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In this work, we report on the development of a catheter-based sensor designed for measuring the concentration
of histamine in the human duodenum. Certain gut disorders, such as the irritable bowel syndrome (IBS), are
associated with elevated levels of intestinal histamine due to chronic immune activation. As it is still impossible
to determine histamine concentrations in vivo, a nasointestinal catheter with histamine-sensing capabilities has
the potential to become a valuable diagnostic instrument. Regarding the sensing principle, we selected imped-
ance spectroscopy using voltages that are compatible with intra-body applications with molecularly imprinted
polymers (MIPs) as recognition elements. MIPs are synthetic receptors that offer the advantages of robustness,
high specificity and selectivity for histamine as a target. In this specific case, the MIPs were synthesized from
acryclic acid monomers, which guarantees a uniform binding capacity within the pH range of intestinal fluid. We
have validated the catheter sensor on human intestinal liquids spiked with histamine in a testing setup that
mimics the environment inside the duodenum. The dose-response curves show an analytical range between 5 and
200 nM of histamine, corresponding to physiologically normal conditions while higher concentrations correlate
with disease. The key output signal of the sensor is the resistive component of the MIP-functionalized titanium
electrodes as derived from the equivalent-circuit modelling of full-range impedance spectra. Future applications
could be catheters tailored to cardiovascular, urological, gastrointestinal, and neurovascular applications. This,
in combination with the versatility of the MIPs, will make this sensor platform a versatile diagnostic tool.

1. Introduction a global prevalence of 11%. However, there are considerable age-, sex-,

and region-dependent deviations from this average percentage (Cana-

In this article, we report on the development of a catheter-based,
biomimetic sensor that is able to quantitatively detect histamine in the
human duodenum. This is motivated by the fact that elevated histamine
levels in the small intestine are a potential biomarker for at least a subset
of patients with irritable bowel syndrome IBS (Barbara et al., 2004;
Belon et al., 2004; Canavan et al., 2014; Lobo et al., 2017; Wood, 2006;
Wouters et al., 2016). IBS is a widespread gastrointestinal disorder with
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van et al., 2014). The diagnosis is mainly symptom based according to
the so-called Rome IV criteria (Schmulson and Drossman, 2018). Ther-
apies include dietary adjustments, central neuromodulators, such as
tricyclic antidepressants, and herbal medicines, such as peppermint oil
(Drossman et al., 2018; Tan et al., 2019). Although IBS has no impact on
mortality, it severely compromises the quality of life and also has a high
negative economic impact. Recent studies have implicated mast cells
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and the histamine they release as potential targets for IBS therapy (Lobo
et al., 2017; Wouters et al., 2016).

In this sense, we consider the histamine-sensitive catheter as a pro-
spective diagnostic tool, allowing to confirm which patients with IBS-
like symptoms (e.g. abdominal pain and altered stool patterns) do
indeed have elevated histamine levels due to chronic immune activation
with a key role for mast cells (Barbara et al., 2014; Lobo et al., 2017;
Wouters et al., 2016). In these patients, triggers such as ingestion of
certain food or stress, can cause mast-cell degranulation with histamine
release in the duodenum (Fritscher-Ravens et al., 2019). A catheter that
measures directly in this environment allows to correlate a stimulus with
the provoked histamine release much more precisely than e.g. histamine
measurements on stool. The result of such test can also facilitate
selecting the most appropriate therapy by adding quantitative infor-
mation to the “typical” symptoms, which are often subjective and
inconclusive. Moreover, it was recently discovered that histamine re-
ceptor agonists and mast cell blockers, used to treat allergies, can also
reduce the visceral hypersensitivity, immune activation and symptoms
in IBS patients (Lobo et al., 2017; Wouters et al., 2016). This underpins
the correlation between mast cell activation, increased levels of hista-
mine, and the rather complex spectrum of symptoms and manifestations
in IBS. Interestingly, there is the “PillCam” device (a wireless camera
packaged as a capsule), which is able to visualize and inspect the interior
of the entire intestines (Adler et al., 2011; Pennazio et al., 2015, Van
Gossum, 2014). However, this device has no chemical/biological
sensing functionality and, because it advances through the intestinal
tract due to peristaltic bowel movements, it cannot be used to monitor
molecular-biomarker concentrations at a certain location, such as the
duodenum, during longer periods.

In biosensor development, it is already a long-time endeavor to
create implantable sensors which perform their analytical task in vivo,
see for instance the review articles by Frost and Meyerhoff (2006),
Wilson and Gifford (2005), and by Pickup et al. (2005). Biocompatibility
issues were initially a major hurdle, but in case of diabetes management,
there was considerable progress on subcutaneously implanted enzyme
electrodes for glucose detection. After a long development phase, which
started already 30 years ago (Bindra et al., 1991), these needle-shaped
electrodes are now well established and need replacement only once
every two weeks. To reduce invasiveness even further, there are still
ongoing efforts to perform bioanalysis, not limited to glucose, on easily
accessible body fluids. This includes measurements on tears with sensors
that can be integrated with contact lenses (Yao et al., 2011), on sweat on
the epidermis with wearable- or tattoo-type sensors (McCaul et al.,
2017; Bandodkar et al., 2014), and on saliva with intra-oral devices (Kim
et al., 2015). On the other end of the “invasiveness scale”, there are
sensors under development aiming at analyzing brain fluid, mainly with
respect to neurotransmitters (Frey et al., 2010; Tseng and Monbou-
quette, 2012), and a review by Kotanen et al. (2012) summarizes the
challenges to be overcome before human applications may become
feasible.

For our sensing application of histamine release in the intestines, a
chronic implant is neither necessary nor technically or physiologically
feasible. Strictly speaking, the lumen of the intestines is not “in vivo” as
no epithelial barriers need to be passed, but the complexity of getting the
sensor to the measurement location is clearly higher than measuring e.g.
sweat on the epidermis. Therefore, we opted for a catheter-based
approach that will eventually enable measurements during several
hours (to monitor stimulated histamine release) while being retractable
at any time. There are only very few reports on catheter-based bio- and
chemosensors in literature and, to best of our knowledge, none of them
reached the pre-clinical testing phase on humans yet. Examples include
a catheter intended for glucose- and oxygen monitoring in the brain (Li
et al., 2009), a foil-type urea sensor that can be coiled up for placing it in
a catheter tube (Mamleyev et al., 2019), and a flexible temperature-,
flow rate- and glucose sensor meant for insertion in veins (Li et al.,
2008). Major progression was made by Loyez et al. (2019) who recently
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reported on a fiber-optical sensor for lung-cancer biomarkers; the sensor
response was validated on human lung tissue and the device was
inserted into the lung of a narcotized pig using a bronchoscope. Given
the fact that catheters and endoscopes are extremely well developed, see
e.g. (Molinnus et al., 2018) for an example on the kidney, one can
anticipate that bio-chemical sensors can become a versatile “add-on”
that augments the diagnostic capabilities of these widely used
instruments.

Regarding the detection principle, we selected impedance spectros-
copy in its non-Faradaic form, i.e. without redox mediators, to avoid
introducing additional chemicals into the intestine. Impedimetric
sensing can be implemented inside a catheter by using wire-type elec-
trodes instead of the more common planar electrodes. Other sensing
principles, such as microgravimetry, are hard to miniaturize to fit inside
the inner volume of a catheter while heat-transfer measurements, see e.
g. (Wackers et al., 2014; van Grinsven et al., 2014), cannot operate in an
environment with a homogeneous temperature distribution (body
temperature of 37 °C). Concerning the receptors, the main requirement
is robustness in a broad pH range because intestinal fluid can vary be-
tween pH 5.4 and pH 7.5, depending on the diet and possible leaks of
stomach acid into the duodenum (Dressman et al., 1990; Worning and
Miillertz, 1966). Also, regeneration capability can be seen as a benefit
when aiming at repetitive measurements during several hours with the
catheter in place. Antibodies, such as those that are used in ELISA tests
for histamine (Aygiin et al., 1999; Muscarella et al., 2005), do not fulfill
these criteria while histamine-selective aptamers were developed only
very recently (Mairal Lerga et al., 2019). Molecularly imprinted poly-
mers (MIPs) for histamine are, however, in a well developed state and
besides their robustness and regeneration capacity, their synthesis is
straightforward and low cost (Horemans et al., 2010; Mattson et al.,
2017; Mattsson et al., 2018; Peeters et al., 2014; Torres et al., 2012;
Ramakers et al., 2019 Ratautaite et al., 2014). Specifically, we will
utilize powders of acrylic-acid MIPs as electrode coatings due to their
proven selectivity, uniform binding affinity for histamine fro5 to pH 9,
and earlier successful use for histamine detection in an in vitro setting
(Peeters et al., 2013).

2. Materials and methods
2.1. Preparation and characterization of MIP-functionalized electrodes

The MIP receptors were synthesized by UV-induced bulk polymeri-
zation from acrylic acid monomers in the presence of template histamine
by using EGDM (ethylene glycol dimethacrylate) as cross-linker mono-
mer and DMSO (dimethyl sulfoxide) as porogen. All chemicals, having a
purity of 99%, were purchased from Acros (Loughborough, United
Kingdom). The full synthesis protocol for the MIPs used in our present
work, together with their full characterization and cross-selectivity tests
(against serotonin, nicotine, betahistine and histidine) are given in the
reference (Peeters et al., 2013). After polymerization, the bulk polymer
was ground to micro-particles and sieved with a mesh size <25 pm. The
template molecules were removed by Soxhlet extraction with organic
solvents and finally the particles were dried under vacuum.
Non-imprinted polymer particles (NIPs) as reference material were
similarly synthesized, however without adding template molecules to
the polymerization suspension. The choice for acrylic acid was based on
the fact that it can be deprotonated in the pH range of intestinal fluids
and has therefore the ability to effectively measure histamine levels
(Fujiwara et al., 1997; Peeters et al., 2013). The binding probability for
histamine molecules is uniform in a pH range from 5 to 9, where they are
mostly present in their single- or double-protonated state (Peeters et al.,
2013). This way, the MIP material is well adjusted to cope with the
physiological pH range of intestinal fluids (5.4-7.5), while histamine
binding remains possible down to ~ pH 4, albeit with decreasing af-
finity. Furthermore, these acrylic-acid MIPs have a negligible affinity for
histidine and betahistine, molecules with similar size, shape and



G. Wackers et al.

functionality as histamine (Peeters et al., 2013).

The sensing electrodes, to be coated with the MIP micro-powders,
consisted of titanium wires with 0.8 mm diameter, purchased from
Merck Chemicals (Overijse, Belgium). Titanium was selected due to its
dense, native oxide skin with a typical thickness of 3-7 nm, which makes
it corrosion resistant in a wide range of pH and ionic strength. Moreover,
it is an established implant material due to its biocompatibility (Wang
et al., 2016; Williams, 2001). Prior to functionalization, the 3 cm long
titanium electrodes were connected to flexible, insulated copper wires
by spot-welding using a Soudax SD100 device (Soudax, Epone, France),
see Fig. 1 for the workflow of electrode preparation. The weld joint
between titanium and copper was protected with heat-shrink tubing,
leaving 3 mm of the electrodes free for coating with the MIP powder
after an intermediate cleaning with acetone and isopropanol. To attach
the MIP powders, a viscous adhesive layer (approximately 10 pm thick)
consisting of 50 mg polystyrene (molecular weight 918 kDa), Polymer
Source Inc. Montreal, Canada) dissolved in 1 mL of
chromatography-grade toluene (Merck Chemicals, Overijse, Belgium)
was used. The Ti wires were first dipped into this solution and then,
while still wet, into the MIP- or NIP powders. After curing at 130 °C
inside an oven for 2 h to evaporate the toluene solvent, the electrodes
were washed vigorously with MilliQ water to remove any loosely bound
particles from their surface. As shown in Fig. 1a, the MIP micro-particles
formed a dense layer (thickness approximately 20-30 pm) on the Ti
wires. A similar approach was used by (Dilién et al., 2017) to func-
tionalize thermocouples.

Prior to measurements inside the actual catheter, the performance of
these MIP- and NIP electrodes was assessed by impedance spectroscopy.
To this end, the electrodes were grouped into pairs and their function-
alized side was then immersed into standard 1 mL cuvettes containing
histamine spiked 1 x PBS (phosphate buffered saline) buffer. An Alpha
analyzer (Novocontrol Technologies, Montabaur, Germany) in the fre-
quency range between 60 Hz and 10 MHz at 65 mV excitation voltage
under open circuit conditions was used for impedance analysis. The
chosen voltage amplitude corresponds to the maximum allowed voltage
for intra-body applications that do not cause unwanted cell depolar-
isation (Frey et al., 2010). As mentioned above, all impedance mea-
surements were performed in non-Faradaic circumstances, i.e. without
redox mediators in the liquid, since the use of such chemicals is
evidently excluded when eventually doing patient studies.

a) b) c) d) e)

i

-

Ti Ti+PS Ti+PS+MIP
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2.2. Design and construction of the catheter

As a proof-of-concept, we have designed a catheter featuring the
MIP-functionalized titanium electrodes at its distal end, as shown in the
construction drawing in Fig. 2a. Due to ethical restrictions, this proto-
type was not yet tested on humans or laboratory animals, but instead in a
setup that mimics the conditions inside the human intestinal tract which
was filled with bowel fluids obtained from patients, see Fig. 2b.

The catheter has a total length of 200 cm, which complies with the
typical lengths of naso/gastro-intestinal catheters for adults, such as
those distributed by commercial manufacturers. The outer diameter is 5
mm, being the suitable for inserting a catheter through the nose, which
is the established entry point for catheters probing the gastro-intestinal
tract (Ang et al., 2018; Wilmer et al., 1998; Van Avestaat et al., 2016).

The catheter is constructed using a silicone rubber tube (4 mm inner-
and 5 mm outer diameter, Hilltop Products, Golborne, United Kingdom)
with the proximal end featuring four DuPont solderless connectors for
connecting the sensing electrodes to the impedance analyzer. The
electrodes are linked to these proximal connectors using four insulated
copper wires that are twisted in pairs and coiled around a central aspi-
ration tube. This configuration increases the bending stiffness of the
catheter. The aspiration tube itself consists of medical-grade silicone
with 1 mm outer- and 0.5 mm inner diameter (Hilltop Products, Gol-
borne, United Kingdom). To increase the bending stiffness even further,
the hollow space between the outer tube and the aspiration tube can be
filled with PDMS (poly-dimethyl siloxane) rubber. In our concept
experiment, this was only done for the distal part of the catheter, as
shown in the construction drawing in Fig. 2a.

The distal end hosts the sample chamber with an inner volume of
100 pL and four titanium-wire electrodes; two of these are covered with
a MIP layer while the other two are coated with NIP material, see Fig. 1
to view the coated electrodes mounted inside the catheter tip. The
electrodes are fixated pairwise around the aspiration tube using a PEEK
centering piece (PEEK: polyether ether ketone). The centering piece and
the hollow space containing the electrical connections are sealed with
PDMS to prevent electrical shortcuts and inflow of the liquid under test.
The PDMS filling can be accomplished with a vacuum pump to pull the
viscous PDMS towards the proximal end of the catheter before curing
overnight at 70 °C. The intestinal liquid enters the sample chamber via
an inlet featuring a polyethylene filter pad which blocks 99.5% of

f mm
e o

Fig. 1. Workflow of the electrode preparation with a) a titanium wire spot-welded to copper, b) with heat-shrink tube to protect the joint, ¢) after coverage with
liquid polystyrene, d) after rolling in a MIP micro-powder and curing, and e) after washing off loosely bound MIP particles. f) Titanium electrodes in a prototype

catheter with the position of the MIP and NIP pairs indicated.
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Fig. 2. a): Schematic representation of the
catheter used. A medical grade silicone tube
is capped off with a PEEK (polyether ether

Catheter, 200
atheter m ketone) polymer block, which holds the MIP-

and NIP-functionalized titanium electrodes
and the aspiration tube in place. To gain
stiffness and to fixate all components, the
bottom section of the catheter is filled with
PDMS silicone rubber. A removable plug
shields the electrodes from the environment

Top lid

Black plastic screen

- Glass vessel

1X PBS filling 37 °C during its passage through nose, esophagus

In- and outlet tubes

and stomach into the duodenum of a patient.

for test fluid: : i i
or test Tuics See also the video in the Supporting Infor-

Inner glass tube mation. Fig. 2b): Catheter-testing setup
consisting of a narrow glass tube, mimicking
the duodenum, which is placed centrally in a
vessel that is filled with 1 x PBS buffer so-
lution kept at a body-like temperature of 37
°C. The catheter enters the central tube from
the top while liquids under study (e.g. in-
testinal fluids) are intruduced into the cen-

Magnetic stirrer

tral glass tube from underneath via silicone
tubing. The inner tube is removable to allow

Power resistors
~<—————  Aluminium base

Stirrer motor

for easy decontamination in an autoclave.

In A|Out
a) b)
[ .
Aspiration tube _“ L ]
Twisted pair wiring
Medical-grade silicone tube
|| ] |
PDMS L J
60 cm
Spot-welded connection
Titanium electrodes -
Centering piece (PEEK) 25 mm
MIP- and NIP coatings >0 6
: C
Mesh filter
Rounded PEEK tip \i
Plug
T e |
i(—s mm—)} < 15 cm il

particles larger than 0.5 pm (VWR international BVBA, Leuven,
Belgium). This way, solid particles that are present in a real intestinal
environment cannot enter the catheter’s interior. Pulling the liquid in-
side the sample chamber is achieved by a applying light negative pres-
sure inside the proximal end of the aspiration tube.

Before entering the duodenum, the catheter needs to pass the
stomach and stomach acids can degrade the MIP- and NIP-materials as
well as the polystyrene adhesive by hydrolysis (Katzka et al., 1998). To
solve this, the distal end is closed with a rounded, PEEK cap that features
an integrated plug. After passing the stomach, and while being in the
duodenum, the plug can first be removed by applying a positive pressure
inside the aspiration tube before filling the sample chamber using suc-
tion by applying a negative pressure. A demonstration of this “blow-out
& suck-in mechanism” is rendered in a video which is available in the
Supporting Information. In this video, we used green-colored water
instead of the pale-yellowish intestinal fluid for better visibility.

2.3. Design of the catheter testing system

In order to evaluate the performance of the gastro-intestinal catheter
under body-like conditions, mimicking the circumstances inside the
duodenum, we developed the testing platform shown schematically in
Fig. 2b. The catheter is inserted from the top into a narrow, central glass
tube with 40 cm length, 8 mm outer diameter and 6 mm inner diameter.
This length corresponds roughly to the distance that a catheter has to
travel from the nose of a patient to the upper part of the duodenum.
Liquids under study, such as histamine-spiked buffer solutions and in-
testinal fluids, were administered or exchanged using two silicone tubes
(inner e 1 mm, outer ¢ 2 mm) that enter the central tube from the
bottom. This allows the volume of the test liquids to be minimized to
around 4 mL, resulting in a fill height of 13 cm inside this inner tube with
the catheter being in place. This way, the tip of the catheter was fully
immersed in fluid while the distance between the actual electrodes and
the bottom of the tube was still only a few millimeters.

This inner tube was located centrally in a glass vessel (40 cm height,
9.5 cm inner diameter), filled with 1 x PBS up to 1 cm underneath its
brim. The PBS filling simulates the conductive and dielectric properties
of body liquids and tissues, which needs to be considered in any appli-
cation involving long electrical wires loaded with an alternating voltage
where the wires themselves can act (parasitically) as antennas. We kept

The bottom structure hosts heating elements
and a magnetic stirrer while the entire setup
is shielded against light and heat loss.

the PBS-filled vessel, and hence the inner glass tube, at 37 °C £+ 0.1 °C
during all measurements using a homemade PID controller (proportio-
nal-integral-differential) with settings P = 1, I = 8, and D = 1. The
temperature was monitored by two type-K thermocouples (TC-direct,
Nederweert, the Netherlands), one inside the PBS filling and the other
inside the inner tube, positioned at the same height as the catheter tip.
The heating power was provided by eight power resistors embedded in
the aluminum bottom structure underneath the glass vessel which can
be regulated by the PID controller to keep the temperature at a constant
37.0 £ 0.1 °C. The bottom structure also features an integrated elec-
tromotor to drive a magnetic stirrer inside the outer glass vessel to
induce fluid movement in order to obtain a homogeneous temperature
distribution throughout the vessel. Furthermore, a PVC lid on top of the
outer vessel holds the inner tube in place while a black plastic screen
surrounds the entire platform. The latter absorbs light from the ambient
thus reducing the heating power required to keep the inner parts of the
platform at 37 °C; in thermal equilibrium this heating power is around
40 Watt for an ambient temperature of 20 °C.

2.4. Experimental (materials and methods)

2.4.1. Preparation of reference liquids and patients’ samples

In order to study the impedimetric dose-response behavior of the
MIP- and NIP-functionalized titanium electrodes, we started with a 1 x
PBS solution spiked with known quantities of either histamine or histi-
dine. Histamine was used in the form of its salt histamine dihydro-
chloride with a purity of at least 98% (purchased from Alfa Aesar,
Karlruhe, Germany) and the resulting concentrations ranged from 2.5
nM up to 10 mM. The powder was dissolved in 1 x PBS at room tem-
perature to create a 100 mM stock solution from which the lower con-
centrations were obtained by successive dilution steps. Dilutions that
were not used immediately for measurements were stored in airtight
containers at —21 °C in a freezer to ensure stability of the liquids. For
comparison, the physiological concentration range of histamine in in-
testinal fluids is in the order of a few nanomolar, while for IBS patients
average values up to 2 pM are documented in literature (Barbara et al.,
2014; Buhner et al., 2009; Horemans et al., 2010). The histidine solu-
tions, used to assess the cross sensitivity of the MIPs towards the parent
compound histamine, were prepared similarly by dissolving pure histi-
dine powder (>98% pure, purchased from Alfa Aesar, Germany) in 1 x
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PBS, with resulting concentrations from 10 nM up to 10 mM.

For detecting histamine in its natural matrix of bowel fluids, Maas-
tricht University Medical Center and the University Hospital Gasthuis-
berg of KU Leuven provided the intestinal fluids, which were aspirated
from the duodenum of healthy volunteers and from patients. The pro-
cedure in the university hospital of Leuven was approved by the Leuven
University Hospitals Ethics Committee (s56910; December 18, 2015).
The procedure for obtaining intestinal fluid samples from healthy vol-
unteers in the university hospital of Maastricht was approved by the
Medical Ethics Committee of the Maastricht University Medical Center,
and performed in accordance with the Declaration of Helsinki (latest
amendment by the World Medical Association in 2013) and the Dutch
Regulations on Medical Research involving Human Subjects (WMO,
1998). This sampling procedure was part of a larger study which has
been registered in the US National Library of Medicine (www.clinicalt
rials.gov, ID NCT02018900). After aspiration, we mixed the bowel
fluids of several individuals (three or more persons) to obtain a fluid
sample with “typical” properties, which was then kept frozen at —21 °C
until the start of the actual experiments. After thawing, the fluids were
centrifuged (7500 rpm, 10 min, 7245 g), turning their color from opaque
to a transparent yellowish tint, and the pH value was measured for
which we found slight variations between pH 6 and pH 7. One sample
had a pH value of 3, which is not useable for our measurements as the
MIPs only bind their target down to pH 4. This was however isolated to a
single patient and likely this sample contained mainly stomach fluid and
only little intestinal fluid.

At this point, the bowel fluids still contained the native histamine
from the patients in unknown concentrations, which is evidently not a
good starting point to establish dose-response curves. Therefore, we
applied a previously developed extraction protocol (Peeters et al.,
2013). In short, 3 mL of bowel fluid was mixed with 10 mg of the
histamine-MIP powder, and left to interact for 30 min at room temper-
ature under constant agitation on a shaker. After that, the mixture was
centrifuged (7500 rpm, 5 min, 7245 g) and the MIP particles, now
loaded with the patients’ histamine, were discarded. The histamine-free
intestinal fluids were finally mixed with 10 vol % 1 x PBS, and subse-
quently spiked with appropriate amounts of histamine. This way, the
patients’ samples obtained their resulting, absolute histamine concen-
trations in the range from 2.5 nM to 0.5 mM.

3. Results and discussion
3.1. In-vitro experiments on electrode configurations

Prior to the catheter-based experiments inside the testing setup
shown in Fig. 2b, we studied several electrode combinations to deter-
mine which configuration would result in the clearest correlation be-
tween a given histamine concentration and the corresponding increase
of the impedance signal. These measurements were performed at room
temperature in vials filled with successively increasing histamine con-
centrations in 1 x PBS. Due to their identical wire shape, there is no
visual distinction between working- and counter electrode. We tested
the following electrode couples:

i) A MIP-coated electrode and a blank Ti wire with respect to their
response to histamine;
ii) Two MIP-coated electrodes and their response to histamine;
iii) Two MIP-coated electrodes and their response to histidine as a
cross-sensitivity test;
iv) Two NIP-coated electrodes as a test for non-specific response to
histamine.

Contrary to earlier work on impedimetric histamine detection with
planar, MIP-coated working electrodes (Peeters et al., 2013), it was not
possible to construct meaningful dose-response curves by plotting the
impedance amplitude as a function of the histamine concentration for a
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single, well-chosen frequency. Instead, we utilized the entire impedance
spectrum (from 60 Hz to 1 MHz) to extract the resistive component R, of
the electrode couples by fitting the data to an equivalent-circuit model.
This model with four elements, of which R, is the most important, will be
described in detail in Section 3.2 and it will also serve to analyse the
actual catheter measurements in Section 3.3.

As shown in Fig. 3a), the combination of a MIP-coated wire electrode
with a blank titanium wire results in a meaningful dose-response curve
and the concentration dependent fit (red line) was calculated based on
the sigmoid dose-response model, which we address in Section 3.2.
However, the resulting standard deviation was much too high and its
main contributions come from the low-frequency part (below 1 kHz),
where the total impedance signal is dominated by the double-layer ca-
pacity of the titanium-liquid interface. The symmetrical electrode
configuration with two MIP-coated Ti wires shown in Fig. 3b) is a sub-
stantial improvement as it reduces the error margins on the correlation
between the histamine concentration and the electrode resistance Re.
Therefore, we will utilize a MIP-MIP electrode couple as the active
channel in the catheter-based measurements discussed in Section 3.3.
Such functionalized symmetrical electrodes for MIP-based histamine
detection are already known from literature in the form of dual planar
electrodes, which are conceptually related to interdigitated electrodes
(Bongaers et al., 2010). Furthermore, panel 3c) shows that a MIP-MIP
electrode pair shows no response to histidine, which is the precursor
substance of histamine and its most important competitor for binding on
the MIP receptors. The final test, presented in Fig. 3d), illustrates that a
NIP-NIP electrode pair does not respond to histamine, which makes it
well suited as a passive reference channel for the catheter-based hista-
mine measurements (see Section 3.3).

3.2. Data analysis of concentration-dependent impedance spectra

As mentioned above, it is hard to pinpoint a specific frequency for
which the analyte concentration and the impedance data show a
perfectly systematic correlation as was done in earlier publications with
planar electrodes (Peeters et al., 2012, 2013; Thoelen et al., 2008). This
holds not only for the experiments on histamine-spiked buffer in vials,
but also for the catheter measurements: therefore, we analyzed the in-
formation contained in the integral spectrum from 60 Hz to 1 MHz by
using the equivalent-circuit model shown in Fig. 4a. This circuit renders
the experimental data correctly (R? > 0.97) as seen in the Bode plot
(Fig. 4b) and the Nyquist representation (Fig. 4c) after a correction for
the cable capacitance via a dry “air” measurement. The underlying data
set was obtained with the catheter placed in the testing device kept at 37
°C, using two MIP-coated electrodes and intestinal fluid. Three con-
centrations were analyzed: the as prepared histamine-free fluid, and
with the fluid being spiked to resulting histamine concentrations of 100
nM and 1000 nM. These values were chosen deliberately to be below,
within, and above the physiologically normal concentration range.

The equivalent circuit, similar to a Randles circuit, represents the
MIP layer as a resistor (Rg) and a capacitor (Cg) in parallel. Upon binding
of histamine, both contributions are expected to change since MIPs are
porous materials in which the histamine targets will replace water
molecules in the binding pockets (Peeters et al., 2013). The circuit
contains also a serial resistor Rg which comprises the Ohmic contribu-
tions of the wiring, contact resistances and the resistance of the fluid
under study (see Fig. 2a). This parameter will be widely independent of
the histamine concentration; however, it may decrease for the highest
concentrations due to the protonating character of histamine. The
three-element circuit agrees approximately with the data, however, the
R? parameter stays around 0.85 with clear deviations in the Nyquist
plots. Therefore, we added a Warburg element Ay in series to the circuit,
increasing R? to 0.97 or higher. This element represents diffusion of
charged proteins, enzymes and other molecules. A physical interpreta-
tion of the diffusion-controlled Warburg element might be seen in the
fact that histamine molecules occur in three different hydrogenation
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Fig. 3. Electrode resistance R, as determined from the equivalent-circuit model of Equ. 1 for histamine- and histidine concentrations ranging from 5 nM to 10 mM in
1 x PBS buffer. All measurements were performed in vitro at room temperature with wire-shaped electrodes, for calculating the height of the error bars we refer to
Section 3.2. Panel a): The combination of a MIP-coated electrode with a blank titanium electrode shows an S-shaped response curve but with unacceptably high error
margins. Panel b) displays the symmetrical situation with two MIP-coated wire electrodes with a detection limit of 25 nM and reduced error margins. The dose
response fit line is derived using a sigmoid dose response curve (Equ. 2) for which y? was minimized. As shown in panel c), the combination of two MIP electrodes
does not respond to the competitor histidine. According to d), pairs of NIP-coated electrodes do not respond to histamine, making them suitable as a refer-

ence channel.

states that can be altered through contact with the electrodes (Chulkin
and Data, 2018; Randviir and Banks, 2013).

Using these four different elements (Aw, Rg, Cg, and Rg), the fre-
quency dependence of the complex impedance signal Zio(®) is calcu-
lated using the following equation:

-1 .
Zlw) = <ijE + Rl—) + ‘Lﬁ’) Ry M

Here, o stands for the frequency (f) while j is the imaginary unit. As
seen in Fig. 4b and c, there is a good agreement between the fit function
and the data. The concentration dependence of the fit parameters will be
addressed in detail in Section 3.3, also including data for additional
histamine concentrations. Furthermore, the full-spectrum analysis
makes the data more robust with respect to electromagnetic noise that
can be picked up by the cables. Regarding statistics, we wish to point out
that including the entire frequency spectrum provides more reliability
than considering only the impedance values at a single, fixed frequency.
The error margin on fitting parameters is dictated by non-linear
regression and increases with the number of fitting parameters. To
this end, the model only includes four elements and omits non-essential
elements such as the liquid capacitance and the double layer

capacitance. We have reduced the margin of error further by measuring
the same concentration at least three times and using this larger dataset
to acquire more accurate dose-response curves.

The model of Equ 1. does not take into account the possibility of
additional resistive and capacitive contributions due to electrode
fouling, an effect that can be expected for measurements in patients’
liquids. However, such influences can also be corrected by measuring
differentially with an active channel (two MIP-coated electrodes) and a
reference channel (two NIP-coated electrodes). The differential signal
represents the intrinsic analyte concentration and this strategy was
utilized successfully in earlier work on MIP-based biodetection in body
fluids (Bongaers et al., 2010; Peeters et al., 2013; Thoelen et al., 2008).

3.3. Dose-response behavior of catheter measurements in testing device

In this section, we discuss the dose-response characteristics obtained
with the catheter inside the testing device (kept at 37.0 & 0.1 °C) and
being filled with histamine-spiked intestinal liquids (pH 6-7). As
mentioned above, these samples are mixtures obtained from several
patients that we spiked with specific histamine concentrations after
extraction of the native histamine. The measurements were done in
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Fig. 4. a): Equivalent electric circuit for modelling the impedance spectra for different histamine concentrations in intestinal fluid, both in the in-vitro- and in the
catheter-based setting. The electrode couple is presented by a resistor R, and a capacitor Cg in parallel, the Warburg element stands for diffusion of charged molecules
and the resistor Rg comprises the cable- and fluid resistance. Panel b) shows the associated fit to the data in Bode representation (using Equ. 1) for histamine-free
bowel fluid and for bowel fluid with 100 nM, and 1000 nM histamine. ¢) Nyquist representation of the data with fitting derived from the model of panel 4a),

illustrating the quality of the equivalent-circuit model with R? > 0.99.

increasing order of the spiked concentration, starting from histamine-
free fluid, without regeneration of the electrodes between measure-
ments. Fig. 5a shows the concentration dependence of the electrode-
resistance parameter Rg. Within the relevant range for healthy per-
sons, from 5 nM up to 200 nM, the response is linear with respect to the
logarithm of the concentration and corresponds to ~6 kQ/log c (6 kQ
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LERE RS LR A S ) LR | ALY ) LRE AL ) IR E LY |
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per decade). The scaling proportional to the logarithm of the concen-
tration can supposedly be explained by the fact that histamine molecules
are positively charged, a behavior that is similarly observed in the pH-
dependent surface potential of many oxides such as TapOy (Poghossian
et al., 2018). The highest sensitivity AR./Ac ~ 209 ©@/nM was found in
the concentration regime around 16 nM, which is within the
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Fig. 5. Dose-response behavior of the electrode-resistance parameter R., measured with the histamine-sensing catheter on intestinal fluids in the catheter-testing
device (at 37 °C). The left panel a) refers to the MIP-MIP electrode couple, following nicely the binding model of Equ. 2, which is indicated by a solid red line.
Error bars, if not shown, are smaller than symbol size. The right panel b) are the results for the NIP-NIP reference channel with only a weak response to increasing
histamine concentration. All data points are the averages of four consecutive full-spectrum measurements while the error bars represent the standard deviations. In
between subsequent concentrations, there was no electrode regeneration. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)
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diagnostically relevant range. All data points are the averages obtained
from four subsequent measurements of the entire spectrum from 60 Hz
to 1 MHz, meaning that measuring a given concentration takes 120 s
(four cycles of 30 s). The spectra were analyzed with Equ. 1, based on the
equivalent-circuit model shown in Fig. 4a. The corresponding data for
the NIP-NIP electrode couple are given in Fig. 5b, showing a
non-systematic response which is lower and occurs only far above the
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physiological concentration range.

The dose-response behavior of the MIP-MIP signal follows the sig-
moid dose response curve, which is given in Equ. 2 and was imple-
mented in the Matlab 2018b software package and exported to Origin
pro 2016 for the graphical layout of the fit-function (Cornelis et al.,
2018; Yadav, 2013).

200 Fig. 6. Concentration dependence of the solution
] a) Electrode: MIP - MIP catheter r(lesistar;ce Rg (a)3 theé Warbur;g e}llemlslrll; 11\\/[\,\; 1Eb)land tge
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175 T=37°C couple according to the equivalent-circuit model of
Fig. 4a. Rg and Ay show a minor decrease, supposedly
due to the weakly acidic behavior of the spiked his-
tamine and possible transitions between its proton-
ation states. The capacity signal displays similarities
with electrode resistance R., however the sensitivity is
not as pronounced in the diagnostically relevant
concentration regime.
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(Rimax — Rinin)

( 1 + 10(C ( logl0(D50)—log10(C) )*Slope ) ) (2)

R(C) =Ryin +

The fit parameters of the sigmoid response model are R, = 40.4 kQ,
Rmax = 54 kQ, slope = 1 and dso = 16 nM, resulting in a goodness factor
R? = 0.91. The linear range is approximately between 5 nM and 200 nM,
corresponding to physiologically normal histamine values in duodenum
fluid while typical concentrations found with IBS patients are 1-2 pM,
thus in the saturation regime of the sensor (Peeters et al., 2013). In a real
application, the software can therefore be configured to provide digital
information between subcritical (negative result if ¢ < 200 nM) and
critical values (positive result if ¢ > 200 nM). IBS patients, in whom mast
cell activation with histamine release is the underlying pathophysio-
logical mechanism, should fall into the second category, when appro-
priately challenged with a food or a stressor (Fritscher-Ravens et al.,
2019; Vanuytsel et al., 2014). The relative signal value upon saturation
(141%) agrees well with the signal amplitudes found earlier for
MIP-based impedimetric sensors for the detection of L-nicotine and
histamine (Bongaers et al., 2010; Thoelen et al., 2008). In one mea-
surement (data not shown), the intestinal fluid was heavily contami-
nated with stomach acid, resulting in a pH of 3. Here, it was not possible
to construct a dose-response curve, which can actually be anticipated
from the pH-dependend binding properties of the MIP coating. The poly
(acrylic acid) MIPs have a uniform binding affinity between pH 5 and pH
9, while the affinity drops rapidly to zero outside this range: At pH 3 the
affinity is less than 10% compared to pH 6-7 (Peeters et al., 2013). Fig. 6
summarizes the concentration dependence of the other three parameters
as derived from the equivalent-circuit model introduced in Fig. 4a, being
the capacitance C. of the electrodes, the Warburg element Ay and the
solution- and serial resistance Rq.

The Rg parameter shows a weak, almost linear decrease, which we
can attribute to the mildly acidic character of histamine that enhances
the conductivy of the liquid by release of H' ions. The same holds for the
Warburg element in which higher ion concentrations enhance conduc-
tivity by diffusion of charged species that are protonated or deproto-
nated in close vicinity of the electrode. In contrast to the data for the
electrode resistance R, (see Fig. 5), Aw does not saturate for concen-
trations above 1 pM, which means that the Ay response is unrelated to
selective molecular recognition. The electrode capacitance C, shows a
gradual increase by ca. 22% between an almost histamine-free solution
(5 nM) and the saturated level. Therefore, the correlation between the
spiked concentrations and C. is weak in the relevant regime, which
makes Ce much less suited as a read-out parameter than Re.

4. Conclusions and summary

In this work, we have developed a catheter-based impedimetric
sensor for the detection of histamine in intestinal fluids. In a later stage
of development, this catheter should serve as a tool to facilitate the
diagnosis of irritable bowel syndrome, a widespread disorder which
goes along with elevated histamine levels in the small intestines due to
chronic immune activation. The analytical performance was verified by
measurements on histamine-spiked intestinal fluids from humans inside
a testing setup that mimics body temperature and the dielectric prop-
erties of tissue and body liquids. The length and diameter of the catheter
comply with the needs for insertion through the nose, although a further
reduction of the outer diameter is desirable in view of the comfort of
future patients on whom the device will be applied in vivo. Thanks to an
integrated aspiration tube, intestinal liquid can also be obtained for an
additional in vitro analysis of the fluid regarding histamine and other
biomarkers. Furthermore, the aspiration tube serves to open the tip
compartment with the histamine-sensitive electrodes only after its pas-
sage through the stomach: This avoids deterioration of the electrode
coatings by stomach acid and allows also to open the tip compartment
deliberately at any later moment.

Regarding the electrode configuration, we found the highest
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correlation between impedance data and the histamine concentration
when using “symmetric” electrode couples in which both titanium wires
were coated with MIP-receptor material. The tip compartment contains
furthermore a couple of NIP-coated electrodes, allowing to correct the
data for electrode fouling if necessary. To quantify the impedance
response to increasing histamine levels, we analyzed the full impedance
spectrum in a frequency range spanning almost 5 orders of magnitude to
extract the electrode resistance: This resistance was obtained as one out
of four parameters in a modified Randles circuit; the three other pa-
rameters show either a very weak concentration dependence or do not
result in sufficient sensitivity within the relevant concentration range.
The electrode-resistance parameter follows a sigmoid dependence on the
histamine concentration and the useful analytical range is between 5 nM
and 200 nM, with the highest sensitivity around 16 nM. This covers the
physiologically normal range while the sensor signal saturates for con-
centrations above 200 nM, typical for pathological conditions.

It is a considerable challenge to develop a proof-of-concept in the
laboratory further towards an envisaged application, for which the strict
regulatory rules on medical devices apply. The catheter-based impedi-
metric histamine sensor is now at a technological-readiness level that
tests on laboratory animals and, in a following stage, on human volun-
teers become feasible. Along with this, further refinements are under
consideration aiming at i) a narrowing down of the external catheter
diameter by using MIP-functionalized microelectrodes and ii) utilizing
MIP-deposition techniques that can be upscaled towards mass
production.
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