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ABSTRACT

Systematic errors in the calix [4] pyrrole-based potentiometric detection of creatinine have been observed in heavy smokers. This work further characterizes the
interactions between the nicotinium cation and the cavitand as well as the resulting interference produced during the potentiometric detection. It is found that the
nicotinium cation binds the electronic rich aromatic cavity defined by the pyrrole rings of the receptor’s cone conformation with an estimated binding constant
higher than 10~* M~! in methylene chloride. On the other hand, the creatininium cation is preferentially included in the hydrophobic aromatic cavity of the
ionophore by establishing hydrogen bond interactions with the pyrrole NHs groups. Potentiometric calibrations confirmed the detection of the nicotinium cation at
neutral and acidic pH, respectively. Due to the lower pka of creatinine, a methodology to quantify creatinine in presence of nicotine by using an array of three sensors
at two pH values is proposed. A partial least squares regression was performed and reported recoveries of 103% with a standard deviation of 20%. The improved
determination of creatinine was therefore discussed. This approach represents a step forward in the development of effective approaches to improve the measurement

of creatinine in decentralized settings.

1. Introduction

Monitoring chronic conditions is becoming a growing challenge in
healthcare, with significant implications in analytical chemistry. Indeed,
as the use of information and communication platforms is driving the
evolution towards remote care approaches, there is a growing pressure
to transform conventional lab-based instruments into point of care de-
vices. An example that pioneered and anticipated this trend is the long
quest to improve the management of diabetes, which resulted in the
development of the glucometer. Initially conceived for clinical settings,
this device was then adapted for home use and its success has fueled the
search for similar solutions in other areas. From an analytical perspec-
tive, the challenge is to develop tools for monitoring biomarkers that can
simultaneously meet analytical, as well as mass-market standards.
Simple, robust, and affordable approaches are increasingly required.

Creatinine is -together with glucose-one of the top biomarkers of
interest. Creatinine is continuously produced by the muscles and
transported by the blood stream to the kidneys, where it must be

excreted through the glomerular filtration process. For this reason,
creatinine is one of the key biomarkers for monitoring kidney condi-
tions, in particular for detecting and diagnosing chronic kidney disease
(CKD) [1]. CKD is a silent condition that progress unnoticed until well
advanced, and for that reason is in the top 10 chronic conditions in
adults worldwide [2]. Strongly associated to other pathologies, such as
diabetes and cardiovascular disease, stage of progression of CKD is
defined by the creatinine blood levels. Surprisingly, despite of being
such a fundamental parameter, current analytical methods for per-
forming this analysis are complex, outdated, and prone to error.

In the clinical laboratory the determination of creatinine is routinely
performed with methods based on the Jaffé reaction, an approach that
was reported almost 150 years ago [3]. Despite of its widespread use,
this is a complex kinetic-based approach that uses delicate reagents and
is prone to interferences that tend to produce inaccurate results.
Therefore, it can hardly assume a point of care format. Several alter-
natives have been reported in the scientific literature [4,5] and there are
also some commercial portable devices specific for the determination of
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Scheme 1. Tetra-aryl-substituted, monophosphonate-bridged calix [4]pyrrole (ionophore 1); reference receptor (ionophore 2); line-drawing structures of creatinine
(3) its protonated form, the creatininium cation (3H™) featuring a pka = 4.8; nicotine (4) and its protonated form, the nicotinium cation (4H") having a pka = 7.9
and the nicotinium dication (4H3") with pka = 3.2. Line-drawing structures of the putative 2:1 complex of the creatininium cation with ionophore 1 and the 1:1

complex of the nicotininium cation with the same ionophore.

creatinine. However, most of them are based on three enzyme cascade
approaches that require careful control of the reaction conditions [6].
All in all, as most tools are complex and only suited for professional use,
there is a growing need for simple, robust and affordable tools for the
determination of creatinine in clinical samples.

During the last few years we have reported a novel ion-selective
potentiometric approach for the determination of creatinine in blood
and urine [7]. Potentiometry is an ideal technique for building point of
care devices, since it combines robustness, simplicity of operation and
instrumentation and low cost. One of its main limitations is the reduced
number of substances that can be detected. To overcome this issue, we
have developed a novel ionophore with a high selectivity for creatinine.
First, an aryl-substituted, monophosphonate-bridged calix [4]pyrrole
phosphonate cavitand 1 (Scheme 1, ionophore 1) was designed and
synthesized to demonstrate efficient binding with the creatinine and the
creatininium cation in solution. In a previous work, we have shown that
the affinity of the ionophore for creatinine strongly depends on the
aryl-phosponate bridge. Therefore, a molecule without this bridging
group was used as reference (ionophore 2). Second, ionophore 1 was
incorporated into a suitable polymeric matrix allowing simple, selective,
fast and enzyme-free potentiometric detection of creatinine. The
method, which only requires adjusting the pH of the solution to convert
creatinine into the charged creatininium cation, was validated through
the accurate direct detection of creatinine in urine samples [8]. How-
ever, like any other potentiometric approach, the sensing method pre-
sents two major limitations: a) the unspecific (bio)fouling produced by
large biomolecules and b) the more specific interferences due to the
affinity of the ionophore with small organic and inorganic species. In
urine -where the levels of creatinine are higher-the first issue has been
successfully overcome by sample dilution. Nevertheless, some errors
resulting in abnormally high values have raised questions regarding
specific interferences linked to the selectivity of the ionophore 1.

The selectivity of ionophore 1 towards common cations (K*, Na™ etc
...) is high enough to allow the direct determination of creatinine bio-
logical matrices [7,8]. However, screening of data revealed some asso-
ciation between abnormally high values of creatinine and smoking
habits. Considering that the cationic form of nicotine (4H™), produced at

the pH used in the determination of creatinine,is a lipophilic molecule,
we surmised that the putative existence of an interaction between the
nicotinium cation and the ionophore 1 could cause the observed in-
terferences during the detection of creatinine. Calix [4]pyrrole receptors
can function as heteroditopic receptors. They bind electron rich species
and anions by including them in its deep and polar aromatic cavity by
establishing complementary hydrogen bonding interactions, i.e. recog-
nition of creatinine. Moreover, calix [4]pyrrole receptors can also bind
cations in the shallow and electron-rich aromatic cavity, opposed to
bound electron-rich species, that is defined by the pyrrole rings in cone
conformation (i.e. cation-pi interactions) [7]. Previously, we described
that the interaction between the creatininium cation and ionophore 1
produced 1.1 and 2:1 complexes. In the 2:1 complex, one creatininium
cation is included in the polar cavity of the ionophore and a second
cation located its methyl group in the opposed electron-rich cavity
(Scheme 1). The oxygen atom of the included creatininium cation was
engage in four convergent hydrogen bonds with the pyrrole NHs at the
closed end of the cavity. In turn, the methyl group of a second crea-
tininium cation was inserted in the opposed electron-rich cavity of the
bound calix [4]pyrrole establishing cation-pi interactions with the pyr-
role rings. In the case of the potentiometric detection of creatininium,
we hypothesized that the formation of the inclusion 1:1 host-guest
complex was the main responsible of the sensing. Nevertheless, for the
nicotinium cation, and related metabolites, the formation of a 1:1
complex exclusively located the methyl group in the electron rich aro-
matic cavity defined by the pyrrole rings of the calix [4]pyrrole receptor
in cone conformation (Scheme 1) [9].

One of the major limitations of the implementation of ISEs is indeed
the demanding selectivity requirements. The K™ ISE, for instance, suffers
from the interference of ammonium due to comparable size and
enhanced lipophilic character of the later [10]. For anions, this issue is
even more pronounced due the strong hydration enthalpy [11] and for
instance the potentiometric recognition of highly hydrophilic anions
such as sulfate and phosphate still remains challenging [12]. Over-
coming interferences through sample pretreatment (e.g., precipitation
of salts with pH control [13], etc.) is possible, but limited to laboratory
and complex to perform in real samples. Alternatively, designing sensor
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Table 1
Analytical figures of merit of sensor 1 and blank for nicotine in acidic (pH 3.8)
and neutral buffer (pH 7.4).

Sensor 1 Blank
pH 3.8 7.4 3.8 7.4
Sensitivity (mV/ 57.5+ 2.1 52.7 £ 0.5 51.8 +£ 0.9 51.4+ 1.5
decade)
Linear range (Log) —6to -2 —5to -2 —5to -2 —5to -2
Log (LOD) —6.53 £+ -5.11 + —5.42 + —5.02 +
0.06 0.01 0.02 0.01

arrays that can increase the channels of information is emerging as an
attractive approach to improve the detection of the primary analyte and
even expand to multianalyte detection [14].

In this work, we present first the evidence that confirms the specific
interference on the potentiometric detection of creatinine produced by
the nicotininium cation. It is shown that an electrode incorporating
ionophore 1 presents an enhanced detection to the nicotininium cation
in acidic and neutral media. 1D and 2D NMR spectroscopy studies are
used to probe the interaction between the ionophore 1 and the nic-
otinium cation in solution. Thereafter, a sensor array incorporating ISEs
of ionophore 1 and 2 (lacking the phosphonate group inwardly directed
with respect to the cavity) and an additional ISE lacking of any iono-
phore (labelled as blank sensor) was designed and characterized. Based
on these results, we propose an unprecedented methodology to deter-
mine creatinine in presence of nicotine by using an array of three
potentiometric sensors measuring at two different pHs. Indeed, taking
advantage of the low pKa value of creatinine (4.8) compared to the first
one of nicotine (3.2 and 7.9), samples were measured in both acidic and
neutral conditions [15]. Multivariate analysis allows thus generating a
model for the detection of creatinine in presence of nicotine with good
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recoveries. These results encourage the development of potentiometric
sensing arrays that can be successfully applied to monitoring chronic
conditions.

2. Experimental
2.1. Reagents

Potassium tetrakis[3,5-bis-(trifluoromethyl)phenyl] borate (KTFPB),
o-nitrophenyl octyl ether (0-NPOE) >99%, high molecular weight
polyvinyl chloride (PVC), anhydrous tetrahydrofuran (THF) > 99.9%,
magnesium acetate tetrahydrate (Mg(Ac)2-4H20) > 99%, sodium tet-
raborate (NapsB407) 99%, sodium acetate (NaAc) > 99%, sodium phos-
phate monobasic (NaH;PO4) >99%, sodium hydrogen phosphate
(NagHPOy), potassium di-hydrogen phosphate (KH3POy), lithium di-
hydrogen phosphate (LiH2POj4), analytical grade chloride salts of so-
dium (NaCl), potassium (KCl), creatinine anhydrous >98%, (—)-nicotine
>99%, hydrochloric acid 37% (HCl), hydrochloric acid (4 M in
dioxane), sodium hydroxide (NaOH), (TRIS-HCI) tris(thydroxymethyl)
aminomethane hydrochloride (TRIS-HCl), 3-(N-morpholino)propane-
sulfonic acid (MOPS), 2-(N-morpholino)ethanesulfonic acid (MES), So-
dium tetrakis [3,5-bis(trifluoromethyl)phenyl]borate (NaBArF4) and
ethyl ether were all purchased from Sigma-Aldrich (Spain). Acetic Acid
(96% purity) was purchased from Riedel-de Haen (Honeywell Interna-
tional Inc., Germany).

All solutions were prepared using doubly deionized water (18.1 MQ
cm™! resistance) produced by a Milli-Q water system (Millipore Cor-
poration, Bedford, MA). Buffer solutions were prepared as mentioned
elsewhere [8]. Briefly: 50 mM acetic acid/magnesium acetate (HAc/Mg
(Ac)2) pH 3.8; and 50 mM phosphate buffer (PB with potassium or
lithium as counteraction) pH 7.4 as well as MOPs and TRIS-HCI pH 7.4.
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Fig. 1. Calibration curve of nicotine with sensor 1 and blank at A) pH 3.8 and B) pH 7.4; C) Comparison of the independent response of sensor 1 to creatinine and
nicotine at pH 3.8; D) Calibration of creatinine with sensor 1 (at pH 3.8) in the absence (blue dots) and in the presence of 0.01 mM nicotine. Error bars correspond the
measurement of three different sensors (N = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)
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Fig. 2. A) Line-drawing structure of the 1:1 complex of ionophore 1 with BArF, salt of nicotininium cation 4H™, B) Front view of the energy minimized structure of
the complex (BP86-D3/def2-SVP). C) Selected regions of the 'H NMR and 3'P NMR spectra registered during the titration of a millimolar solution of ionophore 1 (a)
with incremental amounts of the BAr} salt of nicotinium cation in CD,Cl, solution, b) 0.5 equiv, ¢) 1.0 equiv, d) 3.0 equiv, e) 5.0 equiv, f) 9.0 equiv, g) Free BArF, salt

of nicotinium cation.

Preparation of the ion-selective membrane is described elsewhere
[7]. Briefly, the membrane of sensor 1, 2 and blank were prepared using
a 1:2 wt ratio of polymer (PVC) and plasticizer (o-NPOE) respectively
(see Table 1 for complete composition). This mixture was vigorously
shaken for 30 min in an ultrasonic bath (37Hz, 100% power, FB11205,
Fisherbrand®) until complete dissolution of all the components. After-
wards, 50 pL of the mixture were deposited by drop casting onto a glassy
carbon electrode and allowed to dry for a minimum of 2 h. The selec-
tivity coefficient was calculated with the separated solution method

(SSM) [16] and the required selectivity coefficients with the maximally
tolerable errors based on our previous work [17].

2.2. Instrumentation

Electromotive force (EMF) was measured with a high input imped-
ance device (10" Q EMF16 multichannel data acquisition, Lawson
Laboratories, Inc. Malvern, USA) at room temperature (22 °C) in a well-
stirred solution. A double junction 3 M Ag/AgCl/KCl reference electrode
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(type 6.0726.100, Methrom AG) containing a 1 M LiAcO electrode
bridge was used.

2.3. Synthesis

The synthesis of [BArF4][4H]™ involved two reaction steps starting
for the precipitation of the nicotine hydrochloride, [ClI'[4H]T, from a
nicotine ether solution by addition of hydrochloric acid (in dioxane).
The pure salt was isolated quantitatively after a Schlenk-frit filtration
under argon atmosphere. Finally, the anion exchange was achieved by
reacting [C1]'[4H]" with NaBArF, in water at 98 °C. The reaction pro-
duce a precipitated which was filtered and washed with water yielded
pure [BArF4][4H]" in 75% (see experimental details in SI for full
characterization).

2.4. Multivariate model for the prediction of creatinine

PLS Toolbox 8.8.1 (Eigenvector Inc, Manson, WA, USA) for MATLAB
2020a (Mathworks Inc., Natick, MA, USA) was used for data analysis.
Partial least squares (PLS) regression was used for quantitative analysis.
Data from the six recorded EMF values (blank, ionophore 1 and iono-
phore 2 at pH 3.8, and blank, ionophore 1 and ionophore 2 at pH 7.4)
were used to build the X matrix. The concentration of creatinine in the
samples (expressed as logarithm of concentration) was used for the y
matrix. All the data were mean-centered before the construction of the
PLS model. No other pre-treatments were applied in the construction of
the models. The Venetian blinds method (with 14 data splits and three
samples per blind) was used for the cross-validation. Root mean square
error of cross-validation (RMSECV) was chosen as the figure of merit to
check the usefulness of the model.

3. Results and discussion
3.1. Potentiometric detection of nicotine

The creatininium cation has a pKa value of 4.8, which means that at
pH 3.8 it will be the predominant form of creatinine. For this reason, this
pH was originally chosen as the optimum value for the potentiometric
detection of creatinine [8]. At pH 7.4 only the neutral form of creatinine
is found. Nicotine, on the other hand, has divalent and monovalent
cations, with pKa values of 3.2 and 7.9 respectively. Thus, while at both
pH values the monovalent is the predominant species, at pH 3.8 there is
a significant fraction of both, di- and mono-valent cations, while at pH
7.4 (PBS buffer) a significant fraction of the monovalent cation and
neutral species exist.

Potentiometric sensors with and without the incorporation of iono-
phore 1 were prepared and labelled as sensor 1 and blank, respectively
(see Table S1). Fig. 1 (A and B) compares the calibration curve obtained
for sensor 1 and blank at both pH (3.8 and 7.4). The results show that the
presence of the ionophore 1 (sensor 1) enhances the detection of nico-
tine, thus confirming that interactions between the ionophore 1 and the
nicotinium cation occur. The higher potentiometric response obtained at
acidic pH might be due to the lower level of interfering cations present in
the acetic buffer (Mg?") compared to PB buffer (Na™/K™). Alternative
buffer compositions were also tested as an attempt to improve the
detection of nicotinium at pH 7.4. The use of 50 mM MOPs and TRIS-HCl
buffers yielded a higher total potentiometric response for both sensor 1
and blank. Unfortunately, in these ammonium-based buffers the
response of the blank was higher than that of sensor 1. Most likely and as
explained above, this is due to unspecific interactions between the buffer
components and the ionophore 1 [9]. For this reason, the rest of the
experiments in neutral media were conducted in PB pH 7.4. The results
of the calibration for nicotine using sensor 1 and blank are shown in
Table 1, where the sensitivity, linear range and limits of detection (LOD)
are compared. It is worth mentioning that at pH 3.8 sensor 1 produces a
Nernstian response (57.5 + 2.1 mV/dec) for nicotine down to the single
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pM range. This value is one order of magnitude lower than for the blank
sensor (Table 1). In general, reports on potentiometric detection of
nicotine are scarce, with analytical performance poorer than the herein
reported example [18-20].

Once the detection of nicotine with sensor 1 has been demonstrated,
a comparison of the separate detection of both analytes, nicotine and
creatinine, was conducted. Fig. 1C compares the independent detection
of nicotine and creatinine at pH 3.8 using sensor 1. These results confirm
that nicotine may produce a significant interference on the detection of
creatinine at the working pH. A selectivity coefficient calculated with
the separate solution method yields a value of log Kcreatinine, Nicotine =
+1.07 &+ 0.1. To put things in perspective, the levels of error (from 1 to
100%, Table S2) for different values of selectivity coefficients were
estimated, considering the clinical range for creatinine and nicotine in
urine are between 3 and 25 mM [21] and 0.006-0.04 mM [22],
respectively.

Empirical evidence of this interference can be seen in Fig. 1D, where
the effects of performing a calibration of creatinine with sensor 1 in a
background of nicotine 0.01 mM are shown. Evidently, as the ratio
nicotine/creatinine increases the interference becomes more serious.
Fig. 1D shows that even for a ratio 1:100 (1 mM creatinine in a 0.01 mM
nicotine) the interference is significant.

3.2. Supramolecular interactions of the nicotine-ionophore system

The BArF, salt of nicotine was synthetized in order to probe the non-
covalent interactions between the ionophore 1 and the nicotininium
cation 4H". We selected tetrakis(3,5-bis(trifluoromethyl)phenyl)borate
([BArF4]") as solubilizing and non-competitive counterion for the nic-
otinium cation in non-polar organic solvents.

We isolated the [BArF4]” salt of 4H" in 75% yield. The salt was
characterized by a set of high-resolution spectra and X-ray crystallog-
raphy (Figures S1-4). We performed titrations experiments of 1 with
[BArF4] [4H]™ in CD,Cl, solution using 'H and 3'P NMR spectroscopy.
The 'H NMR spectrum of a millimolar solution of receptor 1 in CDCl,
showed sharp and well-resolved proton signals that agree with Cs
symmetry (Fig. 2C, left side). Additionally, the 3'P NMR spectrum of 1
showed a single phosphorous signal (Fig. 2C, right side). The incre-
mental addition of the BArF,4 salt of nicotine induced chemical shift
changes to the proton signals of the ionophore 1.

Remarkably, the 3'P NMR spectra acquired during the titration evi-
denced that the phosphorous signal of receptor 1 was not affected by the
incremental addition of the BArF, salt of nicotine. (Fig. 2C, right side).
This observation suggests that the P—=O group is not involved in the
binding with the nicotinium cation. We performed a detailed analysis of
three spectral regions of NMR spectra acquired during the titration ex-
periments (Figures S5-8). We observed that in response to the incre-
mental addition of the BArF, salt of the nicotinium cation the pyrrole
NHs of ionophore 1 moved slightly downfield (A8 = + 0.6-0.3 ppm).
Other proton signals of 1 also experienced reduced chemical shift
changes. After the addition of more than 1 equiv of [BArF,] [4H] ™, the
signals of the ionophore 1 did not experience noticeable changes. Taken
together, the obtained results indicated that the binding of 1 with
[BArF4] [4H]" produced a complex with 1:1 stoichiometry for which we
can estimate a binding constant larger than 10* M. The binding
equilibrium between free and bound counterparts experiences exchange
dynamics that were fast on the chemical shift timescale. We also
observed that the increase in the concentration of the nicotinium cation
produced a significant downfield shift to its methyl group signal
(singlet). This observation indicated that the bound nicotinium cation
placed its methyl group in the shallow and electron rich cavity of 1. In
this location, the methyl groups experienced the shielding effect of the
four pyrrole rings. Owing to the fast chemical exchange that exist be-
tween the free and bound cation, after the addition of 1 equiv, the in-
crease in concentration provokes the presence of incremental amounts
of the free counterpart, thus explaining the observed downfield towards
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Fig. 3. Potentiometric response of a creatinine (A) and nicotine (B) at pH 7.4 for sensor 1, blank, and sensor 2.

the chemical shift value of the free cation (Figures S9-11). We further
characterized the 1:1 complex using a dichloromethane solution con-
taining an equimolar mixture of 1 and the BArF, salt of nicotinium. The
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NOESY experiment of the mixture showed the existence of cross-peaks
due to close-proximity in space between the methyl group of the nic-
otinium cation and the p-pyrrole protons of 1. This result fully supported
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Fig. 4. Potentiometric response for creatinine at pH 3.8 (A, C, E) and pH 7.4 (B, D, F) for sensor 1 (A, B), sensor 2 (C, D) and blank, (E, F).
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between the measured concentrations of creatinine and the predicted concentrations of creatinine with the PLS model.

that in the 1:1 complex quantitatively formed in solution, the methyl
group of the protonated nicotine cation was located in the shallow and
electron rich cavity of the receptor’s cone conformation (Figures S12-19,
Table S3). Most likely, the 1:1 cationic complex is fully dissociated in
solution owing to the reduced coordination properties of the [BArF4]
anion. It is worthy to note, for comparison purposes, that the reported
binding constants of the 1:1 and 2:1 complexes of 1 with the crea-
tininium cations are of the same order of magnitude (~10* M 1) under
similar conditions [7].

Fig. 2B shows a side view of the energy-minimized structures of the
putative 1:1 complex of ionophore 1 with protonated nicotine 4H™. The
[BArF4]" counter anion was removed to simplify the calculation and
because in solution we assumed that the complex is significantly
dissociated. We included one methylene chloride molecule bound inside
the cavity of the ionophore 1 in order to stabilize the cone conformation.
The energy-minimized structure of the complex was performed at the
BP86-D3/def2-SVP level of theory as implemented in TURBOMOLE
version 7 [23-26].

3.3. Potentiometric detection of creatinine in presence of nicotine

All the evidence confirms that nicotine can have a powerful inter-
fering effect in the potentiometric determination of creatinine, due to
the strong interactions between the nicotinium cation and the ionophore
1. Therefore, an approach to overcome this issue, allowing the accurate
detection of creatinine in the presence of nicotine, has been elaborated.
The proposed strategy follows three main lines. First, using the pH as
discriminating variable, since it has been already shown that for sensor 1
and the blank the response of creatinine and nicotine as function of pH is
different. Second, introducing an additional sensing device (sensor 2) to
increase the power of discrimination between the two species. Third,
using multivariate statistical tools to extract the information and
improve the determination.

The additional channel, sensor 2, was built using ionophore 2. The
details on the use of this ionophore for the detection of creatinine can be
seen elsewhere [7]. In essence, sensor 1 provides information of both,
nicotine and creatinine. For sensor 2, on the other hand, the lack of the
bridging-phosphonate group reduces its response to creatinine. How-
ever, because of the different type of complexes formed in the interac-
tion of the two cations with the ionophores, the lack of the
bridging-phosphonate is not expected to affect significantly the poten-
tiometric detection of the nicotinium cation. In fact, a preliminary
screening (data not shown) reveals that this assumption is correct, and
sensor 2 responds to nicotine at both pH. Finally, the blank sensor
provides a nonspecific response which is linked to the lipophilicity and
ion-exchange capacity of the membrane. Therefore, a sensing array

containing sensor 1, sensor 2 and the blank sensor was built and tested
within the clinical range of interest, which for creatinine is up to 10 mM
and for nicotine up to 0.1 mM, in solutions of pH 3.8 and 7.4. First,
individual analyte responses were evaluated and then mixed solutions
were considered.

The results show that at pH 7.4 (Fig. 3A), the response for creatinine
is better for sensor 1 than for sensor 2 (which is similar to the blank).
This is due to the additional hydrogen bonding interaction that the
bound creatininium cation can establish with the bridging phosphonate
group present at the upper rim of ionophore 1, compared to ionophore 2
that lacks of the bridging phosphonate. Evidently, the response of
creatinine is limited due to the minimal fraction of the analyte present as
creatininium cation (capable of producing the potentiometric response)
at this pH. In the case of nicotine at pH 7.4 (Fig. 3B), both sensor, 1 and 2
show similar response, which is significantly larger than the response of
creatinine (in part due to the higher fraction of nicotinium cation) and
also enhanced compared to blank. This confirms our previous assump-
tion: ionophores 1 and 2 should provide similar potentiometric re-
sponses to nicotine because the non-covalent interactions (cation-r)
established between the analyte and the ionophores involve their almost
identical shallow and electron-rich cavities.

In order to optimize the use of the sensor array, testing solutions of
creatinine in different background of nicotine were tested. Fig. 4 shows
the calibrations of creatinine at both pHs for sensor 1, sensor 2 and the
blank sensor. While at nicotine levels of 0.001 mM the contribution is
very low (negligible for sensor 2 and blank), when nicotine is at a
concentration of 0.01 mM its contribution to the potentiometric
response is significant, at both pH values. In the presence of nicotine at
these levels of concentration (typical for smokers) the relationship be-
tween the potentiometric response and the concentration of creatinine is
blurred and cannot be established with a univariate calibration strategy.
Since both substances contribute to the potentiometric response, but
their contributions are pH-dependent, a multivariate calibration
approach seems more appropriate.

PLS was used to correlate the concentration of creatinine in the
samples (expressed as logarithm of concentration) with the six recorded
EMF values (sensor 1 and 2, blank at both pHs 3.8 and 7.4). Two factors
explained 87.1% of the original information in the y-variable (concen-
tration of creatinine), with a root mean square error of cross-validation
(RMSECV) of 0.3107. RMSECYV is given in logarithmic concentration
units and indicates the averaged errors in quantification of the target
analytes with the derived models. Despite RMSECV has its limitations
when applied to a range of logarithmic concentrations since it is a point
estimation, it is a widely used figure of merit in model comparison [27].

The scores plot (Fig. 5A) shows that the samples with higher con-
centration of nicotine (10~*7 and 10~> M) appear in different groups in
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Fig. 6. a) Scores plot of the PCA model removing the samples containing high concentration of nicotine. Two factors of the PLS model explained 94.64% of the
original information in the y-variable. b) Regression line between the measured concentrations of creatinine and the predicted concentrations of creatinine with the

PLS model.

the lower-right part of the graph, while the rest of samples are uniformly
mixed. The score plot confirms the importance of the nicotine values in
building a calibration model for the prediction of creatinine. The plot of
predicted versus measured concentrations of creatinine (Fig. 5B) shows
that the predicted values at the lower concentrations have a very high
variability. In particular, higher errors in the prediction of concentra-
tions of creatinine are found for higher concentrations of nicotine.

To check this hypothesis, samples containing high concentration of
nicotine (10~*7 and 10~° M) were removed and the PLS model was
rebuilt. In this case, two factors of the PLS model explained 94.64% of
the original information in the y-variable, with an improved RMSECV of
0.1966. The scores plot shows in this case no dependence from the
concentration of nicotine (Fig. 6A). In Fig. 6B the predicted versus
measured concentrations of creatinine plot shows that the variability of
the predictions is not related to the nicotine content in the samples.

This model was then externally validated with the test-set method,
finding the recovery values for the predicted samples in the test set. The
set of samples were divided into a training set (75% of the samples
randomly selected at each concentration level were used to build the
model) and a test set (25% of the samples randomly selected at each
concentration level were used to validate the model), ensuring therefore
that all the concentration levels were included in both the training and
test sets. The average predicted recoveries ([creatinine]ieq/[crea-
tinine]predicted 100) of the test set was 97% with a standard deviation of
26%.

To mimic physiological concentrations of creatinine and nicotine in
urine, samples with concentrations of creatinine below 103 M were
removed. The resulting PLS model improved the previous results and
two factors explained 95.26% of the original information in the y-vari-
able, with a RMSECV of 0.1255. In order to perform an external vali-
dation of the model, the set of samples was divided again into a training
set (=70% of the samples randomly selected at each concentration level
were used to build the model) and a test set (=30% of the samples
randomly selected at each concentration level were used to build the
model), ensuring again that all the concentration levels were included in
both the training and test sets. The average predicted recoveries of the
test set was 103% with a standard deviation of 20%.

4. Conclusions

This work represents a step forward in the development of robust and
simple analytical tools that can be used in the evaluation of chronic
conditions. First, it has been shown that nicotine is a significant specific
interference in the potentiometric determination of creatinine with
sensor 1, due to the strong interactions established between the

ionophore 1 and the nicotinium cation. While the creatininium cation
forms 1:1 and 2:1 complexes with ionophore 1, the nicotinium cation
interacts exclusively with the shallow and electronic rich aromatic
cavity defined by the pyrrole rings of ionophore 1 in cone conformation.
As a way to overcome this problem, the development of a sensing
array, measurements at different pHs and use of multivariate analysis
has been successfully demonstrated. Regarding the array of sensors,
during the last decade there has been significant improvements in the
mass manufacturing and cost reduction of both, sensors and instru-
mentation. For this reason, addition of sensors should not represent any
kind of problem. On the contrary, it is quite likely the path for the future
development of more robust analytical tools. The major complication of
the methodology proposed is without any doubt the measurement at
different pH. While more work on this area will be required, recent
progress in microfluidics and sample conditioning approaches in paper-
based devices could be a way to automate the process and reduce all
manual operations. Finally, the use of multivariate algorithms has been
crucial to properly extract the information and estimate errors. It could
be expected that through the addition of more channels of information,
and through the use of more complex data analysis tools these meth-
odologies could provide robust multianalyte monitoring tools.
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