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Abstract: In the context of personalized medicine, the paraxanthine-to-caffeine ratio is an accepted
standard for the optimization of the dose-response effect of many pharmaceuticals in individual
patients. There is a strong drive towards the development of cheaper and portable devices for the
detection of biomarkers, including paraxanthine and caffeine, which requires materials with high
binding efficiency and specificity. We designed a recognition unit specific for paraxanthine which can
discriminate molecules with small structural differences and can be used to increase the sensitivity of
sensors. A number of functional units were screened by nuclear magnetic resonance for their ability
to form specific binding interactions with paraxanthine in water and negligible interactions with its
structural analogue caffeine. Imidazole was identified as the unit showing the most promising results
and its two polymerizable derivatives were evaluated by isothermal titration calorimetry to identify
the best monomer. The data suggested that 4-vinylimidazole was the most promising unit forming
specific and strong binding interaction with paraxanthine. The calorimetry experiments allowed also
the determination of the thermodynamic parameters of all interactions and the association constant
values. Optimization of polymerization protocols in water, achieving high monomer conversions
and chemical yields, demonstrate the suitability of the selected functional monomer for polymer
preparations, targeting the detection of paraxanthine in aqueous environments.

Keywords: paraxanthine; CYP1A2 phenotyping; molecular recognition; 4-vinylimidazole; functional

monomer; microgels

1. Introduction

Paraxanthine (1,7-dimethylxanthine, PX) is the major primary metabolite of caffeine
(CAF) in humans, and has recently attracted a lot of interest because of its biological
activity [1-3], lower anxiogenic activity, and toxicity compared to CAF [4,5]. In the human
body, CAF is metabolized to PX (81.5%), theobromine (TB), and theophylline (TP) present
in 10.8% and 5.4%, respectively (Figure 1) [6]. All dimethylxanthines are purine derivatives
and have in common the xanthine core with a different number of methyl groups attached
to the nitrogens in different combinations. The human enzyme CYP1A2 is solely responsive
for the formation of PX in the body, but it is also involved in the metabolism of more than
200 clinically important drugs [7-9].
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Figure 1. Chemical structure of caffeine and its primary metabolites. Reproduced with permission
from reference [10].
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CYP1A2 activity shows significant inter-individual variability of up to 200-fold, which
can seriously influence drugs” metabolism and efficacy [11,12]. Hence, measuring the
metabolic activity of CYP1A2 can be a useful tool for personalised medicine, in order to
optimize the drug-response effect on individual patients and monitor drug therapy [13,14].
Substantial progress has been made in estimating drug pharmacokinetics in humans
by CYP1A2 phenotyping, however, its regular application in clinical settings remains a
challenge [15]. A widely accepted metric to achieve CYP1A2 phenotyping is to measure
the PX-to-CAF (PX/CAF) concentration ratio, at a single time point, 4 to 8 h upon oral
administration of a single CAF dose [12,13,15,16]. In terms of biological matrix, blood,
plasma, urine, and saliva can be used, with saliva being a more viable approach, being
non-invasive and also easier to acquire outside of clinical settings.

When developing protocols for the quantification of PX and CAF, it is important
to evaluate the presence of any complexes derived from self-assembly. We investigated
this recently and found that both PX and CAF are predominantly present as monomers
with less than 0.05% dimers in solution at the concentrations found in biological samples
(520 uM) [16]. To date, PX and CAF have been quantified using high-performance liquid
chromatography (HPLC) coupled with ultraviolet (UV) detector [17,18], or mass spectrom-
eter (MS) [19,20], and nuclear magnetic resonance [21] to a lesser extent. Although these
techniques provide very good selectivity and sensitivity, their initial and running costs
are significant, and the large volumes of solvents required do not make these techniques
environmentally friendly. Nowadays, cheaper, portable, robust, and easy-to-use techniques
that can allow point-of-care testing are attracting increasing interest for the detection of
a wide range of biomarkers including methylxanthines. CAF is the most popular and
extensively studied methylxanthine, and numerous chemical sensors and biosensors have
been reported for its quantification including modifications with a number of entities such
as polymers and peptides [22,23]. However, PX has been less studied, with limited data
reported in literature, to the best of our knowledge. Our group recently reported on the
potential use of electrochemical sensors for the detection of CAF and other dimethylxan-
thines (PX, TP and TB) in biofluids such as urine [24], blood [25], and saliva [10], although
the limits of sensitivity are yet to be improved further. Together with sensitivity, specificity
is a key parameter that needs to be optimized.

Among the most interesting approaches to further increase the specificity of a sensor
involves the use of biomimetic receptors with molecular recognition properties which can
be obtained through rational design and chemical synthesis. Synthetic receptors have been
designed based on the concept of “antibody mimics” and have been synthesized in the
laboratory [26]. These tailor-made materials specific towards target analytes offer multiple
advantages, such as being less expensive than antibodies, easier to obtain, and physically
and chemically more stable [27,28]. Materials specific for CAF [29,30], in particular, have
been extensively reported and to a lesser extent for TP [31,32] and TB [33]. However, to
the best of our knowledge, no example of a synthetic receptor with recognition properties
specific towards PX has been reported. The careful choice of a binding unit is fundamental
in order to rationally design materials with high affinity and specificity. The quality and
quantity of the recognition sites is directly correlated to the mechanisms and extent of the
analyte-functional monomer interactions in the pre-polymerization mixture [34]. Numerous
works over the past 15-20 years have highlighted the increasingly higher importance of
studying the analyte-functional monomer interaction prior to starting the polymerization,
in order to identify the molecule that can selectively form strong interactions with the
analyte [35,36]. The maximization of such interaction is a key factor to obtain successful
recognition properties [35].

Here, we report, for the first time, the identification of a polymerizable unit with
specific binding interactions towards PX that could be used to obtain a polymeric matrix
for the development of sensors. 'H NMR was initially used to identify the functional
unit showing the highest selectivity towards PX. Isothermal titration calorimetry (ITC)
experiments were carried out to identify the structure of the most suitable polymerizable
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derivative and the thermodynamic profile of the interactions, including the association
constant (Kjss) values. Polymerization studies were carried out in water to demonstrate
the suitability of the selected functional monomer to be used for sensing applications in
aqueous environments. This study provides a new insight on designing recognition units
which can discriminate molecules with small structural differences, such as a methyl group,
relying on specific interactions of a different nature.

2. Materials and Methods
2.1. Materials

Paraxanthine (~98%), caffeine (>99%), theophylline (>99%), theobromine (>98%), im-
idazole (IM), 1-vinylimidazole, 4-imidazolylacrylic acid (urocanic acid), acrylamide (AM),
N,N'-methylenebis(acrylamide) (MBA), ammonium persulfate (APS, >98%), dimethylsul-
fone, palladium on activated charcoal 10 wt% dry basis (Pd/C), sulfuric acid, ethyl acetate,
and methanol were purchased from Sigma-Aldrich (Gillingham, UK), and were used as
received. Deuterium oxide (D;0O) and deuterated chloroform (CDCl3) were purchased
from Goss Scientific Ltd. (Crewe, UK). All chemicals and solvents were of analytical grade
purity. Distilled water was obtained from a Milli-Q unit (Millipore) with resistivity not
lower than 18 MQ) cm at 25 °C.

Polytetrafluoroethylene (PTFE)-faced rubber septa and Wheaton™ transparent glass
bottles (various volumes) were purchased from Sigma-Aldrich (Gillingham, UK). Regen-
erated cellulose dialysis membranes (molecular weight cut-off 3500 Da, width 34 mm,
diameter 22 mm) were purchased from Medicell International Ltd. (London, UK).

2.2. Apparatus

'H NMR spectra were recorded at 298 K using a Bruker AVIII 400 MHz BBO Probe
spectrometer. The spectra were analyzed using MestReNova 11 software from Mestrelab
Research S.L. (UK). 'H NMR peak multiplicity was reported as observed on the NMR
spectra and as follows: s (singlet), d (doublet), dd (doublet of doublet), t (triplet), q
(quartet), quin (quintet), sex (sextet), m (multiplet), br (broad). Solvents’ proton resonance
frequency was set on the values reported by Gottlieb et al. 1997 [37]. Chemical shifts
(8) for 'H are reported in parts per million (ppm) and the coupling constant (J) was
reported in Hz; § values were referenced to the residual solvent signal of D,0O at 4.80 ppm.
Isothermal titration calorimetry (ITC) measurements were carried out on a VP-ITC and a
PEAQ-ITC Microcalorimeter (MicroCal) equipped with a ThermoVac vacuum pump, for
degassing the samples, purchased from Malvern Panalytical Ltd. (Malvern, UK). Sample
freeze drying was performed using a Labconco freeZone 6 freeze-dryer purchased from
LTE Scientific Ltd. (Oldham, UK). Varian Cary 100 UV-Vis spectrophotometer equipped
with an internal thermostat was purchased from Agilent Technologies Inc (Cheadle, UK).
Background correction was possible by recording the spectrum of the solvent employed
prior to sample analysis. Dynamic light scattering (DLS) measurements were performed
using a Zetasizer Nano Z5290 equipped with a 4 mV He-Ne laser operating at A = 633 nm
and a detector placed at 173° angle purchased from Malvern Panalytical Ltd. (UK). The
data were analyzed using the Zetasizer software 7.11 purchased from Malvern Panalytical
Ltd. (UK). All data were analyzed and plotted using OriginPro 8.0 software purchased
from OriginLab Corporation, (Northampton, MA, USA) at a confidence level of 95%.

2.3. 'H NMR Titrations

A known amount of functional monomer was dissolved in deuterated solvent and a
'H NMR spectrum was recorded. Then, 0.5 to 10 equivalents of the analyte (PX or CAF)
solution, prepared in D,O, were added step-wise. 'H NMR spectra were recorded upon
every addition and the chemical shifts () of the protons of the functional monomer were
monitored. The variations of the chemical shift (Aé) of the proton with the largest chemical
shift was monitored, using as a reference the proton chemical shifts containing only the
functional unit. All experiments were carried out at 25 °C.
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2.4. ITC Titrations

A solution of IM, 4-ethylimidazole (4EI), 1- or 4-vinylimidazole (1VI or 4VI) was
loaded in the syringe and stepwise injected in the reference cell containing a solution of
PX, CAF, TP or TB. The interaction between the functional monomer and the template was
measured by the heat generated or absorbed upon each injection. All experiments were
carried out in water at 25 °C. Heats of dilutions of all studied functional monomers were
carried out and subtracted from the titration data prior to curve fitting. The reference power
was set at 20 pcal s~! with an initial delay of 60 s. The stirring speed was set at 400 rpm
using fast equilibration and high feedback mode. For every experiment conducted, the first
injection (5 uL) was discarded because it may have a systematic error due to diffusion effect
and the rest had a volume of 15 pL with 300 s spacing between each injection to ensure
that the signal returned to the baseline. The filter period was 2 s. The duration between
the first and second injection was 10 s and 30 s between all the following ones. The total
number of injections was 20 with the volume capacity of the syringe being 300 uL. The
integrated heat changes (shown in the raw ITC graphs) were plotted against the molar
ratio of the analytes and analyzed with Origin software 8.0 using one set of sites fitting
model. The dissociation constant (Ky;ss) and enthalpy change of association (AH,s;) were
directly obtained after fitting with the non-linear, least-square, regression, one set of sites
model that had the lowest x? value. The rest of the thermodynamic parameters, namely the
association constant (Kuss), change in entropy (AS,ss), and in Gibbs free energy (AGgss) of
the binding were calculated using the following equations:

)

AG = AH — TAS @)

A control (heat dilution) experiment for IM, 1VI, 4VI, and 4EI was carried out first to
study its self-association behavior in water, by injecting stepwise a solution of it in pure
water. The results were subtracted when the interaction of these molecules with PX and
CAF were investigated.

2.5. Synthesis of 4-Vinylimidazole

4VI was obtained via thermal decarboxylation of trans-urocanic acid according to C. G.
Overberger and N. Vorchheimer [38]. Anhydrous urocanic acid (5 g, 36 mmol) was placed
into a round-bottom flask attached to a short-necked distilling apparatus under pressure
(1 mbar). The temperature was slowly increased to 220 °C and the material distilled as
a pale yellow oil into the receiver flask which was placed in dry ice. The product was
transferred into a separatory funnel using three times 10 mL of ethyl acetate and was
washed with saturated aq. Na,COs3 (25 mL). The aqueous phase was extracted twice with
30 mL ethyl acetate each time and the organic layer was collected in a round-bottom flask.
The solvent was evaporated and an off-white powder was obtained with a yield of 56%.
The structure of 4-vinylimidazole was confirmed by 'H NMR spectroscopy (see 'H NMR
spectrum in Figure S1, ESI).

'H NMR (400 MHz, CDCl3) § 7.61 (s, 1H), 7.04 (s, 1H), 6.63 (dd, ] = 17.6, 11.1 Hz, 1H),
567 (d, ] = 17.6 Hz, 1H), 5.15 (dd, ] = 11.1, 1.0 Hz, 1H).

2.6. Synthesis of 4-Ethylimidazole

The catalytic hydrogenation of 4VI (obtained as described in Section 2.4) to 4EI was
carried out by placing 4VI (188 mg, 2 mmol) and Pd/C as the catalyst (21 mg, 10% wt,
0.2 mmol, 0.02 equivalents of Pd) into a round-bottom flask. The flask was closed with a
stopper, was purged with Nj to remove the atmospheric oxygen and 21 mL of anhydrous
ethanol were added. Subsequently, a hydrogen source was connected and the reaction
was stirred for 20 h at room temperature. The progress of the reaction was monitored via
thin layer chromatography (TLC). After 20 h, full conversion was achieved, the mixture
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was filtered through celite to remove the Pd, and the organic solvent was evaporated. 4EI
yielded a transparent yellow oil and it was confirmed by 'H NMR spectroscopy (see 'H
NMR spectrum in Figure S2, ESI).

'H NMR (400 MHz, CDCl3) § 9.33 (s, NH), 7.55 (d, ] = 1 Hz, 1H), 6.78 (d, ] = 1 Hz, 1H),
2.65(qd, ] =7.6,0.8 Hz, 2H), 1.25 (t, ] = 7.6 Hz, 3H).

2.7. Polymer Synthesis

Polymers were prepared by high dilution radical polymerization (HDRP) in either
deuterated or de-ionized water. The pre-polymerization mixtures were prepared by dis-
solving the required amount of functional monomer (4VI) in H,O into a Wheaton™ bottle,
followed by the addition of MBA as the crosslinker, AM as the comonomer and APS as
the initiator. All polymer formulations presented in the following sections are shown in
Table 1.

Table 1. Microgels (MGs) composition synthesized using 4-vinylimidazole (4VI), acrylamide (AM),
and N,N’-methylenebisacrylamide (MBA), and 10% w/w ammonium persulfate (based on the total
moles of double bonds) in deuterated water (D,0O) or de-ionized water (H,O) at 70 °C or for 24 h.

Polymer Cwm (%) 4VI (mol%) AM (mol%) MBA (mol%) Solvent
MG-1 0.25 10 40 50 D,O
MG-2 0.5 10 40 50 D,O
MG-3 0.5 10 40 50 D,O
MG-4 0.25 10 40 50 H,0
MG-5 0.5 10 40 50 H,O
MG-6 0.5 10 20 70 H,0

The volume of H,O was adjusted to result in the appropriate total monomer concen-
tration (Cpg = 0.25% or 0.5%). The mass of the comonomer and crosslinker (#,0110mer) Was
calculated by the following equation:

» monomer %
functional monomer %

X My monomer 3)

Minonomer = nfunctionul monomer

The mass of APS (m4ps) was calculated according to the total moles of double bonds
(10% and 25%) in the polymerization mixture, using the following equation:

MmAps = (nfunctional monomer T Ncomonomer + 2 % ncrosslinker) X APS% x My aps 4

where 71ygsslinker = Moles of crosslinker and M, 4ps = molecular weight of APS.
At last, the volume of HyO (Vipp0) required, given a certain total monomer concentra-
tion (Cyr), was calculated using the following equation:

VHZO(L) _ (mTOTAL monog&;\drs X (1 - CM)) % lezo (5)

where MTOTAL monomers = Mfyunctional monomer + Mcomonomer + Merosslinker and Cy = total monomer
concentration (% w/w).

After all monomers were fully dissolved, the bottles were sealed using PTFE-faced
rubber septa. The solutions were degassed under vacuum and purged with N, in order to
remove the atmospheric oxygen. The bottles were heated at 70 °C to polymerize for 24 h.
The nanogel solutions were then transferred into hydrated dialysis membranes and were
dialyzed against water, and then transferred into Falcon tubes; these were frozen using
liquid N; and lyophilized to yield a white fluffy powder. The polymerization yields were
calculated using the following equation:

e
polymerisation yield% = (fmlpozymer> x 100 (6)
MTOTAL monomers
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All microgels were stored as dry powder at room temperature.

2.8. TH NMR Conversion Studies

Polymerization solutions used for the quantification of the monomer conversions
by "H NMR were prepared in a smaller scale (Vpyo = 4 mL) in Wheaton™ bottles as
described in Section 2.7. Dimethylsulfone was added as internal standard for quantitative
'H NMR measurements. Before sealing the Wheaton™ bottle, a 500 pL aliquot of the
pre-polymerization mixture was transferred into an NMR tube and the 'H NMR spectrum
was recorded (t = 0 spectrum). The remaining polymerization solution was sealed, purged
with N», and heated at 70 °C for 24 h. After polymerization, another 500 uL aliquot of the
mixture was transferred to a different NMR tube and the 'H NMR spectrum was recorded.
The 'H NMR spectra acquired were phased and integrated identically using an automated
procedure. The concentration of the monomers and crosslinker in the initial and final
polymerization solutions were determined by comparing the intensities of the monomer
peaks against the intensities of the internal standard peaks. The monomer peaks were
recorded at 6.60 ppm (4VI), 5.76 ppm (AM), and 5.73 ppm (MBA), against the intensities of
the dimethylsulfone peak at 3.08 ppm. The polymers were purified and freeze-dried, and
the chemical yields and the percentages of the incorporated monomers were calculated.

2.9. Particle Size Characterization by Dynamic Light Scattering

Microgels” hydrodynamic diameters (d) were obtained by dynamic light scattering
(DLS). Powder of freeze-dried microgels was reconstituted in de-ionized water at a con-
centration of 0.25 mg/mL. The solution was then filtered using 0.2 um filters to ensure
complete disaggregation of remaining aggregates; 1 mL of the solution was transferred
into a DLS cuvette and was placed into the instrument, the material method was set to
polymer latex and the temperature was set at 25 °C. The data were obtained by cumulated
analyses of the correlation function using the Stokes-Einstein equation. Particle sizes given
for the microgels represent estimates of the mean of hydrodynamic diameter by number.
Size distribution is given by intensity and number for all measurements.

3. Results and Discussion
3.1. Selection of Binding Unit to Form Specific Interactions with Paraxanthine

The first step focused on the identification of a molecule able to form specific interac-
tions with paraxanthine (PX), the main metabolite of caffeine (CAF) and the target of this
work. As both molecules can be found simultaneously in varying concentrations, the inter-
actions of any potential recognition unit needed to be evaluated with both molecules. In
this context, -7 stacking and hydrophobic interactions were expected to be the main ones,
occurring in aqueous environments, while hydrogen bonding would be less significant.
Adenine, 5-caffeoylquinic acid (5-CQA), 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium
salt (HPTS), and imidazole (shown in Figure 2) were considered and their affinity for PX
and CAF in water was evaluated by 'H NMR.

All these molecules contain at least one aromatic unit, contributing to strong -7t
stacking interactions and, therefore, were considered good candidates. Moreover, they
could contribute to the formation of hydrophobic interactions with PX in water due to
their hydrophobic surface and planarity. Adenine was identified as a potential functional
unit due to its well reported stacking interactions with other purines in DNA, which are
responsible for a large part of the conformational stability of its structure [39,40]. PX and
CAF molecules can be considered structural analogues of the purine bases and therefore a
similar behavior was expected. Chlorogenic acid (5-CQA) was also selected, because of
its known interaction with CAF, demonstrated by data from fluorescence quenching [41],
FTIR [42], UV /Vis [43], and NMR spectroscopy [44,45]. D’ Amelio et al. and Belay et al.
have suggested that the stacking of CAF onto the aromatic plane of 5-CQA resulted in 1:1
complexes [43]. HPTS, a commercially available fluorescence dye, has been reported to
form -7t stacking interactions with CAF in water forming 1:1 complexes (Kgss = 245 M~ 1)
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while its interaction with two of its metabolites, theophylline (TP; Kgss = 148 M1 and
theobromine (TB; K,ss = 113 M~!) was considerably lower, showing a greater selectivity
towards CAF [46,47]. However, its interaction with PX has not been reported, to the best
of our knowledge. Finally, imidazole (IM) was selected because of its well-known role
in substrate-enzyme interactions within proteolytic and esterolytic enzymes [38,48]. It
has been reported that an histidine residue present in the active site of CYP1A2 enzyme,
the main enzyme responsible for the metabolism of CAF, plays a key role in its catalytic
activity [49]. IM is generally considered to act as a moderate o-donor and a weak 7-acceptor,
with o-donor and m-acceptor abilities in between saturated amines, such as ammonia, and
unsaturated amines, such as pyridine [50]. In some rare cases also -donor abilities have
been reported [51,52].

HO, LCOOH
NH 0
X HO_A |
m — 7 OH
N~ "N HO
Adenine 5-caffeoylquinic acid
(5-CQA)

~03S O OH
() S
O Imidazole
~03S SOz

8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt
(HPTS)

Figure 2. Molecules evaluated as potential binding units specific for paraxanthine.

'H NMR titrations were carried out by increasing the concentration of PX and CAF
from 0 to 9 equivalents for each of the potential units. All 'H NMR stacked plots and titra-
tions can be found in the ESI (Figures S3-S9). The results of the titrations are summarized
in Table 1.

Adenine and 5-CQA showed a strong interaction with CAF but negligible interaction
with PX, potentially due to stronger hydrophobic interactions formed with CAF compared
to PX which contains one less methyl group, and were not considered further. HPTS
showed a strong interaction with CAF, consistent with literature data [46,47], however,
similar behavior was observed with PX, and so this molecule was also discarded. Binding
interaction studies using 'H NMR titrations were carried out with PX and CAF using IM at
different concentrations due to the lower solubility of PX (1 mg/mL) in water compared
to CAF (16 mg/mL) [6,53]. Figure 3a shows the changes in chemical shift of one of the
key protons as a function of analyte concentration, while the same data for PX are used to
estimate the apparent association constant (app Kyss) using the one-site binding model, as
shown in Figure 3b.
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(a) 02

0.15 - |

014e H

A3 (ppm)

005 o2 NN

0 10 2
[Template] (mM) [Paraxanthine] (mM)

Figure 3. (a) 'H NMR titrations of imidazole (IM) with paraxanthine (PX, purple) and caffeine (CAF,

orange) in DO, at 25 °C: variation of the chemical shift of the indicated proton of IM upon stepwise

increase of either PX (0-5 equivalents) or CAF concentration (0-5 equivalents) and (b) Variation of

the chemical shift of the indicated proton of IM upon subsequent addition of PX (0-5 equivalents) in

DO, at 25 °C. The one site-specific binding model was employed to fit the hyperbola and obtain the

app Kgss.

The data provide evidence of strong binding between IM and PX in water with an app
Kgss equal to 690 M1, but a negligible interaction between IM and CAF. The interactions
and thermodynamic profile of IM with PX and CAF were evaluated by ITC. Figure 4
presents the raw ITC data for the titration of PX (5.6 mM, Figure 4a) and CAF (5.6 mM,
Figure 4b) with IM (20 mM). The heat dilution of the control experiments (see Figure S10;
ESI) was subtracted from all titrations before calculating the kinetic and thermodynamic
parameters of the binding events.

(@) (b)

s_wwml’r1vrv"‘T1""“'"‘

Ko =34110-5M 2
AH = —9.0 ki/mol 5 “NKJN)
AG = —19.8 kJ/mol 07NN
~T AS = —10.8 kifmol :

AH (kJ/mol)

Molar Ratio

% 10 0 3 4 s e 70 8 % 100 0 20 40 50 80 100

Time (min) Time (min)
Figure 4. (a) Raw ITC data for the stepwise injection of imidazole (IM; 20 mM) into a solution of
paraxanthine (5.6 mM), at 25 °C. Inset: integrated heat plot (enthalpogram). One site-specific binding
model was employed to fit the hyperbola and obtain the Ky;s; (341 x 10~ M). (b) Raw ITC data for
the stepwise injection of IM (20 mM) into a solution of caffeine (5.6 mM), at 25 °C. All solutions were
prepared in water.

PX forms a complex with IM via an exothermic reaction with an app K,ss equal to
2933 M~ ! while the interaction with CAF is negligible, consistent with the NMR data. The
higher values of K, obtained by ITC compared to NMR, up to 1000 times higher, have
been already reported in literature [54-56]; these were justified by the different type of
interactions being considered, with NMR focusing on specific protons involved in hydrogen
bonding, while calorimetric measurements take into account other types of interactions
as well [54]. Interestingly Hornung et al. reported lower association constants by NMR,
justified in their view by the presence of impurities in deuterated solvents, that can compete
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for binding [55]. Having identified IM as a molecule capable of specific interactions with
PX, the next step focused on the design and synthesis of a polymerizable IM-based unit.

3.2. Choice of Polymerizable Imidazole-Based Unit

In order to incorporate IM in polymeric matrices, two polymerizable derivatives were
considered: 1-vinylimidazole (1VI) and 4-vinylimidazole (4VI), whose structures are shown
in Figure 5.

N= N=
CNM/ \/@NH

1-vinylimidazole 4-vinylimidazole

Figure 5. Chemical structure of the polymerizable derivatives of imidazole as potential polymerizable
monomers, 1- and 4-viynlimidazole.

1VI is commercially available while 4VI had to be synthesized via the thermal de-
carboxylation of urocanic acid, following a previously reported procedure by C. G. Over-
berger et al. Its chemical structure was confirmed by THNMR (see Figure S1, ESI). Although
4VI resembles much better than 1VI the functional groups of histidine, both molecules
were investigated as potential polymerizable groups in order to evaluate their selectivity to-
wards PX rather than CAF. Publications on polymers containing 4VI are rare in comparison
to 1VI [57], yet interesting due to the unsubstituted pyrrole-like nitrogen as found in the
histidine residues and therefore more relevant in attempting to mimic natural receptors [58].

3.3. Interaction Studies of the Polymerizable Units with PX and CAF by NMR and ITC

'H NMR titrations were carried out in D,O by keeping constant 4VI or 1VI and
increasing the amounts of PX and CAF from 0 to 5 equivalents (Figure 6a,b), with the
data used to estimate an app Kyss of 660 M1 determined using the one-site binding model
(Figure 6¢).

The introduction of the vinyl group in position C4 resulted in some loss of the speci-
ficity initially identified with IM (Figure 3a) but the app K;ss between PX and 4VI was found
to be 660 M~!, which is similar to the value determined for the interaction with IM (app
Kgss = 690 M~1). The unsubstituted nitrogens in both PX and the IM group clearly play
a critical role in the interactions, possibly via a hydrogen bond interaction, which is not
possible with CAF. It is interesting to observe the different impact that the vinyl group
had, depending on its position on the IM ring. When introduced on N1, the strength of the
interaction with PX was significantly lowered (see Figures 6b and 3a), and there was loss of
specificity. In the case of 4VI, instead, both the strength of the interaction and the specificity
were retained.

ITC titrations in water were carried out to confirm the NMR findings, by the stepwise
injection of 10 mM 4VI or 1VI into a 2 mM PX or CAF solution. The raw ITC data are shown
in Figure 7.

The addition of 4VI into PX was shown to be an exothermic event, similarly to what
was observed with IM (Figure 4a) suggesting complexation with an app K;ss equal to
3135 M. Similarly to the NMR results, 4VI showed considerably stronger interaction
with PX (see Figures 6a and 7a) compared with 1VI, that showed very little heat release
and therefore negligible interaction between the two (see Figures 6b and 7b). Regarding
the effect resulting from varying the position of the vinyl bond in the structure of the
vinylimidazoles, both NMR and ITC provide very similar results, confirming that the free
pyrrole-like nitrogen in the IM ring plays a critical role in the complexation. The difference
in the strength of the interaction between the two vinylimidazoles could potentially be
explained by the presence of cation-7t interactions (NH--- 7 surface) which have been
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well documented in a number of studies, being less in the presence of water (approx.
5.5 kcal/mol) compared to most of the organic solvents [59-61]. ITC also confirms the
considerably weaker interaction of 4VI with CAF (Figure 7c) compared with PX, suggesting
that it is the most promising binding unit for the specific detection of PX.
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Figure 6. 'H NMR titration of: (a) 4-vinylimidazole with paraxanthine (PX, purple circles) and
caffeine (CAF, orange squares) in D,O, at 25 °C; (b) 1-vinylimidazole with paraxanthine (PX, purple
circles) and caffeine (CAF, orange squares) in D,0, at 25 °C. (c) Variation of the chemical shift of the
indicated proton of 4-vinylimidazole upon subsequent addition of PX (0-5 equivalents) in D,O, at
25 °C. The one site-specific binding model was employed to fit the hyperbola and obtain the app Kgss.

In order to gain a better insight into the nature of the interactions occurring between
IM and the vinylimidazoles with PX, the changes in Gibbs free energy (AG) and entropy
(-TAS) were calculated. The thermodynamic profiles of the interactions are summarized in
Table 2. The thermodynamic signature plots of IM and 4VI with PX can be found in Figures
511 and 512 in the ESL

Table 2. Interactions of adenine, 5-caffeoylquinic acid (5-CQA), 8-hydroxypyrene-1,3,6-trisulfonic
acid trisodium salt (HPTS), and imidazole (IM) with paraxanthine (PX) and caffeine (CAF). “Yes’
indicates evidence of strong interactions. ‘No’ suggests absence of any significant interactions.

Molecule Adenine 5-CQA HPTS M

PX No No Yes Yes
CAF Yes Yes Yes No
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Figure 7. Raw ITC data for the stepwise injection of (a) 4-vinylimidazole (4VI; 10 mM) into a solution
of paraxanthine (PX; 2 mM); (b) 1-vinylimidazole (1VI; 10 mM) into a solution of PX (2 mM) and
(c) 4VI (10 mM) into a solution of caffeine (2 mM). All solutions were prepared in water and the
titrations were carried out at 25 °C.

The app Kiss values of IM and 4VI with PX, shown in Table 3, when using either
technique are very close, suggesting a similar strength of the interaction also in the presence
of the vinyl group. The app Ky for the interaction of PX with IM and 4VI by ITC displayed
a difference of a factor of four compared to the ones by 'H NMR. The Gibbs free energies
suggested a spontaneous binding process between IM or 4VI and PX, with both the changes
in entropy (hydrophobic interactions) and enthalpy (electrostatic interactions; mainly van
der Waals interactions) contributing in this interaction. The interaction with 4VI resulted in
a larger enthalpic contribution (—12 kJ/mol) compared with IM (-9 kJ/mol) suggesting
the presence of a larger number of electrostatic interactions due to the vinyl bond.

Table 3. Thermodynamic profiles: apparent association constants (app Kiss) by ITC and NMR,
changes in Gibbs free energy (AG), changes in enthalpy (AH), and changes in entropy (—TAS) for the
interaction of paraxanthine (PX) with imidazole (IM) and 4-vinylimidazole (4VI).

app Kass M™1) app Kass M)
ITC NMR

IM —19.8 -9 —-10.8 2933 690
4VI —20.0 -12 -8.0 3135 660

Binding Unit AG (kJ/mol) AH (kJ/mol) —T AS (kJ/mol)

3.4. Additional Interaction Studies by ITC

Additional ITC studies were carried between PX and 4-ethylimidazole (4EI), to es-
timate the impact on the complexation that would be derived by the loss of the double
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bond as a result of the polymerization. 4EI was obtained via hydrogenation of 4VI (see
Experimental) and its structure was confirmed by TH NMR (see Figure S2; ESI). 4EI (20 mM)
was stepwise injected into an aqueous solution of PX (1 mM) and the raw ITC data as well
as the plotted data are shown in Figure 8.
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Figure 8. (a) Raw ITC data for the titration of 4-ethylimidazole (20 mM) into paraxanthine (1 mM),
at 25 °C. Both solutions were prepared in water; (b) Integrated heat plot (enthalpogram) of the
interaction. The ITC data were plotted using the one-site binding model in order to calculate the app
Kis (489 x 1076 M).

The K;gs (2045 M~1) was smaller compared with the values obtained for 4VI (3135 M1
and IM (2933 M~!) suggesting that the functionality of the IM group is maintained but the
presence of the ethyl group contributes less than the vinyl group in the complexation. Based
on the thermodynamic signature plot of the interaction (see Figure 513; ESI), the Gibbs free
energy (—18.9 k] /mol) was very similar to the ones obtained for PX with IM (—19.8 k] /mol)
and 4VI (—20.0 kJ/mol). The interaction of 4EI with PX resulted in a smaller enthalpic
contribution (—9 k] /mol) compared with 4VI (—12 k] /mol) but identical to the one of IM
(—9 kJ/mol) confirming that the binding capability of the IM group is maintained. In the
case of IM and 4EI, the change in entropy, —10.8 k] /mol and —10.1 kJ/mol, respectively,
was the main contributor due to the presence of more hydrophobic interactions.

Given the susceptibility of the interaction with the different imidazole derivatives, the
complexation of 4EI was investigated also with all structural analogues of PX, namely, CAF,
TP, and TB, to evaluate its specificity (Figure 9; see ITC raw data in Figure 514 in the ESI).

PX showed the strongest complexation followed by the rest of the methylxanthines in
the following order: PX > TP > TB > CAF. There is therefore evidence that upon incorpo-
ration of 4VI, the functional unit maintains a strong interaction and continues to be more
selective towards PX.

3.5. Incorporation of the IM Group in a Polymer Matrix

Given the interesting data on binding interactions and specificity of the IM ring to-
wards PX, we decided to carry out some experiments targeting the incorporation of 4VI in
an acrylamide-based polymeric matrixref. As the detection of PX was aimed to take place in
aqueous solutions and, therefore, the polymer synthesis was also performed in water, using
high dilution radical polymerization. Over the past 15 years, we have used this methodol-
ogy to obtain microgels and nanogels, polymeric particles that are covalently crosslinked
and able to swell in aqueous systems, due to the hydrophilic nature of the monomers and
crosslinkers, forming strong hydrogen bonds and resulting in a stable colloidal system.
Formulations were optimized to ensure high monomer conversions, determined by 'H
NMR, and chemical yields, both essential to ensure consistency between compositions
and polymer chemical structures. Acrylamide (AM)-based polymers crosslinked with
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N,N'-methylenebisacrylamide (MBA) were synthesized (Figure 10) based on previous work
carried out in our group [62]; our data demonstrated that concentrations of crosslinker
ranging between 10 mol% and up to 80 mol% could be used to obtain polymeric particles
with catalytic properties towards carbonate hydrolysis [63,64], cross-aldol reaction [65],
antibody-mimics [66,67], and also as drug delivery systems [68,69].

AH (kJ/mol)

T T T T T T T T T T T T T T T T
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2
Molar Ratio

Figure 9. Integrated heat plots (enthalpograms) for the ITC titrations of 4-ethylimidazole (2.8 mM)
with caffeine (28 mM, light blue), theobromine (28 mM, purple), theophylline (28 mM, orange), and
paraxanthine (28 mM, green), at 25 °C. All solutions were prepared in water.

O O O

HZNJ\/ \)LN/\NJ\/

AM MBA

Figure 10. Chemical structure of acrylamide (AM) and N,N’-methylenebisacrylamide (MBA). Repro-
duced with permission from reference [62].

In this work, the polymeric particles were prepared using 4VI (10 mol%) as functional
monomer, AM (40 mol%) as the backbone monomer, MBA (50 mol%) as the crosslinker.
The choice of using initially 50% crosslinker was driven by the objective of having a
three-dimensional structure sufficiently rigid to allow specific binding while retaining
the swelling properties of the matrix. A total monomer concentration (Cys) of 0.25%
and 0.5% was used and 10% or 25% of ammonium persulfate (APS) as the initiator. All
polymerizations were performed at 70 °C for 24 h. The Cy values, initiator quantities, total
monomer conversions (TMC), and chemical yields for the initial polymer formulations are
shown in Table 4.
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Table 4. Total monomer concentration (Cy, % w/w) and ammonium persulfate (APS % w/w, based
on the total moles of the double bonds) values investigated for microgels (MGs) prepared in D,O
together with total monomer conversions (TMC) and chemical yields. Feed composition for all
polymerizations: 4VI (10 mol%), AM (40 mol%), and MBA (50 mol%).

Polymer Cwm (%) APS (% wlw) TMC (%) Yield (%)
MG-1 0.25 10 93 92
MG-2 0.5 10 98 97
MG-3 0.5 25 >99 >99

Changes in Cy; and APS concentration were evaluated resulting in high chemical
yields and monomer conversions (>91%). The monomer conversions and final polymer
compositions are shown in Figure S15a,b, respectively. Quantitative conversion of 4VI and
MBA was observed for nearly all preparations, while AM showed initially a lower reactivity
that was increased by raising the Cy1 from 0.25 to 0.5% (Figure S15a). Based on these results,
4VI can be successfully used as a functional monomer in polymerization leading to very
high chemical yields. This ensures an excellent match between feed and final polymer
composition with 4VI being present at 10-11% in the final matrix (Figure S15b). On the
basis of these results, polymers with a Cy 0.5% were prepared in non-deuterated H,O
at a larger scale to confirm the NMR results and produce the formulations that could be
used for characterization (see Table 5). Similar formulations but with higher crosslinker
content (70 mol%) were also investigated, to evaluate the effect of matrix rigidity on the
binding properties.

Table 5. Microgels (MGs) synthesized using 10 mol% 4-vinylimidazole (4VI), acrylamide (AM), and
N,N’-methylenebisacrylamide (MBA), and 10% w/w ammonium persulfate (based on the total moles
of double bonds) in de-ionized water at 70 °C or for 24 h together with their chemical yields.

Polymer Cm (%) AM (%) MBA (%) Yield (%)
MG-4 0.25 40 50 84
MG-5 0.5 40 50 >99
MG-6 0.5 20 70 >99

In order to develop recognition units with chemical yields over 99%, the Cy; had to
be increased from 0.25% to 0.5%. The high yield was maintained when the MBA content
was increased to 70 mol%. The purpose of such increase was to evaluate how the yields
and particle size would be affected by such a change, should higher crosslinker content
be required by the applications. The chemical yields of the large-scale polymerizations
were in complete agreement with the NMR conversion studies (Table 3) with quantitative
yields obtained for the microgels MG-5 and MG-6. The particle size of the microgels MG-5
and MG-6 was ranged from 100 to 200 nm and polydispersity index from 0.30-0.45 (see
Figures S16 and S17 in the ESI).

4. Conclusions

In this work, different functional units were screened by 'H NMR for their ability to
form specific binding interactions with PX in water, and negligible interactions with its
structural analogue CAF. Imidazole was identified as the unit showing the most promising
results. Two polymerizable derivatives of IM, 1VI, and 4VI, were investigated by TH NMR
and ITC, and the data were in agreement in suggesting that 4VI was the promising unit
for its ability to form specific and strong binding interaction with PX. Interestingly, it was
observed that the additional methyl group on CAF appeared to interfere significantly,
limiting the complex formation with the IM unit. The ITC experiments not only confirmed
the NMR results but also allowed the evaluation of the thermodynamic parameters of all
interactions, and allowed us to estimate the K, values. In addition, the interaction of 4EI
was investigated with PX in order to evaluate the impact on complexation as a result of the
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polymerization; the results suggested that the functional unit maintains strong interaction
and specificity for PX compared to its analogues.

We then carried out some investigations to monitor the suitability of this functional
monomer for polymer synthesis. Given the random nature of free radical polymerization,
the effect of monomer reactivities and reaction conditions were investigated in order to
maximize monomer conversions and chemical yields. The polymerizations in water with
Cwm equal to 0.5% using 10% APS resulted in monomer conversions and yields higher than
97% showing an excellent agreement between feed and final composition. 4VI content was
maintained constant at 10 mol% throughout all polymerizations proving its suitability as a
functional monomer for developing materials specific for the detection of PX. This study
provides a new insight on designing recognition units which can discriminate molecules
with small structural differences, such as a methyl group, relying on specific interactions of
a different nature. The proposed synthetic material could be used as a recognition element
to increase the sensitivity of sensors and achieve specific detection of PX in aqueous
environments in the presence of its structural analogues.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/chemosensors10080301/s1, Figure S1: IH NMR spectrum of
4-vinylimidazole in CDClj, at 25 °C, Figure S2: 1H NMR spectrum of 4-ethylimidazole in CDCl3,
at 25 °C, Figure S3: Partial "H NMR spectra for the titration of adenine (0.4 mM) with increasing
amounts of paraxanthine (0-5 equivalents) in D,0O, at 25 °C. The indicated proton of adenine with
a star was the one to be monitored, Figure S4: Partial 'H NMR spectra for the titration of adenine
(3.7 mM) with increasing amounts of caffeine (0-10 equivalents) in D,O, at 25 °C. The indicated
proton of adenine with a star was the one to be monitored, Figure S5: 'H NMR titrations of adenine
with paraxanthine (purple circles) and caffeine (orange squares) in D,O, at 25 °C: variation of the
chemical shift of the indicated proton of adenine upon stepwise increase of either paraxanthine
(0-5 equivalents) or caffeine concentration (0-9 equivalents). The chemical structures of paraxanthine
and caffeine are indicated in purple and orange, respectively, Figure S6: ITH NMR titrations of 5-
caffeoylquinic acid (5-CQA) with caffeine in D,0O, at 25 °C: variation of the chemical shift of the
indicated proton of 5-CQA acid upon stepwise increase of caffeine concentration (0-9 equivalents).
The chemical structure of caffeine is indicated in orange, Figure S7: "H NMR stacked plot (partial
H NMR spectra) for the titration of HPTS (1.4 mM) with increasing amounts of paraxanthine from
0 to 5 equivalents, in D,O, at 25 °C. The indicated proton of 8-hydroxypyrene-1,3,6-trisulfonic acid
trisodium salt (HPTS) with a star was the one to be monitored, Figure S8: TH NMR titrations of
8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS) with paraxanthine (purple circles) and
caffeine (orange squares) in D,0O, at 25 °C: variation of the chemical shift of the indicated proton
of HPTS upon stepwise increase of either paraxanthine (0-5 equivalents) or caffeine concentration
(0-9 equivalents). The chemical structures of paraxanthine and caffeine are indicated in purple
and orange, respectively, Figure S9: 'H NMR stacked plot (partial 'H NMR spectra) of solutions
containing imidazole (1.5 mM) upon stepwise addition of paraxanthine (0-5 equivalents) in D,0O, at
25 °C. The indicated proton of imidazole with a star was the one to be monitored, Figure 510: Raw
ITC data for the heat dilution (control) experiment of imidazole (20 mM) in water, at 25 °C, Figure
S11: Thermodynamic signature plot (AG, AH and —TAS values) for the ITC titration of paraxanthine
(5.6 mM) upon stepwise injection of imidazole (20 mM) in water, at 25 °C, Figure 512: Thermodynamic
signature plot (AG, AH and —TAS values) for the ITC titration of paraxanthine (2 mM) upon stepwise
injection of 4-vinylimidazole (10 mM) in water, at 25 °C, Figure S13: Thermodynamic signature plot
(AG, AH and —TAS values) for the ITC titration of paraxanthine (1 mM) upon stepwise injection of
4-ethylimidazole (20 mM) in water, at 25 °C, Figure S514: Raw ITC data for the stepwise injection of
4-ethylimidazole (27.8 mM) in: (a) paraxanthine (2.8 mM); (b) theophylline (2.8 mM); (c) theobromine
(2.8 mM), and (d) caffeine (2.8 mM) in water, at 25 °C, Figure S15: Graphs showing the (a) conversions
of 4-vinylimidazole (4VI), acrylamide (AM), and N,N'-methylenebisacrylamide (MBA) determined
by 'H NMR, and (b) final polymer composition of the obtained microgels. All polymerizations
were carried out in D,O (70 0., 24 h) at two different Cy; values and ammonium persulfate (APS)
concentrations, Figure S16: Particle size distribution by intensity and number of MG-5 as measured by
dynamic light scattering at a concentration of 0.5 mg/mL in D, O, Figure S17: Particle size distribution
by intensity and number of MG-6 as measured by dynamic light scattering at a concentration of
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0.5 mg/mL in D,O. Figure S18: 1H-NMR interaction study between PX (0.5 mg/mL, 2.78 mM) and
AM (1-5 equivalents), Figure 519: 1H-NMR interaction study between PX (0.5 mg/mL, 2.78 mM) and
MBA (1-5 equivalents).
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