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Facilitated proton transfer may be of potential significance in pharmacokinetic and pharmacodynamic
processes. Here, we show that the NSAID piroxicam and its N- and O -methylated derivatives act as ionophores for
proton transfer across the H,O/1,2-dichloroethane interface. Investigations by cyclic voltammetry showed that the
proton transfer occurs by interfacial protonation of the ionophore. The dissociation constants of the three
compounds in the organic phase were calculated by Matsuda’s theory. With this particular transfer mechanism, the
present study exemplifies how electrochemistry at a liquid/liquid interface can be applied to calculate the funda-
mental thermodynamic parameters related to the pharmacokinetic behavior of ionic drugs.

1. Introduction. — The pharmacokinetics of drugs and other xenobiotics in the body is
determined mainly by their interactions with biological membranes. While drug-receptor
interactions have received most of the attention in drug design, the mechanistic implica-
tions of membrane permeation has been largely underestimated. Due to the complex
structure of membranes [1] {2], the mechanisms of their interactions with bioactive
compounds may be as intricate as those governing ligand-receptor interactions [3]. Beside
passive diffusion controlled mainly by lipophilicity [4], the existence of more complex
mechanisms is now recognized. In particular, the membrane partitioning of ionized
species has been documented [5-10].

Proton activity (i.e., pH) is one of the most tightly regulated physicochemical parame-
ters in functional biological systems. At the level of organisms, the pH is controlled
mainly by buffer systems (e.g. 0.6 mM albumin and 20 mM carbonate in human serum), by
active renal secretion of protons and other ions (e.g. carbonate and phosphate), by
dermal excretion of various acids, and by pulmonary elimination of CO,. At the level of
cells and sub-cellular organelles, active transport systems act to import or export protons.
For example, the Na*/H* antiport plays great role in the normal function of neutrophils
[11]. Similarly, complexes I-IV of the mitochondrial electron transport generate a proton
gradient which is used by complex V to produce ATP [12].

A large number of pathological or unwanted states involve disregulation of pH levels
in organelles, cells, and tissues. Oxidative stress to which mitochondria are particularly
sensitive is one example [12]. Multidrug resistance is a complex phenomenon in which
alkalinization of the cytosol also plays a role [13]. Perhaps the most studied example is
that of inflammation and rheumatism which decrease pH in extracellular media such as
the synovial fluid [14].
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In recent years, much research has been devoted toward agents able to alter pH levels,
more precisely to correct for disregulations. Examples are compounds that act on the
Na*/H* antiport or on lysosomes [13] [15] [16]. A number of modern anti-inflammatory
drugs or drug candidates are being found to influence pH levels as a synergistic mecha-
nism to their principal activity as inhibitors of cyclooxygenase and radical scavengers.
One recently uncovered mechanism involves entry of some drugs as the conjugate acid
into the cellular compartment; there, the drug dissociates, and the anion is actively
exported from the cell, the net result being an alkalinization of extracellular fluids [17].

In analogy with ion-transfer reactions facilitated by ionophores [18-24), proton
transfer mediated by either electroneutral [25-30] or ionized ionophores [31-34] has been
reported in the literature. These studies show that both the pH of the aqueous phase and
ionophore concentration in the organic phase influence the nature and type of the
facilitated ion-transfer reaction. When the proton is the species liable to transfer, two
general charge-transfer mechanisms have been proposed [35]. In ‘direct’ transfer, the
ligand is protonated in the bulk aqueous phase and may subsequently transfer, if a
suitable electrical potential is applied between the two phases. In ‘facilitated’ transfer the
ionophore forms a complex with the proton at the interface and allows transfer to
proceed by either interfacial complexation (transfer by interfacial complexation: TIC) or
interfacial dissociaiton (transfer by interfacial dissociation: TID) depending on the phase
in which the ligand is present initially.

The present paper deals with the transfer mechanisms of piroxicam and two inactive
derivatives (N-Me- and O-Me-piroxicam) at the H,0/1,2-dichloroethane (CICH,CH,CI)
interface. Cyclic voltammetry at the interface between two immiscible electrolyte solu-
tions (ITIES) was used to determine the nature of the transfer and to show the influence
of the ionic forms of the piroxicams on the transfer. Matsuda’s methodology [36] was
then employed to interpret the aqueous pH dependence of the transferring species and to
evaluate the dissociation constants of the piroxicams in the organic phase.

2. Experimental. - Bis(triphenylphosphoranylidene)ammonium tetrakis(4-chlorophenyl)borate ([(Ph,P),N]-
[(4-C1C¢H,)4B]) was prepared by metathesis of K[(4-CIC¢H),B] (Lancaster, UK) and of bis(triphenylphosphor-
anylidene)ammonium chloride ((Ph;P),NCl; Fluka, CH) and recrystallized twice from MeOH. The org.-phase
solvent was 1,2-dichloroethane (CICH,CH,Cl) (4nalaR, Merck, D) and was used without further purification. All
necessary precautions were taken in the handling of CICH,CH,CI [37]. Piroxicam ( = 4-hydroxy-2-methyl-N-
(pyridin-2-yl)-2H -1,2-benzothiazine-3-carboxamide 1,1-dioxide) was supplied by Sigma (CH) and used without
further purification. N-Me-piroxicam ( = 4-hydroxy-2-methy!l-N-(1-methylpyridin-2-yl)-2 H-1,2-benzothiazine-3-
carboxamide 1,1-dioxide) and O-Me-piroxicam ( = 4-methoxy-2-methyl-N -(pyridin-2-yl)-2 H-1,2-benzothiazine-
3-carboxamide 1,1-dioxide) were synthesized according to the method of Hammen et al. [38] [39]. HNO;, LiOH,
anh. LiCl, Li,SOy, KCl, MeOH, and (Me,N),80, were ali supplied by Fluka. All reagents used were of anal. grade
or purer.

The electrochemical apparatus used was a four-electrode potentiostat (Southampton University, UK), of a
design similar to that given in {40] with iR drop compensation. The scanning of the applied potential was performed
by a waveform generator PPRI (Hi-Tek Instruments, UK), which was coupled to an X-Y recorder (Bryans
Instruments, UK). The cell used was constructed of glass and was of the same design as used previously [40], with a
surface area of 1.13 + 0.02 cm?. Both the cell and the four-electrode potentiostat were housed in a Faraday cage,
and the cell was kept atr.t. (21 % 2°) for all experiments. All the half-wave potentials were referred to the half-wave
potential of Me,N* and obtained by adding a predetermined amount of (Me,N),SO, to the cell for each
experiment.

When used in the aq. phase, piroxicam and its derivatives were injected into an aq. LiCl soln. (base electrolyte)
before filling the cell. As they dissolved only sparingly, the pH of the H,O soln. was reduced between two and three
units with conc. HNO;. The pH was then adjusted to the desired value with HNO; or LiOH, so as to form a | mMm
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piroxicam (or derivative) and 10 mM LiCl soln. This constituted the aq. phase, and the volume added to the cell in
each experiment was always precisely 1.7 ml, so that a constant concentration of piroxicam was maintained
throughout.

When used in CICH,CH,Cl, the piroxicams were found to dissolve easily. The org. phase could then be
formed without complication and the volume added to the cell was also precisely 1.7 ml, so as to minimize
experimental errors on concentration.

In this paper, the transfer of a cation from the aq. to the CICH,CH,Cl phase is defined as a positive current.
This relates to the fact that the potential of H,O with respect to the org. phase is made more positive on the forward
scan, a convention valid for all experiments at the ITIES. Using this definition, the voltammogram of the cation
which transfers with a lower applied potential needs less energy to cross the interface and thus represents a more
hydrophobic species. On the reverse scan, the tranfer of a cation from the CICH,CH,Cl to the aq. phase generates
a negative current.

The CICH,CH,CI/H,0 partition coefficients (log P) of the three compounds were measured by a two-phase
titration method (Sirius) [41] or by centrifugal partition chromatography (CPC) {42] {43], and are given in Table 1.
A solvatochromic analysis of H,O/CICH,CH,Cl partition coefficients [44] shows that they resemble closely
H,O/alkane partition coefficients in terms of the balance of hydrophobic and H-bonding forces. The acid-base
equilibrium constants of piroxicams in the aq. phase were taken from [39] [45] [46] and are also summarized in
Table 1.

Table 1. CICH,CH,CI/H,0 Partition Coefficients and Dissociation Constants in the Aqueous Phase for Piroxicam
and Derivatives

log P Pk Pk
Piroxicam 3.10 £0.10% 1.86 + 0.02 5.46 +0.02
N-Me-Piroxicam 1.20 £ 0.05% 1.05 £0.04 -
O-Me-Piroxicam 2.07 £0.10%) 2.72 £ 0.04 -

8) Measured with the PCA 0] two-phase titrator. ) Measured by CPC.

3. Results and Discussion. — 3.1. Protonation Equilibria. Piroxicam is of great pharma-
cological and therapeutic interest, being a long-lasting non-steroidal anti-inflammatory
drug (NSAID) with limited gastric mucosal side effects, its dynamic structural features
are also of particular chemical interest, because of its zwitterionic nature and its tan-
tomeric structure [39] [46]. Two inactive derivatives of piroxicam are also used in this
study, namely N-Me-piroxicam and O-Me-piroxicam (Scheme). The first compound
cannot undergo protonation at the pyridyl function and the second cannot be ionized at
the enolic group.

Piroxicam bears a weakly basic pyridy! group and an enolic function, resulting in a
zwitterionic nature. The presence of the basic pyridyl function enhances the acidity of the
enolic group and, consequently, influences its lipophilicity, as shown by determination of
its physicochemical and structural properties [46] and by investigation of its microscopic
protonation/deprotonation behavior [39]. Thus, these pK, values allow a prediction on
the nature of piroxicam and its derivatives, on their global charge, and on their transfer
behavior at various pH values.

On the basis of the protonation equilibria described in the Scheme, it is possible to
predict the expected structure and corresponding response at the liquid/liquid interface of
the three compounds:

a) Piroxicam:

— Below pH 1.86: the pyridyl and enolic group are mostly protonated and the global

charge is positive.
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Scheme. Protonation Equilibria of a) Piroxicam, b) N-Me-Piroxicam, and c) O-Me- Piroxicam
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— Between pH 1.86 and 5.46: the enolic function loses its proton, and piroxicam is
mostly in zwitterionic form. As such, no transfer can be measured by cyclic voltam-
metry, since the global charge is zero.

— Above pH 5.46: the pyridyl group is mostly deprotonated and the global charge is
then negative.

b) N-Me-piroxicam:

— Below pH 1.05: a positive charge remains on the pyridyl group, which can be
detected by electrochemistry.

— Above pH 1.05: the enolic function loses a proton, resulting in a zwitterionic species
which cannot be detected by cyclic voltammetry.

¢) O-Me-piroxicam:

— Below pH 2.72: the pyridyl group is mostly positively charged and, under an
applied potential, will cross the interface.

—~ Above pH 2.72: the pyridyl group is mostly not protonated, the molecule is in its
neutral form and cannot be observed electrochemically.

3.2. Formal Potential Dependence on pH. Transfer studies of piroxicam and its deriva-
tives were achieved using cyclic voltammetry at the ITIES. This technique allows the
determination of the half-wave potential (4"¢,*) and the formal Gibbs energy of transfer
(4GS ¥~°) of the ionic forms.

Two different sets of experiments were performed with this methodology. First,
piroxicam and its derivatives were dissolved in the aqueous phase at a predetermined
concentration as described in Cell I. In the second series, they were dissolved in the
organic phase, as shown in Cell IT.
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Cell 1
0.1 mM piroxicam
LiCl 10 5 LiCl
AglAgCl 10 mM LiCl mm II?M i . AgClIAY
1 mM (Ph3P),NCI | [(Ph;P),N]{(4-CIC¢H,)4B] |l +HNO; or LiOH to desired pH

< » 44— 4+— P t—P

Ref. electrode CICH,CH,Cl H,0 Ref. electrode
(Ph;P),N"*-ion-selective electrode
Cell IT

10 mm [(Ph;P),N][(4-CICH ,),B]

AglAgCl 10 mm LiCl 1 mm piroxic§m o'r 10 mM LiCl . |AgCllAg’

1 mm (Ph;P),NC1 0.5 mm O-Me-piroxicam +HNO; or LiOH to desired pH

The experimental values of 47¢* were referenced for each measurement against the
transfer of the Me,N* cation. It is then possible to calculate a value for the formal transfer
potential of an ion i (47¢{) using the relationship in Egn. I, if we assume that Walden’s
rule (DYDY = n*4°) applies for the transfer of ionic forms of Me,N*, piroxicam, and its
derivatives.

4 :)v(p;/(lexp) -4 ‘:’¢? =4 :(p;\{:mN*(cxp)_A :’¢g/,le4N+ (1)

On the tetraphenylarsonium tetraphenylborate ([Ph,As][Ph,B]) scale, a value of
160 mV for 47¢%..n+ [47] was determined, it was used as a reference for the determination
of the formal transfer potentials of the ions and, thus, for the calculation of their formal
Gibbs transfer energy [48]:

AGyre
zF

i

4347 = @

Cyclic voltammetry can demonstrate the dependence of the half-wave potential on
aqueous pH and should allow the determination of the nature of the transferring species,
since the ionic composition of the piroxicam solution depends on the proton concentra-
tion. Fig. 1 shows several voltammograms obtained at different pH values with Cell I1.

This figure shows that only one peak appears at low pH, and, consequently, that only
one species can cross the interface. The shape of the voltammograms indicates that
transfer is reversible and, therefore, diffusion-controlled, implying very fast ion transport
across the interfacial region.

Transfer is limited by diffusion as shown by the linear dependence of the maximum
peak current on the square root of the sweep rate, according to the Randles-Sevcik
equation [49]. The peak-to-peak separation is ca. 60 mV, which complies with the
conditions for a reversible transfer of a singly charged ion (since the potential difference
between the forward and the reverse peaks is given by the ratio: RTZF = 59z [mV] [50]).

The half-wave-potential shifts toward higher potential values when the pH in the
aqueous phase increases. When the pH is 5.88, the forward peak is obscured by the end of
the potential window, and only the reverse peak is observable. Above pH 6, no peak
current can be measured, because the half-wave potential of the transferring species lies
outside the potential window.

The same behavior was observed with O-Me-piroxicam. The transfer wave disap-
pears at almost the same pH value and the shift of potential is approximately the same as
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Fig. 1. Typical cyclic voltammograms at various pH values for piroxicam used in Cell Il (FWD = forward scan;
REV = reverse scan)
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with piroxicam. Moreover, when piroxicam and its derivatives were dissolved in the
aqueous phase (as in Cell I), the same evolution of the half-wave transfer potential with
increasing pH were observed in the three cases. This is illustrated in Fig.2 for the
measurements carried out within Ce// I and in Fig. 3 for those carried out within Cell I1.

Comparison between piroxicam, N-Me-piroxicam, and O-Me-piroxicam reveals
that the formal potential of transfer shifts by ca. 60 mV with each unit of pH (the slopes of
the correlation lines vary between 49.5 mV and 60.7 mV with each unit of pH, due to
experimental errors). This implies that the transfer becomes more and more difficult as
the pH increases, since, according to Egn.2, the Gibbs transfer energy also rises with
increasing pH.

Furthermore, the results of Figs.2 and 3 do not follow the transfer predicted and
described above. Indeed, no transfer should be measured with piroxicam between pH 1.4
and 5.56 as well as with N-Me-piroxicam above pH 1.05, since both compounds are in
their zwitterionic form in these pH ranges. Consequently, the measured half-wave poten-
tials shown in Figs. 3 and 4 cannot be due to piroxicam and its derivatives, but to proton
transfer facilitated by piroxicam, N-Me-piroxicam, and O-Me-piroxicam, respectively.

Additionally, the experiments showed that the measured peak current was about two
time higher with Cell I than with Cell I1. Transfer was thus easier when piroxicam or one
of its derivatives was first dissolved in the organic phase than when dissolved in the
aqueous phase. Therefore, the measured transfer current suggests that the transfer

A¢" [mV]
400
—— Q —— Pirpxicam
350 }7 ===~ Q=== N-Me-Piroxicam %
—~—-0—= 0-Me-Piroxicam
300 1
250 |
200 +
° o
150 | o ¢ B
o E P! ) Q.- - Piroxicam:
100 | ks 8 y=83.9+60.7%x r =0.969
ng % - - N-Me-Piroxicam:
. B y=25+583%x r?=0955
T ¢ - O-Me-Piroxicam:
y=388+57.0*x r?=0973
0 + +— —+—- t +— + o + + + —

0.0 0.5 1.0 15 2.0 25 H 3.0 3.5 4.0 4.5 5.0 55
P

Fig. 2. Evolution of formal iransfer potential with pH, when piroxicam, N-Me-piroxicam, and O-Me-piroxicam were
dissolved in the aqueous phase (Cell IT)



1658 HELVETICA CHIMICA ACTA — Vol. 79 (1996)

44" [mv]
400
— 0 Piroxicam
350
—— @ —— O-Me-Piroxicam .
300 o
250 |
200 i
o
150 1 2
a
° o .- - Regression:
100 + g - Piroxicam:
qu;l/ y=102.2+49.5%x 17 =0.974
50 % - O-Me-Piroxicam:
y=588+4522*%x r’ =0.985
0+ + + . . —— —+— + + —t + + —
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 55 6.0

pH

Fig. 3. Evolution of formal transfer potential with pH, when piroxicam and Q-Me-piroxicam were dissolved in the
organic phase (Cell IT)

occurred by interfacial complexation/dissociation (TIC/TID) mechanism [51] (transfer
by interfacial complexation/transfer by interfacial decomplexation). On the forward
scan, the applied Ga/vani potential increased proton concentration at the interface where
it transferred by a complexation reaction; on the reverse scan, the applied Galvani
potential forced the complex to the interface where it dissociated releasing the proton.
The piroxicam present in the organic phase thus plays the role of an ionophore and is
protonated to allow transfer, as schematically described in Fig. 4.

3.3. Piroxicam Concentration Profile. To examine the possibility of an assisted proton
transfer, the effect of piroxicam concentration on the peak current was studied. This
experiment was carried out using Ce#/ 777 at pH 1.0 and 3.6. The required amount of a
5 mM piroxicam + 10 mMm [(Ph,P),NJ[(4-CIC,;H),B] solution was directly added to the
organic phase to adjust the desired piroxicam concentration, and the transfer was then
measured by cyclic voltammetry as a function of sweep rate.

Cell ITI
1.7 ml of 1.7 ml of
10 mm LiCl X MM piroxicam 10 mm LiCl
Ag|lAgCl] A ’
SR e (PyP),NC | 10 mw [(PhyP)NI-CICHLB1 | +HNO, o desired pra] AECIAE

where x =0, 0.03, 0.08, 0.18, 0.48, 0.71, 0.96, 1.45, and 1.74
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Fig.4. Schematic description of the reaction mechanism for proton transfer assisted by piroxicam
(transfer by interfacial complexation/decomplexation)

As the transfer is limited by diffusion to the interface, the plot of the peak current
against the square root of the sweep rate should give a straight line [49]. Fig. 5 shows that
the measured peak currents are in good agreement with the Randles-Sevcik plots repre-
sented for each piroxicam concentration when the aqueous pH is 1.0. Up to 1.74 mM
piroxicam in CICH,CHCI, the peak currents vary linearily with the square root of the

sweep rate, and the slopes of the respective regression lines increase with the piroxicam
concentration.

4.0E-4
pH L0
1.74 oM
35E4 |
1.45 mM
5
3.0E4 |
S
2584
= 2064 0.96 mM
§ O
£
2 15B4 1 . < 071
-: .
@
[ S A 0 0.48 MM
1.0E4 | o
R O |
5 = ] 018
L 0 u .
5.0E-5 o ) 3
A - * 8025 M|
0.0E+0 [(Jrr= == e F 3} {
0.00 0.04 0.08 012 0.16 0.20 024 028 032 036

Square root of the sweep rate [V*'s®]

Fig.5. Peak-current dependence on the square root of the sweep rate for different piroxicam concentrations in the
organic phase
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In fact, as the transfer current is proportional to the bulk concentration of the
transferring species, the current ratio between two measurements at a given sweep rate
should be equal to the concentration ratio between the same measurements. This is valid
at any sweep rate and for all piroxicam concentration ratios. Therefore, the ratio of the
slopes of the regression lines of the Randles-Sevcik plots allows a simplified interpretation
of the results.

In the present case, the measurement at a piroxicam concentration of 0.48 mM gave a
slope of 3.08 107* As™ V~* and was taken as the reference. All the calculated slopes were
then divided by that of the reference so as to obtain normalized ratios. In a similar
manner, as the volumes of H,O and CICH,CH,Cl were both equal to 1.7 ml, the excepted
piroxicam concentration could be calculated for each addition. Piroxicam concentrations
were then normalized with respect to that of 0.48 mM, in order to obtain a concentration
ratio of 1 at this concentration. Figs.6 and 7 represent the evolution of the ratio of the
slopes with the ratio of the piroxicam concentration when the aqueous pH was main-
tained at 1.0 or 3.6.

Fig. 6 clearly shows that, at pH 1.0, the slope ratio of measured peak currents varied
linearily with piroxicam concentration ratio (r* = 0.999). This suggests that the amount
of transferring species depends directly on piroxicam concentration, and that the transfer
current was limited by the amount of piroxicam present in the organic phase.

4.0 1

pH 10

35 }

g »
tn °

»
°
N

=
£

Regression:
y =0.999 *x-0.003

Slope ratio of the current-sweep rate plots
i -
n n

r?=0998
0.0 O~ —— + + + + +
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3s 4.0
Piroxicam concentration ratio

Fig. 6. Ratio of the slopes of the regression lines of the Randles-Sevcik plots as a function of the ratio of piroxicam
concentrations when the pH in aqueous phase was 1.0

Fig.7 shows that, at pH 3.6, the slope ratio of the regression line given by the
Randles-Sevcik plots was equal to the piroxicam concentration ratio only when the latter
ratio was < 1. When the ratio was > 1, the peak current did not change with increasing
piroxicam concentration, and the calculated ratio of slopes remained constant. This
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means that, at pH 3.6, the peak current was not limited by the concentration of piroxicam
but by that of the proton. This suggests that piroxicam was not able to cross the interface
and that the measured current was due entirely to the transfer of a proton from H,O into
CICH,CH,CI phase assisted by piroxicam.
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Fig. 7. Ratio of the slopes of the regression lines of the Randles-Sevcik plots as a function of the ratio of piroxicam
concentrations when the pH in aqueous phase was 3.6

Indeed, if cjj+ = ¢}y, the transfer is limited by the ionophore concentration and the
measured transfer current increases proportionally with ¢p. On the other hand, if
che < ¢5, the transfer is limited by proton concentration, and the current does not change
with increasing ionophore concentration.

At pH 1.0, the proton concentration was equal to 0.1M, i.e., ca. 60 times higher than
the largest amount of piroxicam present in the organic phase during the experiments.
Consequently, the proton was in very large excess and did not limit piroxicam transfer, as
shown in Fig.6.

However, the situation is more complex at pH 3.6. To simplify the discussion, we
defined a normalized proton concentration at this pH by the ratio 107>40.48 - 107%) = 0.52
(dotted line in Fig.7). When the piroxicam concentration ratio was higher than the
normalized proton concentration, piroxicam was in excess. Its transfer was then limited
by proton concentration, and the peak current did not change with increasing piroxicam
concentration. Here, the current still increased up to a piroxicam concentration ratio of 1
because of the difference in the diffusion coefficients of piroxicam and the proton.

Thus, both experiments confirm that the presence of piroxicam in the H,O phase had
no influence on the measured current, and that this current was due to a proton transfer
assisted by piroxicam in the organic phase, as described in Fig. 4. This TIC/TID mecha-
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nism was slightly different from the “usual’ facilitated transfer, as the proton transfer did
not occur via a complexation reaction at the interface, but via a chemical reaction which
transformed the neutral piroxicam into its protonated form.

3.4. Dissociation Constants in the Organic Phase. An important quantity which can be
calculated from facilitated proton-transfer voltammograms as shown in Fig.! is the
dissociation constant in the organic phase, K3, which, using the symbolism described in
the Scheme, can be written for piroxicam as follows:

Ky = Sk 3
Apig+

If the proton concentration in H,O phase is larger than that of the ligand in the
organic phase, the dependence of the formal transfer potential of the protonated
ionophore, 4%¢?,,+, on the pH in H,O phase can be determined by combining the Nernst
equations at an ITIES [48] for both the proton and the protonated ionophore:

RT D? RT  [chs
AP = A0 + —1 =) — —In{2 4
oPru+ oPrr + F n( EH*‘) F n(KZ1> C))

where D¢ and D¢, are the organic diffusion coefficients of the ligand and the complex,
respectively, and F = N, - e where e is the charge of a proton.

The organic association constant can thus be calculated by varying the proton
concentration in the aqueous phase, if it is assumed that D} = Dj,,,. This is a reasonable
assumption, since both the ionophore and ionophore-proton complex are similar in size.
The difference between A4 %¥¢!,+ and 4% ¢, was plotted as a function of pH, as shown in
Figs.8 and 9 for piroxicam and its derivatives. These plots give a straight line with a slope
equal to (RT'In10)/F within experimental errors. The extrapolation to zero concentration
then allowed the determination of K¢,.

General theoretical equations for the dependence of the formal transfer potential of
the ion-ionophore complex on the proton concentration in aqueous phase have been
developed by Matsuda et al. [36]. In the previously mentioned case where ¢}, > ¢f, this
dependence 1s expressed in terms of a new function, F,:

F oo oo N (Ka (K EPO\ 1
F, = CXp[E(Z‘O PiH+ — A0¢H+>:| = <fPLK:|> + ( Zp, )(C;L) )

where & = (DYD*)", the diffusion coefficient of the aqueous-phase species is equal to D*,
and that of the organic phase is equal to D°. P, is the partition coefficient of the ligand
between the two phases:

P= ©)

mlm
=% o

Plots of the function F, vs. I} yield a straight line, which allows the determination
of the association constants in both phases, if the value of P, is known. The application of
Egn. 5 constitutes an interesting method of determining dissociation constants of drugs in
an organic phase. It has the advantage of being a direct evaluation of pK¢, since it does
not require the knowledge of the activity coefficients of the species present in the organic
phase.
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Values for F, were calculated using Egn. 5 for the experiments performed with Cells 1
and 71, respectively, and were plotted against 1}, as shown in Figs. /0 and /1. These
plots yield a straight line with an intercept of zero within experimental errors. The
resulting regression lines are also given in these figures for all experiments in order to
check the accuracy of the analysis.

On the basis on Walden’s rule [49], £ was approximated to 1.12, and was then used
with the values of P_(see Table I) to calculate the various pK? values given in Table 2.
Both Egns.4 and 5 were used for the calculation, so as to check the validity of the
assumptions of the two models and their accuracy. The results are very close in both
cases, which means that the diffusion coefficient of the ionophore in the organic phase is
effectively equal to that of the complex.

These results show that the dissociation equilibria in the organic phase does not
follow those in the H,O phase: piroxicam has the lowest pK? value and N-Me-piroxicam
the highest, as proton activity is very small in CICH,CH,Cl, the dissociation equilibria are
constantly shifted toward the right, so as to favor the species of lower global charge.
Tautomerism also explains how the zwitterionic forms of piroxicams can be stabilized by
the intramolecular delocalization of their respective charges.

Moreover, the pK? values are displaced by six to eight units with respect to their
corresponding pK? values. This means that the piroxicams have a smaller affinity for
protons and, consequently, that they are less basic in CICH,CH,Cl than in H,O. This is
due to the lack of H-bonds in CICH,CH,Cl, which prevents the stabilization of a charge
and favors the presence of neutral species.

5
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[m]
——— 0 ~——— 0- Me-Piroxicam in H,0
——— O ~——— N-Me-Piroxicam in H,0
40E6 +  _ — @ —— O-Me-Piroxicam in CICH,CH,Cl
3.0E-6 T
e
e
e
e
2.0E-6 + e Regression:
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- O0-Me-Piroxicam in CICH,CH,CI: pH 0.2 10 2.8
y=-3.6810°%+55710"*x r? =0.868
LOE-6 1 - O-Me-Piroxicam in H,0: pH 0.5 t0 3.0
y=1.23*%07+3.72%]10 7 *x; r? =0.972
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Fig. 10. Matsuda’s function, F 4, vs. 1/c}i+: comparison between O-Me-piroxicam and N-Me-piroxicam dissolved
either in H,0 or in CICH,CH,CI
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Fig. 11. Matsuda’s function, F 4, vs. 1/c}+: comparison between piroxicam dissolved in H,0 and piroxicam dissolved
in CICH,CH,Cl

Table 2. Organic Dissociation Constants, pK3,, of Piroxicam and Derivatives Calculated by Matsuda’s Method

Piroxicam®)  Piroxicam®) N-Me-Piroxicam?) O-Me-Piroxicam®) O-Me-Piroxicam®)

pkKSh 7.82+027 7.67+023 9244026 8.39+£0.17 8.37+£0.15
pKg? 772+0.16 7.85+0.16 9.25+0.15 8.4340.12 8.26 £ 0.09
Mean of pK 3, 777£022  776£020 9254022 8.41+0.15 8.31+0.12

) Calculated with Egn. 4.

2y (Calculated with Egn. 5.

?) Initially dissolved in H,O.

%) Initially dissolved in CICH,CH,Cl.

Furthermore, Table 2 clearly shows that the results obtained do not depend on the
phase in which piroxicams were initially dissolved. The three compounds partition
between the two phases on the time scale of the experiments, resulting in the same transfer
behavior. This partitioning is then significant enough to allow a sufficiently large amount
of the compounds to be present in the two phases and, consequently, to determine the pK?
values in both cases.

3.5. Formal Gibbs Transfer Energy and Standard Distribution Coefficient. The transfer
of both proton and protonated compound (LH*) from the aqueous phase into the organic
phase may occur, when an electrical-potential difference is applied across the interface,
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which modifies the acid-base equilibrium in the vicinity of the interface. The distribution
of the species in solution, therefore, depends on the protonation equilibrium and on the
applied potential. Indeed, when (1 + &£P;) > c}i/K}| in Egn.5, Matsuda’s model de-
scribes the transfer of H* assisted by the ionophore, since, when (1 4 £P;) << c}./K},, the
model represents the transfer of the ionized ionophore itself. In the latter case, the theory
of simple ion transfer applies, and the transfer process in this region can be expressed by
the thermodynamic cycle described in Fig. 12. It consists of a reaction layer on both sides

of the interface and of the bulk phases acting as diffusion layers.

+ + water ou
LH(W) :——7__——> Lw + H(w) ter bulk
s Kar ‘ :
transport by diffusion : 1
________ L A reaction layer
LH ("w ) " L + H;'w )
I* l* J* interface
“QH“‘ K%, “li “PW
LH/, == Ly + H,
A reaction layer
transport by diffusion 3 : §
" Ka | ;
LH(O) 4———-—————> L (o) + H (o) organic bulk

Fig. 12. Thermodynamic equilibria for the transfer of the various species present in the electrocherrical cell

Following the description of Fig. /2, the formal transfer potential of the ionized
ionophore is the only unknown parameter, since 4 ¢{. has been measured to be 549 mV
[52]. All the concentrations are bound together by the definition of the partition coeffi-
cient (Egn. 6), that of the dissociation constants in both phases (£gn. 3) and by the Nernst
equations, and A¥¢Y, . can thus be determined by solving this set of equations:

A0 = 4245 + 0 (ks — pK, —logP,) + 1n<y——y—> ™
zF zZF \yi+¥ine
where y) and y?¢ are the activity coefficients of the species i in the aqueous and in the
organic phase, respectively.

It should be stressed at this point that the expression of 4¥¢{,. derived by Matsuda
(Egn. 5) gives the same results. Indeed, the formal transfer potential of LH* itself is given
by the value of 4¥¢?,+ when ¢}, tends to infinity. This demonstrates that both methods
describe effectively the same transfer mechanism, and thus that they are equivalent.

Knowing the formal transfer potential of the ionized form of piroxicam, its formal
Gibbs transfer energy is then directly deduced from its definition (Egn. 2):

. g RT !
AGEGS = 2y F A = e —ulie + 1n<~yt’”) @®)
ZigeF \Ylue
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Finally, the standard partition coefficients of the protonated ionophore P?,. (i.e., the
partition coefficient when the interface is not polarized [40]) follows directly from the
Nernst equation:

ciH* ZLH+F , ZLH+FA ‘o”¢ AGIO;’\IY;’S
log Py = 1 = (A — AT = ~ RTh o
08 Og<c:H+> RTIn10“*? in) = RTInl0 ~ RTWlo O
Z +FA:
or 08 Pa- = log Pl + S5 o

In first approximation, the term involving the ratio of the activity coefficients in
Eqgns. 7 and 8 can be neglected, so that the different parameters described above can be
calculated. Table 3 sums up the various results obtained for protonated piroxicam and its
derivatives, when the mean value of pK? is taken into account for the calculation.

Table 3. Formal Transfer Potential (4%¢%y+), Formal Gibbs Transfer Energy (AGYTi9), and Standard
CICH,CH,CIl/H,0 Partition Coefficient (log P 1+) of Piroxicam, O-Me-Piroxicam, and N-Me-Piroxicam

Piroxicam N-Me-Piroxicam O -Me-Piroxicam
A+ 16+2 -7+2 93+ ]
P letayred 1.6 £0.2 —0.7£0.2 8.9 £ 0.1
log P§ i+ —0.28 + 0.03 0.12 + 0.03 —~1.57 £ 0.02

The results show that the energy necessary to transfer the protonated ionophores
from aqueous into the organic phase is positive for PIH* and O-MePiH*, and negative for
N—MePiH" (see the Scheme for symbols). This suggests that N-MePiH" is more stable in
CICH,CH,CI than in H,O, while the opposite applies for the two other compounds.
Consequently, in their respective ionized forms, PiH" and O-MePiH* are less lipophilic
than N-MePiH*, which is confirmed by the values of the standard partition coefficients
given in Table 3.

The lack of H-bonds in CICH,CH,CI prevents the stabilization of the protonated
ionophores and favors the presence of the species of lower charge, so that log P, is more
positive than log P{,., which is in good agreement with the results obtained.

In the case of N-Me-piroxicam, the charges of the zwitterion cannot delocalize due to
the presence of the Me group. Thus, N-MePi is less lipophilic than Pi and O-MePi, which
are globaly neutral. Indeed, the proton in piroxicam may migrate toward the enolate
group so as to neutralize the negatively charged O-atom. This intramolecular reaction
allows piroxicam to be neutral and stabilizes it in CICH,CH,CI.

When piroxicam and its two derivatives are protonated, the situation is quite similar.
PiH™ should be less lipophilic than O-MePiH", because a MeO group is more stable in
CICH,CH,CI than a OH group. However, the charge on PiH" can also delocalize by
formation of intramolecular H-bonds. This prevents the formation of intermolecular
H-bonds, and then diminishes the stabilization by the solvent. In this manner, the
lipophilicity of PiH* is increased. This stabilization effect is more important than that due
to the presence of a MeO group, which explains why log P+ is greater than log PY ypus+-

Likewise, the values of pK?, should be such that the species of lower charge is favored
in the organic phase. Indeed, the larger pK?¢, is big, the higher LH* concentrations in
order to satisfy the equilibrium. This is confirmed by the experimental results, since
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N-Me-piroxicam is doubly charged in its N-MePi form and has the highest pK?, value,
while piroxicam has the lowest.

4. Conclusion. — The work presented here shows that piroxicam, N-Me-piroxicam
and O-Me-piroxicam act so as to facilitate the transfer of protons at the interface between
an aqueous and an organic phase. The results obtained demonstrate that the transfer
follows an interfacial complexation/decomplexation mechanism, and that no direct ion
transfer occurs. When the potential of the aqueous phase is rendered more positive with
respect to that of the organic phase, the proton diffuses toward the interface and crosses it
due to the protonation of the ionophore present in the organic phase. On the reverse scan
however, the complex is forced to the interface where it dissociates releasing the proton
into the aqueous phase. The pH dependence of the formal potential of transfer and the
evolution of the transfer current with increasing concentrations of piroxicams confirm
such a transfer mechanism.

The results obtained here show that cyclic voltammetry at the ITIES constitutes a
suitable technique for the evaluation of thermodynamic parameters such as the formal
potential of transfer and the dissociation constant of ionic drugs in an organic phase. For
piroxicam and its two derivatives, it has been shown that they are less basic in
CICH,CH,CI than in H,0, since their pK? values are shifted by ca. seven units with
respect to their pK} values. Unfortunately, it was not possible experimentally to deter-
mine the Gibbs transfer energy of the three protonated ionophores, due to their very low
pK values, which resulted in perturbation of the measurements at very low values of pH
and gave a very narrow potential window under such conditions. However, 4G Y152 was
calculated by resolution of the various thermodynamic equilibria describing the transfer.
These values are in good agreement with the nature of the three ionophores and represent
a first approximation of their partition between the two phases and of the energy needed
to cross the interface.

The parameters determined here contribute to an improved understanding of the
transfer mechanisms of piroxicam and more generally of the physicochemical mecha-
nisms governing ionized drug transfer across lipidic membranes. Furthermore, access to
membrane-bound enzymes and receptors also depends in part on ionic diffusion in lipidic
environment. Such considerations are relevant to ionic drugs taken globally and may thus
be of general interest.

This consideration applies to piroxicam specifically and, hypothetically, also to other
anti-inflammatory agents. Indeed, inflammation is accompanied by pH lowering in
affected tissues. Major infammatory agent act by inhibiting cyclooxygenase and
prostaglandin production, and by scavenging reactive oxygen species. Facilitated proton
transfer, if it affects intracellular and tissular pH, could be seen as an additional mecha-
nism to control inflammation. Modulation of intracellular pH has indeed been proposed
as a novel therapeutic target [17].

P.-A.C.,H.G., and B.T. are grateful for the financial support by the Swiss National Science Foundation.
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