound bacteria do indeed enhance the thermal interface resistance.
The data points are averages of the data obtained as datasets B and C,
respectively; the error bars are the standard deviations.

Furthermore, it is interesting to note that after PBS flushing, Ry, is
slightly but systematically higher than before flushing when unbound
bacteria are still present in the liquid; this agrees with earlier observa-
tions on E. coli sensing [23]. Tentatively, it can be understood by the
“nanoliquid effect” that micro- and nanoparticles, suspended in very
small concentration in a liquid, lower its thermal resistivity [64,65].

Fig. 3D shows the dose-response curve of the sensor for C. jejuni with
the receptor layer being imprinted with the same C. jejuni strain. The
calibration curves for both species show similar features such as the
sigmoidal curvature and both can be fitted with the dose-response model
of Eq. 2. The baseline value is in both cases almost identical, which in-
dicates the reproducibility of the concept. For the highest concentration

Fig. 2. SEM images of A) Camylobacter jejuni cell, still sticking to its corresponding imprint, on a PU-based SIP layer at 50,000 x magnification. B) Individual,
imprinted cavity after extraction of the C. jejuni template at 50,000 x magnification. C) Individual cavity obtained by imprinting with C. coli, 50,000 x magnification.
D) Empty coccoid cavities and coccoid forms of C. jejuni on a SIP imprinted with C. jejuni, magnification 16,000x. In all images, imprinting was done on the surface of
polyurethane on stainless-steel chips. C. jejuni and C. coli are strains C157a and C154a, respectively. The granular surface morphology is due to a metallization layer.
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Fig. 3. A) Dose-response measurement performed with a SIP imprinted with C. coli according to the sequence described in the Experimental Section. Spikes marked
with an arrow refer to injection of C. coli spiked PBS, starting with 5 x 10° CFU/mL. Unmarked spikes refer to flushing with pure PBS. B) Expanded view of the
exposure to 5 x 10° CFU/mL, illustrating the moments of taking datasets and the influence of PBS flushing on the Ry, signal. This scheme was maintained for all
concentrations. C) and D) Dose-response curves for C. coli (panel C) and C. jejuni (panel D). The solid lines were fitted with the dose-response function Eq. 2 and have
R? > 0.98 in all cases. Note that the Ry, signal after flushing (blue lines) is higher than after exposure (black lines). The red dotted line corresponds to the 3c level,
with ¢ being the standard deviation of the baseline. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).

(500 x 10° CFU/mL) and after flushing, the relative increase of the Ry,
signal is 15.2 % for C. coli and 12.3 % in case of C. jejuni, which seems
related to the slightly higher areal density of C. coli imprints. The
detection limit was calculated from the fit curves as the lowest con-
centration that generates a signal exceeding the 3¢ level: For the PBS
matrix and after flushing, the LoD is 1.0 x 10° CFU/mL for C. coli and 6.6
x 10% CFU/mL in case of C. jejuni. This is in the same order as for most
antibody-based Campylobacter sensors, see Table 1. The lowest
measured concentrations for which the signal clearly exceeded the 3¢
threshold are 5 x 10® CFU/mL (C. coli) and 1.0 x 10* CFU/mL for
C. jejuni. In case of the previously studied E. coli, we attribute the low
LoD of 100 CFU/mL to the considerably higher density of available
binding sites [23].

3.3. Dose-response of Campylobacter in chicken cecal droppings samples

Next, we evaluated the performance of the sensor in detecting C. coli
and C. jejuni in spiked cecal-droppings samples dissolved in PBS. As
outlined above, there was no other sample pretreatment than filtering
and, since the cecum is the main multiplication site for Campylobacter,
cecal droppings are used in veterinary medicine to detect colonization
with these bacteria in chicken flocks [66]. The Ry, response of a C. coli
imprinted SIP is given in Fig. 4A, displaying the same stepwise increase

of Ry, as a function of concentration as in the dose-response calibration
with PBS. In addition, we examined the effect of the cecal solution itself
on the Ry, signal by adding two extra steps in the dose-response mea-
surement, see Fig. 4B: After the initial stabilization of the device with
pure PBS (dataset A), the flow cell was filled with Campylobacter-free
cecal solution (dataset D), which was replaced again by pure PBS
(dataset E). All datasets were collected under equilibrium conditions for
5 min. Upon exchanging PBS by the cecal solution, Ry, increases by less
than 0.1 °C/W and a second increase in this order occurs after replacing
the cecal solution again with pure PBS. Hence, there is no significant
difference and, within the accuracy of the technique (4 0.3 °C/W), the
thermal properties of cecal solution and PBS are equal. This is reason-
able since the cecal solution consists for 90 % of PBS and the nanoliquid
effect mentioned above is not known for high particle concentrations.
This indicates that the Campylobacter SIPs do not bind the bacteria that
are inherently present in the cecal microbiome and an overview on the
microorganisms in poultry intestines can be found in ref. [67].

The dose-response curves of the sensor exposed to suspensions of C.
coli and C. jejuni are plotted in Fig. 4C (C. coli) and D (C. jejuni). In
contrast to the dose-response measurement in pure PBS (see Fig. 3C, D),
the baseline is defined by dataset E, i.e. after the initial exposure to the
Campylobacter-free cecal sample to take potential fouling effects into
account. The fit function for the dose-response behavior is again
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legend, the reader is referred to the web version of this article).

calculated with Eq. 2. The calculated LoD values, after PBS flushing, are
1.1 x 10% CFU/mL for C. coli and 2.7 x 10* CFU/mL for C. jejuni, both
bound to the receptor layer from cecal solution. As expected, these
detection limits are higher than when binding the bacteria from pure
PBS, see Fig. 3. The measured concentrations for which the signal clearly
exceeds the 3¢ level are 5.0 x 10° CFU/mL (C. coli) and 5.0 x 10* CFU/
mL for C. jejuni.

3.4. Cross-selectivity and inclusivity of Campylobacter SIPs

The final part of this work studies the cross-selectivity of SIPs
imprinted with C. coli (strain C154a) and SIPs imprinted with C. jejuni
(strain C157a). Six other bacterial species were examined using the M-
HTM sensor, being C. lari, C. upsaliensis, A. butzleri, A. cryaerophilus, A.
skirrowii, and H. pullorum. In addition, three C. coli strains (MB3272,
MB3363, and MB4182) and two C. jejuni strains (MB3391 and KC40)
were used to test the inclusivity of the SIPs. Inclusivity denotes the
ability of the receptors, imprinted with a specific strain, to respond
equally to genetically different strains of the same species. The genus
Campylobacter contains other human pathogens such as C. lari and
C. upsaliensis, which have spiral-rod shape, 0.2 — 0.8 pm width and 0.5-5
pm length [59]. Similar to Campylobacter, the genera Helicobacter and

Arcobacter also contain Campylobacter-like zoonotic pathogens:
H. pullorum, a slightly curved bacilliform bacterium (0.3 — 0.5 pm wide,
3-4 pm long), has been isolated from the cecum of poultry [68], and it is
associated with gastroenteritis in humans [69]. Also, Arcobacter, a
member of the Campylobacteraceae family, is morphologically similar to
Campylobacter (spirally curved shape, 0.2 — 0.9 pm wide, 1-3 pm long)
and found in poultry as well [70].

For these tests, we used for all combinations of SIPs and target
bacteria the same exposure scheme that is exemplarily illustrated in
Fig. 5A for the case of a SIP imprinted with C. jejuni (strain C157a) as a
template and C. jejuni (strain MB3391) as a target. In all experiments, we
used freshly prepared receptor chips and PBS as a medium to avoid any
potential influence of a complex matrix. After establishing the baseline,
the target cells were injected at a uniform concentration of 1.0 x 10°
CFU/mL and allowed to sediment and to bind to the SIP. Then, we
flushed the flow cell with pure PBS and registered the persistent increase
ARy, with respect to the baseline when the temperature distribution in
the flow cell was again in steady state.

The strongest ARy, response was obtained for the symmetrical com-
binations: Using C. jejuni strain C157a as a template and target resulted
in ARy = 2.34 °C/Wi; for the C. coli strain C154a as template and target
we obtained 2.88 °C/W. For easier comparison, we normalized these
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Fig. 5. A) Exemplary cross-response measurement of a SIP imprinted with
C. jejuni C157a in the following steps: 1) Establishing the baseline and the 3¢
interval in PBS, 2) injection of C. jejuni strain MB3391 at a concentration of 1.0
x 10° CFU/mL, 3) sedimentation and 4) flushing with pure PBS. The cross-
response ARy,.is registered at the end of step 5) and normalized to the spe-
cific response, set as 100 %. This protocol was applied to all species and strains.
The selectivity and inclusivity profiles are shown in panel B) for C. jejuni
(C157a) and in C) for C. coli (154a): The data, given as green bars, show that
SIP receptors are inclusive for strains within the same species. The sensor
response to other species within the Campylobacter genus (red bars) is typically
only 15 - 20 %. For other members of the order of Campylobacterales, shown as
yellow bars for Arcobacter and Helicobacter, the signal stays below the 3¢ level.
Error bars represent the standard deviations from step 5) in panel A). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

specific responses to 100 %, which is illustrated in Fig. 5B for C. jejuni
and Fig. 5C for C. coli. As seen in Fig. 5B, the inclusivity test with the two
other C. jejuni strains shows a ARy, response of 83.9 % (strain KC40) and
96.1 % (strain MB3391) of the template-strain response (C157a). The
response to other Campylobacter species, different from C. jejuni, is
markedly lower: Injection of C. coli results in a AR percentage of 17.8
%, for C. lari it is 24.2 %, and in case of C. upsaliensis we find a ARy,
percentage of 14.5 % with respect to the specific response. For the
Campylobacteriales not belonging to the genus Campylobacter (H. pullo-
rum and three Arcobacter variants), the ARy, response is below the 3¢
level of the baseline.

Fig. 5C contains the cross-selectivity and inclusivity results when the
SIP was imprinted with C. coli C154a as template strain; the highest ARy,
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response is observed for C. coli C154a itself with 2.88 °C/W. The
response to three other C. coli strains (MB3272, MB3363, and MB4182)
is less but still ca. 60 % and therefore strong enough to be easily
detectable. The other Campylobacter species (C. lari, upsaliensis and
jejuni) gave a weak ARy response that does not exceed 20 %. The
response to Arcobacter and Helicobacter is insignificant in the sense that it
stays well below the 3¢ limit.

Together, these results indicate that the Campylobacter SIPs are in-
clusive as they can bind several strains that belong to the same species.
Furthermore, they are selective when it comes to distinguishing between
different species of the Campylobacter genus with a discrimination ratio
of at least 4 to 1. Within the accuracy of the readout method, the SIPs are
insensitive to Helicobacter and Arcobacter, which belong to the Campy-
lobacterales order and which have both strong structural similarities with
Campylobacter itself. The absence of response to the microbiome in the
poultry intestines was already shown above in Fig. 4B. Technically
speaking, the SIP receptors can be qualified as “species-selective”, which
is in line with recent results on selected Enterobacteriaceae [23]. This
means also that size- and shape complementarity between imprints and
target cells are insufficient to explain the achieved level of selectivity.
Phospholipid residues, transferred to the cavities during the imprinting
step, were already identified as potential mediators of the recognition
effect [26], and this might explain the selectivity and inclusivity
observed in the present work: There is growing evidence that different
bacterial species own a characteristic phospholipidome in the sense that
the lipids composition of their membranes is a fingerprint for the
respective species [71]. A first study on the phospholipidome of C. jejuni
was published very recently by Cao and co-workers [72], while this
information is, to best of our knowledge, not yet available for other
Campylobacter species. A full understanding of the role of phospholipids
might therefore assist in developing rationally designed SIP-type re-
ceptor with an engineered inclusivity- and selectivity level.

4. Conclusions

In summary, a refined HTM sensor coupled with synthetic, polymer-
based receptors was used for the sensitive and selective detection of two
thermotolerant Campylobacter species. The biomimetic receptors used in
this study were SIPs imprinted with C. coli or C. jejuni, which were
deposited on stainless-steel chips using a soft-lithographic imprinting
technique. The sensor has several relevant characteristics: First, the
detection principle based on a thermal current does not require labelling
of the bacteria, which simplifies the detection process. Second, the
sensor reaches detection limits in buffer fluids as low as 1.0 x 10° CFU/
mL for C. coli and 6.6 x 10° CFU/mL for C. jejuni. We anticipate that this
can be brought down further by increasing the number of imprints per
unit area, a key to this might be avoiding the transition of template
Campylobacter to its coccoid shape.

The detection limits obtained with cecal solution are 1.1 x 10° CFU/
mL for C. coli and 2.7 x 10* CFU/mL for C. jejuni. Preparing these
samples does not involve more than dissolving cecal droppings in PBS
buffer and a filtering step, both can be done easily at a poultry farm or a
slaughterhouse to detect the colonization on-site and as early as
possible. Due to the abundant Campylobacter concentrations in cecal
droppings in case of colonization (10° — 10% CFU/g), our current
detection limits are already low enough to detect such situation from
just 1 g of easily collectable cecal droppings. The assay time of less than
60 min, including stabilization and rinsing, is considerably shorter than
cell-cultivation tests based on the ISO standard 10272-1:2017.
Furthermore, we point out that tests based on lateral flow assays and
antibodies can only be used once, while the SIP technology with thermal
readout can, in principle, measure continuously for monitoring pur-
poses, for instance in a food-production facility.

Regarding selectivity and inclusivity, it is important to mention that
SIP receptors, which are imprinted with a specific strain of a given
Campylobacter species, also bind other strains of the same species with
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almost the same sensor response. This is useful information from a
practical perspective because fecal samples from different farms usually
contain different strains. At the same time, the sensor responds selec-
tively as the signal for Campylobacter species that are different from the
imprinted one is 4-10 times lower than the species-selective signal.
Furthermore, false-positive results due to Helicobacter and Arcobacter
species are hardly expected as the respective signals stay well below the
confidence level while the response to the native microbiome present in
the chicken intestines is immeasurably small. Taking all elements
together, the as-developed sensor system is now at a stage that is ready
for practical evaluation in field studies.
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