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ARTICLE INFO ABSTRACT

Keywords: Electrochemical behavior of pillar[n]arene[m]quinone (n + m = 5,n = 2-4) has been for the first time inves-
Pillarquinone tigated in aqueous media on the glassy carbon electrode. All the compounds studied showed quasi-reversible
Pillar[5]arene

redox conversion to hydroquinone derivatives. The reaction was not complicated with ionization of hydroxy
groups or by the formation of intramolecular hydrogen bonds. In the whole pH region tested (2.0 — 9.0) the
stoichiometry of electron and hydrogen ions transfer was found the same (1:1). The peak currents changed
with no respect of the number of quinone units in the macrocycle molecule and were probably more affected
by steric factors and self-aggregation confirmed by scanning electron microscopy. Adsorption of the macrocy-
cles on the electrode covered with carbon black resulted in remarkable improvement of the conditions of elec-
tron exchange and of the peak currents on voltammograms. Screening of possible guest molecules showed that
among amino acids, tyrosine formed complexes with pillarquinones both in solution and on the electrode inter-
face. Complexation resulted in decrease of the peak currents on voltammograms due to steric hindrance of elec-
tric wiring. This made it possible to determine 5-100 uM tyrosine in the solution and 1-100 uM tyrosine with
pillar[3]arene[2]quinone adsorbed in the carbon black layer. No interferences were established in normal
human serum and Ringer-Locke’s solution. The approach to supramolecular detection of small molecules by
intrinsic redox activity of the macrocyclic hosts can be extended to other analytes by modification of the macro-
cyclic components of the reaction.

Host-guest complexation
Cyclic voltammetry
Carbon black

Tyrosine determination

1. Introduction

Pillararenes first reported in 2008 by T. Ogoshi group [1] are new
representatives of the macrocyclic compounds able to form host-guest
complexes and hence affect the guest molecules properties assessed by
various physical-chemical methods [2-5]. Pillararene molecules con-
sist of 1,4-hydroquinone derivatives bridged with methylene groups
in para-position and have a highly symmetrical pillar shaped architec-
ture. Pillararenes capture neutral organic species in the cavity via mul-
tiple non-covalent C—H-+-x interactions [6,7]. Besides, they can form
hydrogen bonds via unsubstituted hydroxyl groups or participate in
electrostatic interactions involving charged substituents at the macro-
cyclic core [8,9]. The variety of specific interactions and the prospects
of chemical modification of the macrocycles make pillar[n]arenes
attractive for assembling chemical sensors [10-12]. In them,

macrocycles play role of selective sorbents accumulating the analyte
molecules in the proximity of the transducer interface. Impressive
examples of such sensors have been published for sensitive detection
of adrenaline [13], paraquat [14], trinitrotoluene [15], tryptophan
[16], viologen derivative [17], caffeic acid [18], acetaminophen and
dopamine [19], tryptophan [20,21], and methylamphetamine [22].
In some of them, self-assembling of the macrocycles into 3D organized
structures has been employed to reach selectivity of recognition and
sensitivity of an analyte detection. Besides, supramolecular composites
based reduced graphene oxide modified with acetohydrazide deriva-
tives of pillar[5]arene [24] and those assembled in polypyrrole film
[25] have been successfully utilized in assembling supercapacitor elec-
trodes. They exhibited high initial capacitance and excellent cycling
stability. Deca-susbstituted pillar[5]arene with tertiary trimethylam-
monium groups was used as a nanocontainer for curcumin derivative
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and showed pH-dependent stability of the host-guest complex formed.
This promises further application of such systems for targeted drug
delivery systems [26]. In our previous research, we have demonstrated
the prospects of pillararene based recognition systems in optic and
electrochemical sensing of various guest molecules and broad possibil-
ities offered by functionalization of the macrocyclic platform to reach
selectivity and sensitivity of recognition event (see reviews [27-29]).

In most of the mentioned applications, target molecules involved in
the interactions with the substituents and/or macrocyclic cavity gener-
ate the signal while pillararenes themselves remain unchanged. The
use of the redox active guest signal can be utilized for electrochemical
sensing of biologically active compounds even though they do not
show their own active on the electrode [14]. To detect such species,
pillararenes are first involved in the complexation with the redox
probes, which are then released by substitution with the target species.
As the reactivity of redox probes bonded and released from host-guest
complex differs from each other, change observed can be used for
quantification of the guest competing with the redox probe for the
binding sites. This protocol is relative to the displacement technique
described in immuno- and DNA-sensors [23,30-34]. Methylene blue,
rhodamine and thionine have been employed to reach signals on anti-
gen—antibody and DNA (aptamer) — analyte interactions.

Electrochemical sensors show undoubted advantages in the deter-
mination of small organic molecules in portable format, i.e., well
developed theory, intuitively understandable interpretation of the
measurement results, high sensitivity and acceptable selectivity of
the response, inexpensive instrumentation, and moderate require-
ments to the stuff qualification. However, own redox activity of unsub-
stituted pillararenes in electrochemical sensing has found less
attention than application of the redox active guests. This might be
probably due to low stability of hydroxylated fragments of the macro-
cycles found in the investigation of perhydroxylated pillar[5]arene (P
[5]A) [35] and pillar[6]arene [36]. They exist in aqueous solutions in
semi-oxidized form even though special measures were taken to pre-
vent their reaction with dissolved oxygen. Together with concerted
formation/ distortion of the intramolecular hydrogen bonds system
affecting the electron / hydrogen ion transfer, this complicates the
involvement of the pillararenes in the electron exchange path on the
electrode interface. It was also reported for P[5]A that its adsorption
on glassy carbon electrode (GCE) resulted in the partial electrode pas-
sivation by intermediate oxidation products. For this reason, only few
examples of the use of perhydroxylated pillararenes in the assembly of
electrochemical sensors can be mentioned. Thus, they were utilized in
mediated oxidation of thiocholine that is applied in acetyl-
cholinesterase sensors for the detection of appropriate inhibitors
[36]. Changes in the P[5]A redox properties were used for discrimina-
tion of native and damaged DNA adsorbed on GCE covered with car-
bon black [37].

Reversibility of the redox conversion of the hydroquinone and ben-
zoquinone units in the pillar[n]arene molecules offers another way for
assembling appropriate sensors and biosensors. The use of quinone
derived macrocycles named pillar[n]arene[m]quinones makes it possi-
ble to start with reduction of quinone fragments to hydroquinone with
significantly lower influence of hydrogen bonds and chemosorption of
semiquinone units frequently observed in direct oxidation of relative
pillar[n + m]arenes. Indeed, possibility of reversible P[5]A oxidation
and similarity of appropriate voltammograms to those of hydro-
quinone were reported from very beginning of the pillararene chem-
istry [38]. Reversible conversion of quinone to hydroquinone and
vice versa were reported for partially alkoxylated P[5]A [39] and pil-
lar[6]arene [40]. Pillar[6]quinone was obtained by chemical and elec-
trochemical oxidation of perhydroxylated pillar[6]arene [41].
Cathodic voltammetric studies showed stepwise transfer of electrons
in reversed process. It should be noted that all of these examples
describe electrochemical behavior of hydroxylated pillararenes in
organic media. Due to low protogenic activity of the media, transfer
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of hydrogen ions becomes hindered, so that the products of one-elec-
tron transfer are visible on voltammograms, possible influence of
hydrogen bonding is suppressed and that of supramolecular self-
assembling increased against the conditions of aqueous or preferably
aqueous solutions more convenient for electrochemical (bio)sensos
operation. Nevertheless, partially oxidized pillararenes (pillar-
quinones) retain their ability to host-guest interactions [42]. It was
shown on the example of potentiometric determination of some metal
cations [43] and colorimetric detection of aliphatic aldehydes from
their vapors [44]. However, to the best of our knowledge, there is
no information on electrochemical behavior of pillarquinones in aque-
ous media, where hydrogen bonding of hydroquinone units can suffi-
ciently affect both the redox activity of the macrocycle and its
recognition capabilities toward potential guest molecules. For the first
time, we have compared the electrochemical characteristics of the
above macrocycles different in the number and location of quinone
units in the macrocycle core. Besides, selective recognition of tyrosine
was for the first time found and applied for its sensitive detection.

In this work, electrochemical properties of partially oxidized P[5]A
with one, two, and three quinone units have been for the first time
investigated in 50% acetone and on the surface of GCE covered with
carbon black. Their abilities in recognition of amino acids have been
compared and selective voltammetric detection of tyrosine demon-
strated for pillar[3]arene[2]quinone demonstrated.

2. Materials and methods
2.1. Reagents

Chemical structures and notations of pillar[n]arene[m]quinone
(n + m = 5,n = 2-4, m = 1-3) are presented in Fig. 1. They were
synthesized at the Department of Organic and Medicinal Chemistry
of Kazan Federal University in accordance with modified method [45].

First, P[5]A decasubstituted with 1,4-bis(2-bromoethoxy) groups
(1) was synthesized in accordance with [46]. Cerium ammonium
nitrate (NH4)>[Ce(NO3)¢] dissolved in minimal quantity of water
was mixed with dichloromethane/tetrahydrofuran mixture 1:1 (v/v)
to form homogeneous solution. The reaction was continued for 16
hr. The number of oxidized hydroquinone units depended on the
molar ratio of the reactants. Thus, the addition of 2.2 mol of oxidant
per one mol of 1,4-dibromoethoxy unit resulted in formation of P[4]
Q[1], 4.4 mol of added oxidant preferably gave P[3]Q[2] and
6.6 mol allowed formation of P[2]Q[3] with the yields varied from
38 to 54% (Scheme 1).

The structure of all the obtained compounds including precursor
was confirmed by 'H, '>C NMR spectroscopy IR spectroscopy,
MALDI-TOF mass spectroscopy and elemental analysis (Electronic Sup-
plementary Information, ESI, Figs. S1-S12). The number and position
of quinone fragments in the macrocycles were established based on
the 'H and '>C NMR spectra as described in ESI (Table S1).

Amino acids (1-asparagine, 1-cysteine, 1-glycine, r-histidine, pr-leu-
cine, pi.-methionine, 1-phenylalanine, r-tryptophan, and pr-tyrosine)
and choline were purchased from Sigma-Aldrich (Darmstadt, Ger-
many). Normal human serum was purchased from ThermoFischer Sci-
entific and rehydrated prior to use with phosphate buffer saline, pH
7.6. Ringer-Locke’s solution contained 9 g/L NaCl, 0.42 g/L KCl,
0.5 g/L NaH,PO,4-2H,0, 0.32 g/L CaCl,-2H,0, 0.1 g/L NaHCOs,
0.3 g/L MgSO,, and 1.5 g/L p-glucose, pH 7.0.

Electrochemical measurements with dissolved macrocycles were
performed in 0.04 M Britton-Robinson buffer mixed with acetone in
1:1 (v/v) ratio. Final solutions contained 0.1 M Na,SO, as supporting
electrolyte. All the solutions for electrochemical measurements were
prepared using Millipore water (Simplicity® water purification sys-
tem, Merck-Millipore, France).
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Fig. 1. Chemical structures of pillar[n]arene[m]quinones studied.
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Scheme 1. Synthesis of pillarquinones.

2.2. GCE modification with pillar[5]arene quinones

GCE (2 mm in diameter) was mechanically polished, washed with
acetone and deionized water and cleaned by repeated cycling of the
potential in the range from — 1.0 to 1.0 V until the voltammogram sta-
bilization (approx. 10 min.). Carbon black (CB, N220, Imerys, Wille-
broek, Belgium) was suspended by sonication of 1 mg mL~™'
dispersion in dimethylformamide. 4 pL of the suspension were drop
casted on the GCE and dried at 60 °C for 30 min. Then, 2 pL of the
macrocycles dissolved in acetone were casted on the surface and left
drying at ambient temperature for 20 min.

2.3. Electrochemical measurements

Voltammetric measurements were performed with potentiostat/
galvanostat AUTOLAB PGSTAT 302 N (Metrohm Autolab b.v., the
Netherlands) at ambient temperature with three electrode working cell
equipped with GCE as working electrode, double-junction Ag/
AgCl /3 M KCl reference electrode (Metrohm Autolab, the Nether-
lands) and Pt wire counter electrode.

The electrochemical impedance spectroscopy (EIS) measurements
were performed using FRA2 module (Metrohm Autolab b.v., the
Netherlands) in the presence of [Fe(CN)g]>~/*~ pair as the redox
probe at the equilibrium potential calculated as a half-sum of the peak
potentials of the redox probe. Frequency varied from 100 kHz to

0.04 Hz, amplitude of the applied sine potential was 5 mV. The EIS
parameters (electron transfer resistance and constant phase element)
were calculated from the Nyquist diagram with the R(RC)(RC) equiv-
alent circuit using NOVA software (Metrohm Autolab b.v., Utrecht,
The Netherlands).

2.4. Scanning electron microscopy measurements

Scanning electron microscopy (SEM) images were recorded on the
field emission scanning electron microscope Merlin™ (Zeiss, Jena, Ger-
many). The Au/Pd layer was deposited by T150ES sputter coater (Quo-
rum Technologies Ltd, Laughton, UK).

3. Results and discussion
3.1. Electrochemical behavior of partially oxidized P[5]A

First, electrochemical properties of the oxidized partially substi-
tuted P[5]A were assessed in homogeneous conditions. Because of
rather low solubility of the above compounds in water, all the working
solutions contained 50 vol% acetone. Constant ionic strength was
maintained by addition of Na,SO, to its final concentration of
0.1 M. Previously it was found [37] that these conditions provide most
reproducible peaks related to the perhydroxylated pillararene redox
conversion. It should be mentioned that all the measurements were
performed starting from maximal anodic potential corresponded to
the stable quin one form and scanning the potential toward cathodic
potentials corresponded to the fully reduced forms of the macrocycles.
Full cyclic voltammograms recorded are shown in Figs. S13, S14. In
the following text, the region of the peak pairs related to the reversible
conversion of the quinone fragments has been selected for more clarity
of the changes observed in variation of the measurement conditions.

Repeated cycling of the potential did not result in the pH changes
of the solution and the peak potentials remained quite stable. All the
measurements were performed in solutions containing dissolved oxy-
gen. Its removal by argon did not alter main peak pair attributed to
the benzoquinone/hydroquinone fragments conversion. Appropriate
cyclic voltammograms of the P[3]Q[2] obtained for the macrocycle
adsorbed on the electrode are presented in Fig. S13 as example.

All the macrocycles tested showed a pair of the peaks attributed to
the reversible reduction of the quinone units of the macrocycle and
reversed oxidation of hydroquinone fragments obtained (Fig. 2).
Appropriate reaction is presented in the Scheme 2.

The parameters of the dependence of the peak currents (I, (Ipo),
pA) on the macrocycle concentration (c, M) are presented in Table 1.
The slope of the I, — ¢ dependence was rather similar to each other
within the confidence interval. The intercepts of all the regressions sig-
nificantly differed from zero. This indicates contribution of surface
accumulation of the molecules to the currents recorded.
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Fig. 2. Cyclic voltammograms recorded on the GCE in 0 — 0.1 mM P[4]Q[1] (A), P[3]1Q[2] (B) and P[2]Q[3] (C), pH 5.0, scan rate 100 mV/s. Arrow indicate the

direction of the potential scanning.
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Scheme 2. General mechanism of reversible reduction-oxidation of quinone
fragments in pillarquinone molecules.

One can see the peak currents did not directly depend on the num-
ber of quinone units per macrocycle molecule. Thus, maximal cathodic
peak was observed for the P[3]Q[2] while other macrocycles showed
comparable peaks. Anodic peaks on the reversed scan were much clo-
ser to each other than the cathodic peaks. This might result from com-
bined influence of two factors, i.e., increasing number of the redox
centers in a macrocycle and their accessibility to the electron transfer
influenced by steric loading of the quinone units. In the case of P[2]Q
[3] with three neighboring quinone units, the reduction reaction can
be also complicated by stabilization of the formation of intramolecular
hydrogen bonds in the intermediate products of reduction. However,
this hypothesis contradicts with similarity of the peak potentials and
a single step electron transfer, i.e., formation of the only peak pair
for all the compounds studied. The highest cathodic peaks of the P
[31Q[2] demonstrated the deepest diffusion decay among all the com-
pounds studied. It should be also noted that only P[4]Q[1] gave about
similar oxidation and reduction peak currents (I,./I,, = 1) whereas
other macrocycles showed much higher cathodic peak over anodic
one. This indirectly confirms a significant contribution of the surface
confined steps to the oxidation of hydroquinone units formed at the
direct scan of the potential.

Table 1

The dependence of the peak currents (I,) on the scan rate (1) corre-
sponded to the mixed regime of adsorption/diffusion control
(Table S2). For all the compounds studied the slopes in bi-logarithmic
plots, dlog(I,, pA)/dlog(v, mV/s) approached to 1 (surface confined
reaction) for anodic peaks and were much lower for cathodic peaks
(near 0.75 for P[4]Q[1], 0.67-0.75 for P[3]Q[2] and 0.60-0.84 for
P[2]Q[3]). The deviation of appropriate values was higher for P[2]Q
[3] among the macrocycles and that measured at pH 7.0 among other
buffers. At higher pH values, the appropriate dependences become
non-linear by downward against linear dependency at high scan rates.

The pH dependence of the cyclic voltammograms of the macrocy-
cles is presented in Fig. 3 for P[3]Q[2] as an example and in
Figs. S14 and S15 for P[4]Q[1] and P[2]Q[3], respectively. Equilib-
rium potential E,, was calculated as a half-sum of the peak potentials
(1). In accordance with its value, equal number of hydrogen ions and
electrons is transferred for all the compounds studied ((2)-(4)).

Ee = (Epa - _Epc)/z (1)
P4]Q[1] : E,y320 = (1 +7.5) — —(52.3 + 1.3)pH,n = 8,R? = 0.9959
)

P[3]Q[2] : Eoy = (324.9 +8.9) — —(53.8 + 1.5)pH, n = 8,R? = 0.9945
3)

P2]Q[3] : Eq = (322.7 + 6.9) — —(52.7 + 1.3)pH,n = 8, R*> = 0.9965
(4)

The peak currents weakly depended on the pH. For P[4]Q[1],
reduction peak current remained about constant in the range of pH
from 2.0 to 7.0 and slightly increased with pH 8.0-9.0. The increase
of the currents can be attributed to the alternative oxidation of qui-
none units by dissolved oxygen, which reactivity is higher in basic
media. Anodic peak current regularly decreased in the range from

The dependency of the peak currents (I,, pA) on the concentration of pillar[n]arene[m]quinones (c, pM) I, = (a = Aa) + (b £ Ab)-c, n is the number of experimental

points within the linear range.

Pillar[n]arene[m]quinone a * Aa b+ n R? Conc. range, pM
P[4]Q[1] Oxidation peak current

0.078 += 0.004 2.90 = 0.05 5 0.9981 20-100

Reduction peak current

0.021 * 0.007 3.74 = 0.09 7 0.9991 0.1-100
P[31QI[2] Oxidation peak current

0.62 = 0.10 5.26 + 1.71 7 0.9022 0.01 - 0.10

Reduction peak current

1.89 + 0.15 26.1 + 4.1 5 0.9529 0.01 - 0.06
P[2]1QI3] Oxidation peak current

0.53 = 0.04 7.55 + 0.71 5 0.9732 0.02 - 0.10

Reduction peak current

0.31 = 0.02 0.86 + 0.12 5 0.9253 0.02 - 0.10
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Fig. 3. Cyclic voltammograms of 0.1 mM P[3]Q[2] (A) and pH dependence of the equilibrium potential E.q calculated from the peak potentials (B). Average from

six measurements with individual electrodes.

pH 2.0 to 9.0 by about 25% of its maximal value. Similar trends were
observed for other macrocycles. Thus, P[3]Q[2] showed linear depen-
dencies of the anodic peak current within the whole range of the
potentials mentioned with the slope dI,./dpH = —0.19 *+ 0.02 Catho-
dic peaks showed a local increase in the neutral media and the same
values in acidic and basic solutions. Here, two neighboring quinone
units stabilize semi-oxidized form by internal hydrogen bonding so
that the currents were less sensitive to the oxygen presence. For P[2]
QI[3], oxidation peak current was much less sensitive to the pH (dl,o/
dpH = —0.079 = 0.002) whereas cathodic peak current increased
twofold in the pH range from 2.0 to 6.0 and stabilized in more basic
conditions. Probably, deprotonation increased the number of quinone
units involved in electrode reaction against those active in acidic
media stimulating hydrogen bonding of benzoquinone-hydroquinone
units. Appropriate dependencies are presented in Fig. S14.

The transfer coefficients () and heterogeneous reaction rates (k) of
the electron transfer were calculated from the slopes of the dependen-
cies of the peak current on the scan rate (5) [47].

_ g0 | 2.303RT (1—a)nF | 2.303RT
Epo = E° + G 0F 108 . + (oanr 08V (5)

_ g0 2.303RT RTks __ 2.303RT
Epe =E° + 505 105y — % logv

E? is the formal redox potential, R universal gas constant, T abso-
lute temperature, n the number of electrons transferred, F the Faraday
constant, and k; the heterogeneous constant rate of the electron trans-
fer. Appropriate curves in the plots E, — logv are presented in Fig. S16
and kinetic parameters of the electron transfer in Table 2. All the com-
pounds showed the transmission coefficient increased with pH from
about 0.5 to 0.7 indicating higher contribution of chemical steps with
intermediate products of electron transfer. Contrary to that, oxidation
showed much lower pH influence. P[2]Q[3] showed non-linear depen-
dence of the E,. on logv with two linear pieces at lower and higher scan
rates. As could be seen, transmission coefficient did not depend on pH
at lower scan rates (5 — 200 mV/s) and significantly decreased at faster
runs (150 — 500 mV/s). Thus, the o, value shifted in opposite direction
with pH against other macrocycles indicating higher contribution of
intermolecular processes probably involving hydrogen bonding of
hydroquinone and quinone units of the macrocycle.

The performance of partially oxidized P[5]A molecules coincides
with the redox behavior of substituted quinones but differs from that
of sterically hindered anthracyclines and anthraquinones that show
separate steps of electron/H™ ions transfer on voltammograms (see
review [48]). Increased pH did not result in splitting the peaks on
voltammograms due to ionization of hydroxy groups of the reduction
products as was shown for substituted quinones in non-buffered media
[49]. It seems from the experiments, that steric factors affecting the
access of the pillarquinone molecules to the electrode mostly deter-
mine the behavior of the compounds studied and similarity of the ano-
dic peaks on reversed runs on voltammograms with no respect of the

number of quinone units in the initial compounds. Only P[2]Q[3]
with three neighboring quinone groups offers possibility of intermolec-
ular hydrogen bonding on semi-oxidized intermediates similarly to
quinhydrone complex on hydroquinone and benzoquinone molecules
[50].

3.2. Electrochemical behavior of pillarquinones on the CB modified GCE

GCE was covered with the CB layer, and inert and inexpensive
carbon nanomaterial with high adsorption capacity and good
mechanical and electrical properties. CB is frequently applied for
enhancement of the working area of electrodes and electric wiring
of biomolecules in electrochemical sensors and biosensors [51].
The concentration of the CB dispersion and protocol of its deposition
were specified elsewhere [35] and corresponded to the full coverage
of the GCE surface. Fig. 4 shows surface morphology of the CB cov-
ered GCE prior to and after the deposition of the P[3]Q[2] to the
GCE modified with CB.

The aliquot was chosen to be 4 pL per electrode while the concen-
tration of the macrocycle varied from 0.1 mM to 10 mM. At lowest
concentration, the macrocycle forms a thin dense film that fully covers
the CB particles remained visible on the image. With increased P[4]1Q
[2] concentration, regularly shaped round plaques appeared onto the
film. The following increase of the macrocycle concentration resulted
in increase of both the number and diameter of the plaques till their
domination at 10 mM P[4]Q[2]. EDX elemental analysis confirmed
presence of P[4]Q[2] indicated by bromine content both in the film
and plaques (Figs. S17, Table S3).

Effective surface area of the modified electrode was estimated by
the Randles-Sevcik equation (6) using 1.0 mM K;3[Fe(CN)¢] with its
diffusion coefficient of 7.6 x 10~ % cm? s~ ! [52].

(6)

Roughness coefficient as a ratio of real and geometric electrode
areas was equal to 1.7. This coincides well with previously reported
data [30].

Introduction of pillarquinones in the CB layer was confirmed by
EIS. Fig. 5 represents the Nyquist diagrams obtained in the presence
of 10 mM [Fe(CN)s]®>~7*~ as redox probe on the electrodes consecu-
tively loaded with CB and pillarquinones studied.

Appropriate parameters are summarized in Table S4. Semicircles
on the Nyquist diagram corresponded to the limiting step of the elec-
tron transfer on the inner (electrode — modifier) and upper (modifier —
solution) interfaces (see equivalent circuit in (7). Here, R; is the sol-
vent resistance, R,; the electron transfer resistance and C is the con-
stant phase element. Indices ‘1’ and ‘2’ correspond to inner
(electrode — modifier) and outer (modifier — solution) interfaces of
the electron exchange.

I, = 2[unknown template]
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Table 2
Transfer coefficient () and heterogeneous rate constant of the electron transfer (k., k,). Average + S.D, three repetitions.
pH o ke 1-a ka
P[4]QI[1]
3.0 0.56 0.016 + 0.002 0.67 0.0073 = 0.0013
5.0 0.61 0.008 =+ 0.0006 0.62 0.0081 + 0.0006
7.0 0.75 0.003 + 0.001 0.52 0.0164 + 0.0034
P[31Q[2]
3.0 0.53 0.0333 + 0.0019 0.57 0.026 *= 0.0019
5.0 0.59 0.0230 = 0.0013 0.65 0.014 += 0.0023
7.0 0.67 0.0132 * 0.0014 0.57 0.025 *= 0.006
P[2]Q[3]
3.0 0.66 (5 — 200 mV/s) 0.0025 + 0.0001 0.64 0.0026 =+ 0.0005
0.40 (150 - 500 mV/s) 0.029 + 0.002
5.0 0.60 (5 — 200 mV/s) 0.0020 * 0.0002 0.52 0.0036 + 0.0007
0.30 (150 — 500 mV/s) 0.049 =+ 0.004
7.0 0.60 (5 — 200 mV/s) 0.0019 = 0.0002 0.52 0.0035 + 0.0005
0.29 (150 - 500 mV/s) 0.052 + 0.005

Fig. 4. SEM images of the GCE covered with CB (A) and that after deposition of 0.1 mM (B), 1.0 mM (C) and 10 mM P[3]1Q[2] (D).

(R, (R.).

The exponential factor N (Eq. (8), Z is an impedance, » angular fre-
quency of a sinusoidal signal, and j? = — 1) was higher than 0.98 in all
the measurements indicating the behavior of constant phase elements
as an ideal capacitance.

1

(jw)"C

®)

Deposition of all the macrocycles did not alter the electron transfer
resistance of the electrode - modifier interface but increased two-
threefold its capacitance. Regarding outer interface, deposition of P
[4]1Q[1] did not affect the EIS parameters while the addition of P[3]
Q[2] decreased and P[2]Q[3] increased the R, value by about
10-12%. The capacitance changed in the opposite direction against
R, trend indicating higher charge separation in case of P[3]Q[2]
and lower one for P[2]Q[3].

On cyclic voltammograms, all the GCEs modified with the macrocy-
cles adsorbed in the CB layer showed one pair of quasi-reversible

redox peaks, which morphology was similar to that obtained on bare
GCE with dissolved macrocycles. Meanwhile, the shape of the peaks
differed, especially for P[4]1Q[1] and P[2]Q[3]: all the peaks obtained
on the modified electrodes have a remarkable diffusional decay and
looked like classical diffusion controlled peaks though the redox active
species were in the surface layer but not in the solution. The signals

——CB ——CB + P[4]Q[1]

g 0.84 —™— CB + P[S]QIZ] v
¥ ——CB + P[2]Q[3]

0.6+

0.4 1

0.2

0.0

00 05 10 15 20
Z', kQ

Fig. 5. The Nyquist diagrams obtained on GCE covered with CB and
pillarquinones studied. Measurements in the presence of 10 mM
[Fe(CN)s1®~7*~.
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attributed to the redox reactions of the macrocycles reached stable cur-
rents to third-fourth cycle of the potential with intermediate stirring of
the solution. The appropriate cyclic voltammograms were quite stable
in the following measurements within at least one day. It should be
noted that contrary to the same macrocycles dissolved in aqueous ace-
tone, the same compounds adsorbed on the CB particles were also
stable in basic media, so that the voltammograms recorded at pH 8.0
were well reproducible. This can result from stabilization of the macro-
cycles and their reduction products in the matrix of nanomaterials and
less accessibility of the adsorbed molecules of pillarquinones for oxy-
gen molecules on the electrode interface.

The height of both cathodic and anodic peaks was much higher
than that reached in homogeneous conditions (see Section 3.1). The
ratio of cathodic and anodic peak currents was closer to one at all of
the pH of the media (Fig. 6). The peak potentials depended on the
pH of the solution in accordance with Egs. ((9)-(11)).

P[4]Q[1]/CB : E,, = (267.4 £ 13.2) — —(48.0 + 2.2)pH, n = 8, R> = 0.9852
)

P[3]Q[2]/CB : Eoy = (347.3 + 4.5) — —(52.6 + 1.2)pH,n = 8, R> = 0.9986
(10)

P[2]Q[3]/CB : E,, = (499.9 + 20.5) — —(86.4 & 3.5)pH,n = 8,R? = 0.9915
11

Super-Nernstian response of the dependency observed for P[2]Q[3]
can be explained by the pH influence on the disaggregation processes
and increased number of proton accepting groups o the electrode inter-
face. It should be noted that the P[2]Q[3] macrocycle is the only one
able to form hydrogen bonds in semi-oxidized state among the com-
pounds tested. This suggestion coincides with a sharp increase of the
reduction peak current observed for this compound in the pH range
from 6.0 to 9.0. (Fig. 7) Other compounds showed rather smoothen
plots which did not significantly differ from those obtained with dis-
solved macrocycles.

Increasing quantities of the macrocycles loaded onto the CB layer
resulted in remarkable increase of the peak currents of pillarquinones
till deposition of 100-200 nmol per electrode. Fig. 8 shows the appro-
priate cyclic voltammograms for P[3]Q[2] as example.

The loading of other macrocycles was characterized in a similar
manner in Fig. S18. As could be seen, at pH 8.0 the assessment is com-
plicated by amalgamation of the peaks related to the oxygen and qui-
none units’ reduction. This resulted in apparent increase of the
cathodic peak currents which become much less sensitive to the
macrocycle loading than at pH 5.0. The effect is most obvious for P
[2]Q[3] but also affects the cyclic voltammograms of P[2]Q[3]. In case
of P[3]1Q[2], joint cathodic process is observed only at highest quanti-
ties of the macrocycle loaded on the GCE/CB surface. The difference in
the behavior of various pillarquinones can be related to their self-
assembling on the electrode as previously was confirmed by SEM for
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the P[3]Q[2] and indirectly by EIS data. The formation of aggregates
not only alters the surface concentration of redox sites but also influ-
ences the hydrophobicity of the electrode interface and hence the rate
of hydrogen ion transfer in the surface layer. These phenomena can
explain the decrease of the currents observed in some measurement
conditions at high quantities of the macrocycles loaded.

Electrode kinetics of redox reactions on the GCE/CB electrode was
assessed for adsorbed pillarquinones as described above for their solu-
tions. The transfer coefficients and heterogeneous rate constants are
presented in Table 3. In comparison with homogeneous conditions
(Table 2), the transfer coefficients of the direct reaction (cathodic
reduction of quinone units) are closer to 0.5 indicting higher
reversibility of the electron exchange. Appropriate rate constants also
increased eight- tenfold against those obtained with the macrocycle
solutions. This might result from better electric wiring of the macrocy-
cle molecules adsorbed on the CB particles in comparison with their
transfer to bare GCE. As in the case of solution testing, P[2]Q[3]
exerted lower changes of the peak potentials with the scan rate, which
are approximated with two linear pieces corresponded to different
ranges of the variable. At higher scan rates, the transfer coefficient
shifted to appr. 0.5 value and the constant rate increased ninefold indi-
cating less influence of intermediate chemical streps of the reaction
involving semi-oxidation products of the macrocycle conversion.

Thus, the results obtained show remarkable improvement of the
voltammetric signals of pillarquinones after their deposition on the
CB layer. Higher peak currents, comparable height of the cathodic
and anodic peaks, their stabilization especially in basic media and
lower contribution of oxygen reduction offer good opportunities for
the use of pillarquinones as mediators in the assembly of electrochem-
ical sensors. The above-mentioned improvements confirmed by
changes in the kinetics of electron transfer can be attributed to the par-
tial elimination of steric factors suppressing direct electron transfer to
the pillarquinone molecule in the solution and a denser contact
between the CB particles and redox sites of the molecules. Contrary
to these positive factors.

3.3. Electrochemical detection of host-guest interactions with pillarquinones

3.3.1. Screening interactions of the amino acids with pillarquinones

As was mentioned in Introduction, the formation of host-guest
complexes with derived pillararenes is mostly based on weak multiple
interactions either with the aromatic rings of the macrocycle cavity or
with functional groups of the substituents. Nitrogen containing deriva-
tives can interact with oxygen atoms of both hydroquinone and benzo-
quinone units by donation of a lone electron pair or electrostatic
interactions after protonation. We have performed screening of such
interactions with primary amino acids and monitored changes in the
redox behavior of the pillarquinones studied in the presence of amino
acids. It is important that all the amino acids tested were electrochem-
ically inactive and the voltammetric response could be attributed only

< < <
= - 2
10 - 15 =
, 0
0
-15
-10 7k
——pH20 ——pH30 -15 pPH20 ——pH30 ——pH20 ——pH30
20 pH4.0 ——pH 5.0 pH40 ——pH50 ——pH40 ——pH5.0
pH60 ——pH70 o ——pH60 —— pH 7.0 ——pH60 ——pH7.0
pH80 ——pH9.0 ——pH80 ——pH9.0 -45 ——pH80 ——pH9.0
-800  -400 0 400 800 -800  -400 0 400 800 -800  -400 0 400 800
E, mV E,mV E, mv

Fig. 6. Cyclic voltammograms recorded on GCE covered with CB and adsorbed macrocycles P[4]Q[1] (A), P[3]1Q[2] (B) and P[2]Q[3] (C). Arrow indicates the

direction of the potential scanning.
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Fig. 8. Cyclic voltammograms (A, C) and peak currents (B, D) of 5 uM — 1 mM P[3]Q[2] at pH 5.0 (A, B) and 8.0 (B, D) recorded on the GCE covered with CB.

Table 3
Transfer coefficients («) and heterogeneous rate constant of electron transfer (k, k). GCE modified with CB and adsorbed macrocycles. Average = S.D, three
repetitions.
pH o k. 1-a kq
P[4]Q[1]
3.0 0.62 0.016 + 0.002 0.40 0.036 + 0.001
5.0 0.59 0.0083 = 0.0006 0.52 0.052 + 0.001
7.0 0.43 0.0034 = 0.0011 0.90 0.114 + 0.004
P[3]QI[2]
3.0 0.45 0.044 = 0.004 0.50 0.033 = 0.003
5.0 0.45 0.038 + 0.003 0.42 0.042 += 0.006
7.0 0.46 0.057 += 0.006 0.39 0.085 += 0.010
8.0 0.46 0.041 + 0.006 0.37 0.075 + 0.010
P[2]Q[3]
3.0 0.71 0.027 =+ 0.003 0.57 0.049 =+ 0.005
0.45 0.107 + 0.004
5.0 0.68 0.035 + 0.011 0.34 0.186 + 0.039
7.0 0.71 0.0544 + 0.013 0.33 0.337 * 0.063
8.0 0.64 0.0409 + 0.009 0.31 0.252 + 0.029

to the pillarquinones as host molecules exerting redox activity. Previ-
ously, substituted pillararenes have been described for amino acids
recognition with electrochemical detection. In them, supramolecular
complexes were applied for selective accumulation of the analytes fol-
lowed by their oxidation on the electrode (tryptophan determination

[16]). Fluorescent detection of amino acids binding is mostly based
on displacement protocol with fluorescent dye as a guest substituted
with amino acids. We have monitored the interaction of the pillar-
quinones studied with amino acids in solution. The concentrations of
reactants were 0.1 mM for pillarquinones and 0.5 mM for potential
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guests. Tryptophan was taken

in 0.1 mM concentration due to lower

solubility in the aqueous media. In most cases, the presence of amino
acids did not alter the peaks on pillarquinone voltammograms. Some
examples are given in Fig. S20. Among all the amino acids studied
and pillarquinones, only tyrosine significantly affected the peak cur-

rents of P[3]Q[2] (Fig. 9).

In acidic media, the effect is much more pronounced for cathodic
peak current that for anodic peak current. This coincides well with
the positive charge of the guest molecule and predominant influence
of the complexation on the protonation step within the reduction of
the quinone units of the macrocycle. In neutral and basic media,
changes of cathodic and anodic peak currents became comparable
and the changes in the anodic peak were mostly related to the back-
ground currents indicating a higher resistance of the macrocycle
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complex on the electrode interface. The tyrosine presence did not affect
the peak potentials in the whole range of the guest concentrations and
pH varied. Probably, hydrophobic interactions with w-aromatic system
of the amino acid molecule also plays role in binding to pillarquinone
moiety. Introduction of guest molecule resulted in increased steric hin-
drance of the transfer of the host-guest complexes to the electrode sur-
face and lower surface concentration of the same redox sites against
blank experiments with no amino acids in the solution.

All the pillarquinones studied showed similar trends in the peak
current alterations but the highest response was obtained for P[3]Q
[2] (Fig. 10). In optimal conditions, the following calibration equa-
tions were obtained (Egs. (12)-(15)). Th whole calibration curves
were non-linear but can be approximated by two linear pieces at lower
and higher tyrosine concentration range.

< Tyrosine 0 X
ES 0.01 mM A =100 4
-5 0.02 mM =
——0.04mM S
1 0.07 mM 80 4
— 0.1 mM
0 60 4
1 -
40 4
2 pH 3.0
20 T T T T T T
-800  -400 0 400 800 0 20 40 60 80 100
c, uM
Tyrosine 0 E, my K
< ;5 001 mM C .
=9 S
- 0.02 mM _~ 100 D —_—
2{——0.04mMm e IP‘
0.07 mM <o 80 —
T1—o01mm
0
/ 60
-1
2 pH 5.0 40 "
-3
20
-800  -400 0 400 800 0 20 40 60 80 100
E, mV c, uM
Tyrosine 0
< 3 001 mM 0o2mm E S
~ 100 F
= ——0.04 MM 0.07 mM S
21—o01mm < ==
- 80 |
1 pc
—— |
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-3 20
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Fig. 9. Cyclic voltammograms (A, C, E, G) and peak currents (B, D, F, H) of the macrocycles adsorbed on the CB layer on GCE at various pH and tyrosine

concentrations.
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Cathodic peak currents:

5 — —30uM : I /I, (0), uA
— (98.0+£1.4) — —(1.6 +0.08)(c, iM),n = 5,R? = 0.9858
(12)

30 — —1004M : Ie /I, (0),
pA = (66.2 + 0.4) — —(0.47 £ 0.01)(c,uM),n = 6,R* = 0.9985 (13)

Anodic peak currents:

5 — —30uM : Iq/T,q(0),

pA = (98.9+0.9) — —(1.2 +0.06)(c,uM),n = 5,R*> = 0.9897  (14)
30 — —100uM : Iy /I,a(0),

pA = (79.8 £ 0.6) — —(0.55 + 0.01)(c, uM),n = 6,R> = 0.9988 (15)

The above changes were quite reproducible (R.S.D. of 4.5% for
cathodic peaks and 5.5% for anodic peaks, six individual sensors)
and did not depend on the period of incubation of the electrode
mixture of the macrocycles and tyrosine. The sequence of reactant
addition did not alter the resulting shift of the peak currents though
the repeatability of the relative shift of the currents was higher in case
of one-step addition of the mixture over to consecutive addition of the
macrocycles and then tyrosine. The limit of detection (LOD) deter-
mined from S/N = 3 ratio was found to be 2 pM.

3.3.2. Determination of tyrosine with GCE modified with CB and P[3]Q[2]

After screening the conditions of host-guest complexation, the
experiments were performed with the P[3]Q[2] implemented in the
CB layer on the GCE surface. In the presence of tyrosine, the peak cur-
rents decreased as was previously described for homogeneous solu-
tions. The concentrations detected were lower than those established
with dissolved macrocycle though maximal relative decrease of the
peak current was significantly lower (up to 40%) (Fig. 10).

Changes of anodic peak currents on reversed run on voltammogram
were significantly lower than those of cathodic peak and rather irreg-
ular. Washing of the electrode after the contact with tyrosine resulted
in changing the voltammograms to those obtained in blank measure-
ment. However, the recovery of the sensor was not full and recorded
peak currents diminished by 10-12% of initial value after each mea-
surement. To avoid this memory effect, it was proposed to load the
mixture of P[3]Q[2] and tyrosine on the GCE/CB surface. After prelim-
inary washing of the electrode, such a protocol improved the
reversibility of the peak changes and allowed performing tyrosine
measurements for at least four days without renewing of the surface

< B Pi41Q[1]

3 PI3]Q[2]

= P[2]Q[3]
1.0+
0.54

° \ \ NN NN N
« « « A\ o
ot o o T

Fig. 10. Comparison of the cathodic peak current measured in the mixture of
0.1 mM pillarquinones and various concentrations of tyrosine a pH 7.0.
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layer (up to ten measurements per day). Calibration curve was
obtained for the shift of the cathodic peak current against blank exper-
iment AI,. against tyrosine concentration and was approximated with
two linear pieces corresponded to low (1 — 10 pM) and high (10 -
100 pM) concentrations of tyrosine ((16), (17)).

1— —10uM : Al uA = (412 £ 0.6) — —(0.52 + 0.08)(c, uM),

n=5R?=09611 (16)

30 — —100uM : A,
uA = (8.1 +0.2) — —(0.08 + 0.003)(c,uM),n = 6, R* = 0.9923
(17)

The LOD was equal to 0.4 pM. Tyrosine is an amino acid necessary
for maintaining nutritional balance. It is involved in the synthesis of
neurotransmitters, e.g., dopamine, norepinephrine, epinephrine, and
1-dopa through a series of biochemical reactions. Tyrosine concentra-
tion is required in diagnostics of Parkinson’s disease, depression and
emotional disorders or dysfunction [53]. Tyrosine is mainly deter-
mined in body fluids using HPLC — MS [54], HPLC with fluorescence
detection [55], capillary zone electrophoresis [56] and spectrometry
[57]. Electrochemical methods offer an attractive alternative to con-
ventional instrumentation due to low cost of equipment, simple oper-
ation, high sensitivity and user-friendly design. Characteristics of
electrochemical determination of tyrosine with electrochemical sen-
sors are compared in Table S5. Besides, some comprehensive reviews
devoted to electrochemical detection of amino acids can be recom-
mended [58,59]. As could be seen, the LOD obtained with the sensor
developed is comparable with that achieved with other electrochemi-
cal sensors. Certainly, application of some nanomaterials and espe-
cially of graphene derivatives and nanocomposites offers higher
sensitivity of the signal toward tyrosine. Meanwhile it should be men-
tioned that all the sensors described in the literature utilize direct or
mediated oxidation of tyrosine accumulated on the modifier and hence
are operated at rather high potential. This limits application of the sen-
sors with rather simple samples which do not contain considerable
amounts of oxidizable auxiliary agents or sample components or
assumes complicated sample treatment. Application of pillarquinones
made it possible to measure the signal in cathodic area, where no com-
mon interferences complicate the response.

3.3.3. Measurement precision, selectivity and real sample analysis

The electrochemical sensor based on GCE covered with CB/P[3]Q
[2] showed high stability of the signal toward tyrosine. Thus, relative
standard deviation determined for six consecutive measurements was
equal to 4.5% (10 pM tyrosine, sensor-to-sensor repeatability). When
stored at ambient temperature in working buffer, the sensor retains
its characteristics within four days. Operation period can be extended
by using relative changes of the cathodic peak current instead of abso-
lute shift. The selectivity of tyrosine recognition was assessed for other
amino acids (z-asparagine, r-cysteine, r-glycine, r-histidine, pi-leucine,
pr-methionine, r-phenylalanine, i-tryptophan) and choline. It was
found that in all the cases the shift of the P[3]A[2] peak currents in
the presence of equal concentration of interferences did not exceed
2%. Besides, the same species were added to the 0.1 mM tyrosine
and no alteration of the peak currents was observed, either.

Applicability of the sensor for real sample analysis was proved by
using normal human serum rehydrated with phosphate buffer and
spiked with 2.5 and 5 pM tyrosine. The recovery assessed by calibra-
tion curve for cathodic peak current shift was found to be 92 = 5%
and 110 = 5, respectively (six sensors). No influence of Ringer-Locke’s
solution mimicking electrolyte content of the serum [60] on the
response was also mentioned (recovery 99 = 3% for three sensors).
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4. Conclusion

The redox conversion of partially oxidized pillar[5]arenes contain-
ing from one to three quinone units is sterically hindered. The pH
dependence of the equilibrium potential was linear in the pH range
from 2.0 to 9.0 indicating no significant influence of the protona-
tion-deprotonation on the electron transfer. Being transferred to the
electrode interface by adsorption in the CB layer, piullarquinones
retained reversibility of the electrode reaction. EIS and SEM indicated
the formation of aggregates, which reactivity in the electrode reaction
differed from that of individual molecules. In case of the P[2]Q[3], the
whole redox reaction was additionally influenced by the hydrogen
bonding. Searching guest molecules able to alter the redox behavior
of the pillarquinones showed specific binding of tyrosine that partially
suppressed the peak current on the voltammograms. No other amino
acids tested exerted such an effect. Thus the signal toward tyrosine
was achieved by own signals of the host molecules but not by the guest
redox conversion. This made it possible to decrease the working poten-
tial and avoid interference of other species present in biological fluids,
e.g., phenylalanine, uric acid and glucose. Simple design and one-step
protocol of the sensor assembling are other advantages of the approach
proposed. Targeted design of macrocyclic host molecules offers a
promising way to possible efficient recognition of other biomolecules
on electrochemical detection principles.
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