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The protonation and complex formation equilibria in aluminium(III) + ofloxacin (Hoflo) solutions in the presence
of either cetyltrimethylammonium bromide (CTAB, 5.0 mmol L"), cetylpyridinium chloride (CPCL, 2.0 mmol L™') or
polyethylene glycol tert-octylphenyl ether (triton X-100, 1.0 mmol L~") have been studied by glass-electrode potentio-
metric measurements in a 0.1 mol L™' LiCl ionic medium at 298 K. In the concentration range 0.4 < C,; < 1.0 mmol
L ! witha ligand to metal ratio of 1:1to 5:1, and 3.5 < —log £ < 7.0, a non-linear least squares treatment of the data in-
dicate that in all studied systems the complex Al(oflo)** forms as the dominating one. Its overall stability constant (log
B is in the range 10.37-11.90 (depending on the type of surfactant), which is about 1 log unit higher than in the absence
of surfactants. The formation of bis(ofloxacinato) and mixed protonated or hydrolytic complexes is largely suppressed in
the presence of surfactants. The adsorption of ofloxacin on aluminium oxide was studied in neutral, acidic (0.1 mol L™!
HCI) and alkaline (0.001 mol L™' NaOH) media; in absence and presence of ionic surfactants; sodium dodecylsulfate
(SDS, 10 mmol L™}); or CTAB (5.0 mmol L™!). The adsorption is of the Freundlich type and is higher in neutral media
with no presence of surfactants, while in an acidic medium it is significantly enhanced in the presence of SDS. Both sur-
factants increase the adsorption in an alkaline medium. The observed phenomena were explained based on the hydro-
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philic/lipophilic properties of the surfactants.

In the previous work! we studied the complex formation
equilibria between AI** ion and ofloxacin (Hoflo) in a 0.1 mol
L' LiCl ionic medium at 298 K. At ligand-to-metal concen-
tration ratios between 2:1 to 10:1 the main complexes found
were Al(oflo),”, Al(Hoflo)>* and Al(oflo)*" with several
mixed hydrolytic complexes, in the pH range 3.0-8.0. In the
presence of sodium dodecylsulfate (SDS), hydrolysis was fa-
vored, and only the formation of the Al(oflo)’>* complex was
detected at higher ligand-to-metal concentration ratios (> 3).2
Since the presence of SDS was unfavorable for complexation,
in the present work we used cationic, cetyltrimethylammonium
bromide (CTAB) and cetylpyridinium chloride (CPCL) and a
neutral surfactant, polyethylene glycol tert-octyl phenyl ether
(triton X-100), with a ligand-to-metal concentration ratio of up
to 5:1 to study their effect on identity and stability of species
formed in the AI** + ofloxacin system.

Ofloxacin (9-fluoro-3-methyl-10-(4-methyl-1-piperazinyl)-
7-0x0-2,3-dihydro-7H-pyrido(1,2,3-de)1,4-benzoxazine-6-car-
boxylic acid), H(oflo), belongs to the class of fluorinated 4-
quinolone antibiotics, which finds use in the treatment of sys-
temic urinary and respiratory infections.>* From the chemical
structure (Scheme 1) it may be seen that ofloxacin belongs to a
class of heterocyclic amino acids, which in solution may exist
in cationic, zwitterionic, neutral and anionic forms. The neu-
tral form (Hoflo) presented in Scheme 1, actually, for the dif-
ference of naturrally occurring amino acids may exist in solu-
tion, since the protonation constant of carboxylate group and
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Scheme 1. Structure of ofloxacin.

tertiary nitrogen are not separated too much apart.>® Thus, the
number of forms as well as the vicinity of the carbonyl and
carboxyl groups make ofloxacin a suitable ligand for hard acid
metal ions, particularly for aluminium(IIl) and iron(IIl) ions.
Aluminium is generally regarded as a toxic or detrimental ele-
ment.”®  Nevertheless, its compounds are extensively used
pharmaceutically as antacids, phosphate binders or adjuvants
in various protein-based vaccines. Environmental sources of
aluminium include food, food additives, drinks, aerosols, etc.
Normally, despite an oral intake ranging from 5 to 10 mg daily
(ingestion of food, aluminium-based drugs and drink, atmo-
spheric dust), aluminium is very little absorbed in serum and
tissues.” Normal serum levels are 0.07 to 0.30 pumol L™
However, high levels of aluminium may accumulate in the tis-
sues of patients who have renal insufficiency or kidney failure,
and are treated by dialysis fluids that contain aluminium, or are
given aluminium hydroxide gels to control a high plasma
phosphate level.!® These patients may develop blood, bone or
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brain diseases, which may linked to excess aluminum.'" Clini-
cal investigations'>!® have shown that concomitant intake of
ofloxacin and aluminum-based drugs results in a reduced max-
imal serum concentration of ofloxacin accompanied by de-
crease in AUC (area under the “concentration vs time” curve),
thus leading to a decreased bio-availability of the durug, down
to 30%. An explanation for this interaction may be chelation
between aluminium and ofloxacin and/or the adsorption of of-
loxacin on the surface of aluminium-hydroxide/aluminium
phosphate. These interactions may result in an increased avail-
ability of soluble aluminium. As already pointed out by sever-
al authors,'*!>!¢ dietary carboxylic acids (especially citric)
may form stable complexes with Al, giving rise to shift of the
dissolution equilibrium of poorly soluble AI(OH); or AIPO, to
the right, and thus to increase their solubility. In this way, re-
leased aluminium ions may be complexed into neutral forms
either by dietary acids or by other substances present in gastro-
intestinal (gi) tract. These forms could then pass through the
gi membrane.!” Therefore, it may be expected that the simulta-
neous ingestion of ofloxacin and A1(OH); can lead to the for-
mation of soluble Al-complexes that can be absorbed by the gi
tract. Various surface-active substances, normally present in
the gi tract,'” will influence the aluminium—ofloxacin complex
formation. Also, the cellular uptake of aluminium—ofloxacin
complexes is dependent on their interaction with membrane
phospholipids so as to mimic their function; the effect of sur-
factants (or, surface-active agents, SAA), CTAB, CPCL and
triton X-100 on complex formation between AI** and ofloxa-
cin was studied. These substances alter the properties of solu-
tion interfaces (solution—vapor, solution—solid, etc.).'® In this
way, SAA may influence the processes taking place at or inside
the interfaces. The SAA are generally classified as either an-
ionic, cationic or nonionic (neutral) according to the charge of
their hydrophilic head group upon dissolution in water.'® If
sufficient SAA is added to an aqueous solution, aggregation of
its molecules occurs, giving rise to ordered structures called
micelles. Micelles are often spherical in shape, but at a larger
concentration of SAA, they can take other, more distorted
forms.”® The threshold concentration of SAA at which mi-
celles begin to form is termed the critical micelle concentration
(CMC).*" The CMC values™ are for SDS, 8.2 for CTAB 0.70-
0.98 for CPCL 0.58-0.62 and for triton X-100 0.24-0.90
mmol L™!. The CMC values vary with the composition and
concentration of the supporting ionic medium; therefore, in
this work we used significantly higher concentrations of SAA
than their CMC. Other substances present in solution could
partition into the interior of the micelle, thereby increasing the
total aqueous solubility of the substance by a process referred
to as micellar solubilization.”? Thus, the surfactant would have
the effect to solubilize both the quinolone and its chelate com-
plex with aluminum, to exclude water molecules from the
complexation reaction sphere and to prevent the hydrolysis of
Al-ofloxacin complexes.

The primary aim of the present paper was to provide reliable
data concerning speciation in aluminum(IIl) + ofloxacin +
surfactant solutions so that they could be used in modeling
studies of aluminum-based drugs and ofloxacin interactions in
vivo. Adsorption phenomena play important roles in hydro-
lyzed aluminium solutions. Aluminum hydroxide and various
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hydrolytic polymers are surface active and can easily adsorb
changed species from a solution. It is therefore of interest to
study adsorption in a model system, Al,O; + Hoflo, in order to
gain a better understanding of speciation in AI** + ofloxacin
solutions. The adsorption of ofloxacin on aluminium oxide
and the effect of anionic surfactant, sodium dodecylsulfate
(SDS, 10.0 mmol L") and a cationic one, CTAB (5.0 mmol
LY, were investigated to derive a model for ofloxacin bio-
availability upon a concomitant intake of aluminium-antacids
and ofloxacin.

The solution equilibria between the aluminum(III) ion and
ofloxacin in the presence of CTAB, CPCL or triton X-100
were studied by potentiometry in the 2:1 to 5:1 concentration
range of ofloxacin to aluminium. The protonation equilibria of
the ofloxacin anion as well as the hydrolysis of aluminum (in
the presence of CPCL) were investigated in separate experi-
ments.

Experimental

Reagents and Analysis. A stock solution of aluminum(III)
chloride was prepared by dissolving doubly recrystallized
AICl;#6H,0 p.a. (Merck) in twice-distilled water. The appropriate
amount of HCI was added to avoid an initial hydrolysis of the AI**
ion. The aluminum content was determined gravimetrically by
precipitation with either 8-quinolinol or ammonia. Both methods
gave the same results within 0.3%. The concentration of free acid
was determined potentiometrically using a Gran plot. The con-
stancy of the total proton concentration with time was considered
to be a criterion for the absence of initial aluminum(IIl) hydroly-
sis, and was periodically checked by titration against standard
NaOH before each series of measurements.

Ofloxacin, purity 100% (M, = 361.4) was from Hoechst
(Frankfurt am Main, FR.G.). Standardization was performed by
potentiometric titration against standard NaOH. Sodium rn-dode-
cyl sulfate (SDS), CH3(CH,),,0S05Na, M, = 288.4, cetyltrimeth-
yl ammonium bromide (CTAB), [Ci¢H3;3N'(CH;)3]Br~, M, =
364.5, and cetylpyridinium chloride were products of Sigma
(USA) while polyethylene glycol fert-octylphenyl ether (triton X-
100), M, = 647, was a product of Fluka (Austria). Before use
SDS was purified by washing with ether and 95% ethanol and sub-
sequently dried in a desiccator containing P,Os CTAB amd CPCL
were washed with ethanol and recrystallized from water. The trac-
es of poly(ethyleneglycoil)s in triton were removed by extraction
with n-buthanole. A purity of surfactants was checked with TLC
and spectrophotometry according to recommended procedure***
and by a measurement of the pH of their water solution. No basic
impurities were detecteed.

A sodium hydroxide solution was prepared from concentrated
volumetric solutions p.a. (Merck) by diluting with freshly boiled
doubly distilled water, and cooled under a constant flow of puri-
fied nitrogen. The alkali concentration was cheked by titration
against potassium hydrogen phthalate. The hydrochloric acid so-
lution was made from HCI “Suprapure” (Merck) and standardized
against tris(hydroxymethyl)aminomethane. A solution of lithium
chloride was prepared from LiCl, p.a. (Merck) by dissolving re-
crystallized salt in twice-deionized water. The concentration was
determined by evaporation of a known volume of solution to dry-
ness at 573 K and weighing the residue.

Equipment. Potentiometric measurements were carried out
using a Tacussel Isis 20000 digital pH-meter with a resolution
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+0.1 mV (in some measurements an extended scale was used
with a resolution £0.01 mV). The pH meter was equipped with a
Tacussel TC-100 combined electrode. Titrant was delivered from
a Metrohm Dosimat model 665. A constant temperature was
maintained with a VEB Prufgerate model E3E circulating ultrath-
ermostat. Spectral measurements were made on single-beam Pye
Unicam SP5-600 spectrophotometer.

Procedure. All titrations were performed in a double-man-
tled, thermostated glass vessel closed with a Teflon cork. A con-
stant temperature, to (298.0 = 0.1) K, was maintained by circulat-
ing thermostated water through a jacket. Purified and oxygen-free
nitrogen gas was bubbled through the solution to provide an inert
atmosphere and stirring. Additional stirring of the solution was
achieved with a magnetic stirrer.

An electrochemical cell used for potentiometric measurements
may be represented as RE/test solution (TS)/GE, where RE and
GE denote reference and glass electrode, respectively. The gener-
al composition of the test solution was: TS = M AI**, H H", X
SAA, L oflo, 0.1 mol L' C1™, where M, H, X, and L denote the to-
tal molar concentrations of the corresponding species.

The potential of the glass electrode is given by the expression:

E=Ey+ Qlogh+ E,

where h is the concentration of free proton(s), Ey is a constant
which includes the standard potential of the glass electrode, Q is
the slope of the glass electrode response and E; is a liquid-junction
potential, whose contribution to £ was found to be neigligible. E,
was determined as described previously.? Experimental data ob-
tained in strong acid—strong base titration were analyzed with the
aid of the Magec®® program. The calculated values were Q = 59.1
mV and self-protolysis constant of water, pKw = 13.50(2). In the
presence of surfactants the obtained values for pKw were 13.12 *+
0.02 (CTAB), 13.01 + 0.03 (CPCL) and 13.40 = 0.06 (triton).

To reduce the concentration of hydrogen ion, the alkali was
added stepwise from an autoburette in small aliquots (0.005-0.01
mL). The potential was monitored after each addition of titrant.
The titration protocol was chosen in such a way that the hydrolysis
and complexation reactions would proceed under conditions as
close to true equilibrium as possible. To achieve this, potential
readings were taken every 5 min until steady values of 0.1 mV
min~! were obtained. Hence, the average equilibration time for
each point was 5-10 min at the beginning of titration and 20-30
min when complexation or hydrolysis occurred. If stabilization of
potential readings could not be achieved within this time interval,
the addition of a new aliquot of titrant was initiated, and corre-
sponding point was excluded from the calculations. No back titra-
tions were performed. Instead, agreement between duplicate titra-
tions (better than 1%) served as a criterion for reversibility of the
reaction. The titrations were terminated when drifted potential
readings were obtained and turbidity of the solutions was ob-
served.

Adsorption of Ofloxacin on Aluminium Oxide. Prior to
use, aluminium-oxide (Merck, p.a.) was heated to 1373 K for
three hours, and afterwards cooled to room temperature in a desic-
cator containing CaO. A series of test tubes with grounded stop-
pers were prepared by washing in concentrated hot HNO;. 0.1 g
of aluminium oxide was weighed (with accuracy =0.1 mg) into
each of the test tubes. Varying volumes of the stock solution of of-
loxacin (0.1-0.5 mL) were transferred into tubes using an Eppen-
dorf micro-pipette. Then, three series were prepared by the fur-
ther addition of either, distilled water, 0.1 mol L™' HCI or 0.001
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mol L™!' NaOH, so as to make the final volume of the solution 5.0
mL. Other series were prepared in the same way, but with the ad-
dition of either SDS (10.0 mmol L™!) or CTAB (5.0 mmol L),
Tubes were stoppered, clamped into a thermostated (298 K) shak-
er, and energetically shaken for 3 hours. The concentration of of-
loxacin was determined spectrophotometrically at 270 nm. The
calibration curve was taken in the concentration range of ofloxacin
between 1-30 ug mL ™",

Data Treatment. Three kinds of equilibria should be consid-
ered in the present study: (a) protonation of the ofloxacinate ion,
(b) hydrolysis of the aquaaluminium(IIl) ion, and (c) general
three-component equilibria,

PAP* + gH™ + roflo = [AlpHg(oflo)r ] T4 7", B, .

which include the case ¢ = 0, i.e. the formation of pure binary
complexes of AI**. Negative values of g represent hydroxo com-
plexes. The overall protonation constants of ofloxacinate were de-
termined in separate experiments. The hydrolysis of aquaalumini-
um(III) ion was taken into account based on our previous work.”’
Thus, in evaluating the three component equilibria (c), the binary
models (a) and (b) were considered as being known.

A mathematical analysis of the experimental data was per-
formed with the aid of a general least-squares program, Super-
quad.® In Superquad calculations the identity and stability of
complexes which give the best fit to the experimental data were
determined by minimizing the error-squares sum of the potentials

(0):
U= zwi(Eobs - Ecalc)zv

where w; represents a statistical weight assigned to each point of
the titration curve, Eqy,s and E . refer to the measured potential of
the cell and the calculated one assuming the specific model and
trial constants, respectively. The best model was chosen using the
following criteria: (a) the lowest value of U, (b) standard deviation
in calculated stability constants less than 0.15 log units (ie. about
10%, of the corresponding stability constant value), (c) standard
deviations in potential residuals, defined as:

s = {ewel/(N — k)},

where e is a vector in potential residuals (Eops — Ecac), W iS a
weighting matrix, N is the number of observations and k is the
number of refinable parameters, with a standard deviation in vol-
ume readings of 0.005 mL and a standard deviation in potential
readings of 0.1 mV should be less than 3.0. (d) goodness-of-fit
statistics, ;(2 (Pearson’s test) at the 95% confidence level, with 6
degree of freedom, less than 12.6 and (e) reasonably random scat-
ter of potential residuals without any significant systematic trends.
Along with Superquad the program Best® was also used for calcu-
lations.

Results and Discussion

The Effect of CPCL on Hydrolysis of the Aquaalumini-
um(III) Ion. The hydrolysis of aquaaluminum in the ab-
sence of surfactants' and in the presence of either SDS, CTAB,
tween 20 or triton X-100,** in 0.1 mol L™! LiCl, at 298 K, was
studied in our earlier work so the results obtained there were
used in this work. The main hydrolytic species were
AI(OH)*", AL;(OH),>* and Al;3(OH)3,’ . In addition to this
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Table 1. Summary of Potentiometric Experimental Data Obtained in 0.1 mol L™! LiCI(S) Ionic Medium at 298 K
CTAB = cetyltrimethylammonium bromide, CPCL = cetylpyridinium chloride. Cx denotes concentration of

corresponding species in mmol L™".

Run Ca Cofio Cual S + CTAB S + CPCL S + Triton pH range Zimax
1 5.0 — 3.0 — 2.0 — 2.587-4.231 0.127
2 2.0 — 3.0 — 2.0 — 2.593-4.526 0.329
3 1.0 — 3.0 — 2.0 — 2.533-4.485 0.500
4 0.5 2.5 3.0 — 2.0 — 2.853-7.091 1.80
5 1.0 2.5 3.0 — 2.0 — 2.737-6.616 1.90
6 2.0 2.5 3.0 — 2.0 — 2.624-6.192 1.17
7 1.0 2.4 3.0 5.0 — — 2.640-6.712 1.40
8 0.6 1.0 2.0 5.0 — — 3.082-6.988 1.58
9 0.4 1.2 2.0 5.0 — — 3.025-7.123 1.86
10 1.0 2.4 3.0 — — 1.0 2.714-6.100 1.22
11 0.6 1.0 2.0 — — 1.0 2.799-6.153 1.59
12 0.4 1.2 2.0 — — 1.0 2.939-7.498 2.0
0.4 values lower than 3.0, where the hydrolysis is neglible, and at
035 g;: m: :: ° pH’s higher than 4.5, where solutions became turbid and col-
A50mM Al ° loid formation may take place, were excluded from the calcu-
5 °° 041 MLicl lations.
k= 298 K o
§ 02 Reacting with water molecules the aluminium ion forms one
g o EO or more hydrolytic complexes of the general composition
- ™ Al,(OH),®7~®" [further abbreviated as (p, ¢)] whose overall
:;,)-30 15 DDO formation constants, f3, ,, may be defined as
u} -p
£ o By = Cpgm™h,
0.05 AAAA o
0 o g 0 9 RO A§ B

3.00 3.20 3.40 3.60 3.80 4.00 4.20 4.40 4.60 4.80
-logh
Fig. 1. Hydrolysis of A" in 0.1 mol L™' LiCl medium, at
298 K in the presence of 2.0 mmol L™' cetylpyridinium-
chloride.

primary model, soluble AI(OH); and solid AI(OH); were add-
ed. Since the effect of CPCL on hydrolysis was not studied
previously in this work, it was investigated under the same ex-
perimental conditions. The obtained experimental data are
summarized in Table 1. Under the chosen experimental condi-
tions the aquaaluminum(IIl) ion hydrolyzes between pH 3.5
and 4.5, depending on its concentration. The maximum value
reached for the average hydroxide number, Z, defined as: Z =
(h — H)/M, was ca. 0.4. The data show that, for each concen-
tration of aluminum studied, separate titration curves, Z =
Z(—log h), were obtained (Fig. 1). This indicates the forma-
tion of polynuclear complexes. The pH region in which hy-
drolysis occurs depends upon the total concentration of alu-
minium. Thus, as the concentration of Al increases, the
beginning of the hydrolysis shifts toward lower pH values,
while at the same time the degree of the hydrolysis decreases.
Possible complexation of the aluminium ion with the chloride
ion from the ionic medium should appear as a constant effect
because of the relatively high concentration of the medium;
therefore, is should not affect the number of hydroxide ions
bound to aluminium. Though the titrations were performed
over a wide pH range, for the purpose of calculations, some re-
duction of the number of points was necessary. Points at pH

where C,, denotes the equilibrium concentration of the (p, q)
complex and m is the concentration of the free aluminium ion.
First, each titration curve was processed separately using the
program Best. Complexes from the initial set comprising (1,
=D, (1, =2), (1, =3), 2, =D, 2, =2), 2, =3), (2, =4, (2,
—6), 3, —3), (3, —4), (6, —12), (6, —15), (6, —18), (8, —12)
and (13, —32) were introduced one at a time until the mini-
mum vasue of oy was obtained. During the calculations, all of
the titration parameters (M,, H,) were kept constant while the
pH values in a repeated cycle of calculations were adjusted un-
til the best possible value of op was obtained. The calcula-
tions indicate that the hydrolytic curves can be fitted with the
complexes: Al(OH)*", AI(OH);(aq), Al;(OH),”" and
Alj5(OH)3,’". All of the titration curves were then processed
together, this time using the program Superquad. In Super-
quad calculations the E, values were allowed to float, while all
analytical parameters were held constant. All of the complexes
found in the Best calculations were accepted, except of
tridecamer. A stepwise introduction of other complexes from
the initial set lead either to their rejection or to a much worse
set of statistical parameters determining the goodness of the fit.
The higher hydrolytic polymers were not accepted as well. To
decide which set of complexes gave the best fit, all afore-men-
tioned complexes were refined together. No acceptable fit was
obtained. Therefore, in the next calculation cycle the stability
constant of the monomer AI(OH)*" was held constant (fixed)
while these of AI(OH); and Al;(OH),’" were varied. Both
complexes were accepted with the values for log 8 being
slightly higher than in a previous calculation. Thus, the results
of the calculation show that the experimental data can be fitted
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Table 2. The Stability Constants of Hydrolytic Complexes of Aluminium in 0.1 mol L™! LiCl
Ionic Medium, at 298 K, in the Presence of Cetylpyridinium-Chloride
The constants (f3,,) are defined for the equilibrium: pAI** + gH,0 = Alp(OH)q(3p’q)+ . Ksis
a solubility product defined for equilibrium: AI(OH);, + 3H' = AI** + 3H,0.

Species AI(OH)**

Al (OH),*"

Al(OH)s(aq) Al(OH)3(s)

—log B,, 4.81 = 0.06

13.82 £ 0.02

14.17 = 0.08 pKs = 10.38 = 0.02

Statistical parameters of the fit: 3> = 12.0-12.5;s = 1.3-1.6

with the complexes AI(OH)*", Al(OH);(aq) and Al;(OH)>".
Their respective stability constants (log 3,,) are given in Table
2. It can be seen that the calculated statistical parameters of
the fit satisfy all of the acceptance criteria, thus confirming the
existence of the (1, —1), (1, —3) and (3, —4) hydrolytic com-
plexes in the presence of CPCL with high probability. The dis-
tribution diagram of the formed hydrolytic complexes was cal-
culated using the program Solgaswater,*® and is given in Fig. 2.
The complex Al;(OH),’" is important only at higher concen-
trations of aluminium. Insoluble hydroxide forms between pH
4.0 and 4.5, depending on the total aluminium concentration.
Because its relative quantity sharply increases with increasing
the pH of the solution, part of the measurements were actually

(@)
[AP*]1or = 10.00 mM

Lo A AIOH)(5)

0.8

0.6

Fraction

041

0.2

0.0 L L

[AP ] or =

Fraction

2.0 2.5 3.0 3.5 4.0 4.5 5.0
pH

Fig. 2. Distrubution diagram of AI** hydrolytic products:
(@), [AP*],,e = 10.0 mmol L™'; (b), [A**],,c = 1.0 mmol
L' (0.1 mol L™" LiCl + 2.0 mmol L™ cetylpyridinium
chloride, 298 K).

performed in a micro-heterogeneous system. It seems that the
formation of the tridecamer, characteristic of the hydrolysis of
the AI** aqua ion in the presence of other SAA, is suppressed
in the presence of CPCL.

Determination of the Solubility Product of Al(OH),.
The solubility product of aluminium hydroxide in the presence
of CPCL was determined from the hydrolytic curves (Fig. 1)
employing a procedure described in previous work.?” For the
reaction:

Al(OH);(s) + 3H" = AI** + 3H,0

the equilibrium constant, K, is defined as

[AI']
[H'],’

K=

The concentration of hydrogen ion, at which precipitation
(or dissolution) of aluminium hydroxide begins, [H*]p, was de-
termined by extrapolation of higher, nearly linear part of the
hydrolytic curve to intercept with the —log / axes. Form the
point of intercept, pH,,,, the concentration of hydrogen ion was
calculated as

[H+],, = LIO*pHm

Y+

where the activity coefficient for hydrogen ion, y;, was calcu-
lated from the extended Debye-Huckel equation.’! The free
concentration of aluminium ion, [AI**], was calculated from
the equation

Car =[APT 1+ X pB, JJAPTPHT] O,

which, for total aluminum concentrations, 1.0, 2.0 or 5.0 mmol
L', was solved for free aluminium concentrations using the
program Species.”> The average value of Ks was pKs = 10.38
* 0.02, which is slightly higher than that in pure ionic medi-
um, pKs = 10.32 * 0.04.7

Protonation of the Ofloxacinate Ion. The overall proto-
nation constants, f3,, of the ofloxacin anion, defined according
to equilibrium

nH" + oflo” = H,oflo; B, (n = 1,2),
were determined by glass electrode potentiometric titrations in

a 0.1 mol L™! LiCl medium at 298 K. Three titrations were
carried out with 0.5; 1.2 and 2.45 mmol L' total ofloxacin
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Table 3. Calculated Protonation Constants of Ofloxacin Anion in 0.1 mol L™' LiCl ionic Medium (S), in the Presence or Surfac-

tants, at 298 K

SDS = sodium dodecylsulfate, CTAB = cetyltrimethylammonium bromide, CPCL = cetylpyridinium chloride. f3, denotes over-
all protonation constant for equilibrium: nH* + oflo- — H,oflo (n = 1, 2) while K; denotes successive protonation constant
defined for equilibrium: H* + H,_,+; oflo — Hioflo (n = 2,i = 1, 2).

Stability constant S S + CPCL

S + CTAB S + SDS S + Triton

Log B 8.212 + 0.003 8.21 + 0.04
Log S 14.24 = 0.01 14.51 = 0.07
Log K, 8.212 8.21
Log K, 6.03 6.30

8.42 £ 0.04 9.03 = 0.01 9.24 £ 0.02
16.17 £ 0.05 16.98 = 0.1 16.32 £ 0.3
8.42 9.03 9.24
7.75 7.96 7.08

concentrations, with the addition of either, CTAB (5.0 mmol
L"), CPCL (2.0 mmol L) or triton X-100 (1.0 mmol L"), in
the pH range between 2.4 to 10.2. The experimental data were
treated by using the Superquad program. In total, 110 points
were included in the calculations. The results are given in Ta-
ble 3 together with statistical parameters from Superquad cal-
culations (}(2 and s). As can be seen from Table 3, protonation
constants of the ofloxacin anion are considerably different in
the presence of surfactants than in a pure ionic medium. Data
in a pure ionic medium and in the presence of SDS are taken
from previous studies.'” The first successive protonation con-
stant (log K;) refers to the protonation of tertiary 4’-piperazinyl
nitrogen, while the second one (log K>) refers to protonation of
the carbonylate group.> The stabilizing effect on the first pro-
tonation increases in the order S = CPCL < CTAB < SDS <
triton, while on the second protonation the order is S < CPCL
< triton < CTAB < SDS. Thus, triton exerts highest influence
on a first protonation, while SDS and CTAB show greater in-
fluence on the second protonation. Since the first protonation
leads to the formation of the zwitterionic form of ofloxacin, ac-
cording to the equation

H* + oflo” = Hoflo™,

which may easily partition into the interior of neutral surfac-
tant triton X-100, the equilibrium is shifted to the right, thus
giving rise to a higher value of the protonation constant. The
second protonation gives cationic form of the oloxacin with
positively charged 4’-nitrogen; therefore, anionic SDS by sur-
rounding the Hyoflo* molecule prevents its dissociation.

The Aluminium(III)-Ofloxacin System in the Presence
of Surfactants. The experimental data obtained by emf mea-
surements in a 0.1 mol L™! LiCl medium 298 K and in the
presence of CTAB (5.0 mmol L), CPCL (2.0 mmol L™!) and
triton X-100 (1.0 mmol L") are summarized in Table 1. In the
studied pH range (2.5-7.5) the maximum apparent ligand
number reached was ca. 2.2. The highest concentration ratio
of ofloxacin to AI** was 5:1. Beyond pH 7.0, solutions be-
came turbid and drifting potential readings were obtained. No
higher concentration ratios of ofloxacin to Al were used due to
the low solubility of ofloxacin and because they would serious-
ly change the constancy of the medium. In addition, the buft-
ering effect of ofloxacin may hinder the reliable potentiometric
measurements. Part of the obtained titration curves is shown
in Fig. 3 as the dependence of pH on the titration parameter, a.
The distinct separation of AI** + oflo titration curves in the
presence of surfactants from these of ofloxacin itself, and AI**

—o—5 + TRITON ‘ IV
—*—S + CPCL

-2.5 -2 -1.5 -1 -0.5 0 0.5 1 15 2 25
Titration parameter
Fig. 3. Titration curves pH = f(a), for AI’* + ofloxacin solu-
tions in 0.1 mol L™" LiCl + surfactants medium, at 298 K.
Titration curves for ofloxacin and A’* + ofloxacin were
taken form Ref. 1.

+ ofloxacin without the addition of surfactants, indicates the
formation of strong complexes between aluminium and ofloxa-
cin.

The establishment of equilibrium in solutions was moder-
ately slow, especially at the pH values higher than 6.0. High
turbidity of solutions was observed at pH values near to 7.5.

In order to derive a speciation model for each studied sys-
tem, the experimental data were plotted as the dependence of
the average ligand number, Z,, on —log [oflo]. First, the titra-
tion parameter, a, was calculated using the formula

0= BVs + VyL — W [HCI]
WL

where B and Vjy denote the concentration and volume of a
strong base (NaOH), respectively, while V;, and L are the initial
volume and concentration (oflo) of the titrated solution. Thus,
the titration parameter was set to zero at the beginning of titra-
tion of the cationic form of ofloxacin. Negative values of a
represent the titration of an excess of strong acid (HCl). The
concentration of free ligand was calculated from the formula

_(2—a)—h+[OH ]

[ =[oflo] B+ Zﬁzhz

l
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Table 4. Calculated Stability Constants of AI**—Ofloxacin Complexes in 0.1 mol L™! LiCI(S) Ionic Medium, in the

Presence of Surfactants, at 298 K

Concentrations of surfactants were: SDS, 10.0 mmol L™'; Triton, 1.0 mmol L™'; CTAB, 5.0 mmol L' and CPCL,

2.0 mmol L™,

Species S S + SDSY S + triton S + CTAB S + CPCL
Al(Hoflo) 15.93 = 0.03 — 16.40 = 0.08 — —
Al(oflo), 14.84 = 0.07 — — — —
Al(oflo) 10.20 + 0.04 10.28 = 0.08 10.37 + 0.08 11.56 + 0.02 11.90 + 0.08

Al(OH)oflo 421 + 0.05 3.04 +0.1 — — —
Al (OH),0flo 6.4 + 0.1 4.56 + 0.06 — 3.6 0.1 34 +0.1
X2
S

a) Data taken from Ref. 1. b) Data taken from Ref. 2.
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Fig. 4. Formation curves in AI** + ofloxacin system, in the
presence of either, CTAB, CPCL or triton X-100.

The expression for the average ligand number was then

zy=G"lom
Cai

where oy, is defined as oq. gy = 1 + Bih + Boh%.

An analysis of the formation curves (Fig. 4) indicates the
formation of mononuclear complexes over a relatively wide
range of ligand concentrations, corresponding to pH values be-
tween 3.5 and 5.5. Sinze Z,, approaches a plateau at ca. 1.0, it
means that either the complex Al(oflo)*" or some mixed mono-
nuclear complexes may be important. Two buffer regions
could be seen on the titration curves. The first buffer region is
seen at a pH of about 3.5, and the other one at pH 5.5 to 7.0
(depending on the type of surfactant).

The quilibria in the oflo + AI’** system may be represented
in a general form:

PAP" + gH* + roflo” = Al H,(oflo),.

The stability constants of various (p, g, r) species formed in the
above reaction, may be defined as
Brgr =

- —q]r
Cpgm Th 4,

where C,,, denotes the equilibrium concentration of the com-

plex; m, h and [ denote free concentrations of aluminium(III),
proton and ofloxacin respectively. To determine the composi-
tion and stability constants of the formed species, the titration
data were analyzed using the programs Best and Superquad.
The following complexes were selected to find the model
which best fit the experimental data: (1, 0, 1), (1, 0, 2), (1, 1,
D,(1,2,1),d,1,2), (1, -1, 1,1, =2, 1), (1, =3, 1), 1, —1,
2), (1, =2, 2), (1, —2, 3) and polymers (2, 1, 1), (2,2, 1), (2, 1,
2),2,—1,1),2,-2,1),2,-2,2), (2, =3, 1), (2, =3, 2), (3,
-1, 1,3, -2, 1), (3, —1, 2), (3, —2, 2). More than 20 vari-
ous models were tested. During the calculations, the analytical
parameters (Mo, Hy and Ly) were held constant, while the E,
values were allowed to float. The hydrolytic complexes and
protonated species of ofloxacinate were not refined during the
calculations. First, each titration curve was treated separately
using the program Best. Complexes were added to the model
one at a time until the lowest value of oy, was achieved (usual-
ly less than 0.003). These complexes were then used as the
starting model for the Superquad calculations. Then, the data
belonging to all titration curves, referred to one particular sur-
factant, were treated together. The refined values of Ej served
as an additional criterion for model selection. If they were dif-
ferent from experimental ones for more than 0.5 mV, the mod-
el was considered to be inadequate. The finally accepted com-
plexes are given in Table 4. As can be seen from the Table 4, in
the presence of surfactants speciation in the AI’* + ofloxacin
system considerably changes in comparison with that in their
absence. In the presence of cationic SAA (CTAB and CPCL)
the dominating complex is Al(oflo)*" with a significantly high-
er value of the stability constant than in a pure ionic medium.
The presence of neutral SAA, triton X-100, suppresses the for-
mation of hydrolytic complexes and favors the protonated one.
The probable structure of a protonated complex is presented in
Scheme 2. It may have three or two positively charged sites,
depending on whether 4-carbonyl oxygen is bound to Al by a
covalent or coordinative bond, respectively. Because the tri-
ply-positive structure is not probable, the structure in Scheme
2 is the dominant one in solution. Neutral SAA prevents an at-
tack of water on the Al-O bond by intercalating the Al(Hof-
10)** molecule into the interior of a neutral micelle. In this
way, additional stabilization of protonated complex occurs.
The effect of cationic SAA on Al-oflo complexation origi-
nates from their influence on the hydrolysis of aluminium and
the dissociation of ofloxacin. A change in the reactive species
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Scheme 2. Possible structure of the Al-oflo complex.

leads to a change in the identity of the formed complex spe-
cies. Cationic SAA favor the formation of AI(OH);, which
may be regarded as a soluble colloidal micelle, and at the same
time lower the concentration of the zwitterionic form of oflox-
acin. Thus, the main reaction in the system should be

AI(OH);%(ag) + Hyoflo" 2 Al(oflo)*" + 2H,0 + OH".

Alkalization of the solution may lead to increasing of oflo con-
centration

Hoflo + OH™ = oflo™ + H,0.

The aluminium hydroxide micelle is positively charged due to
aluminium-ion adsorption on the surface, and may be repre-
sented as™

{pAI(OH);:gAI**+3(g — z)Cl™}+3zCl".

Due to an electrostatic repulsion, this micelle is not protected
by cationic SAA, and is additionally prone to an attack of neg-
atively charged ofloxacin.

A distribution diagram of the Al-ofloxacin species in the
presence of triton X-100 is shown in Fig. 5a. At a total Al con-
centration of 1.0 mmol L™! and ligand-to-metal ratio 2.5:1 the
maximum formation of the Al(Hoflo)** complex takes place in
the pH interval 3-5. The formation of solid AI(OH); begins at
pH 5.3 and it is a shift of 1.2 pH units toward a more aciedic
medium in comparison with the Al-oflo system with no pres-
ence of SAA (Fig. 5b). Effectively, it means, since the pH in-
terval in which soluble species of Al exist, is narrowed, that in
the presence of triton, dissolution of AI(OH)s(), under the ac-
tion of ofloxacin, will be hindered. Probably, solid AI(OH);
becomes coated with neutral SAA and thus, protected. The
distribution diagram in the presence of CTAB (Fig. 5c¢) shows
that the dominating complex is Al(oflo)*", which forms in the
pH interval 3—-6. The beginning of precipitation of AI(OH); is
at pH 5.7. This wider range of pH values in which soluble alu-
minum species exist means that CTAB enhances the solubility
of AI(OH); in comparison with triton X-100. A similar effect
is exerted by CPCL. If distribution diagrams in the presence of
SAA are compared with that in their absence it may be noted
that the pH of the beginning of AI(OH);, precipitation in the
absence of SAA is at 6.5, and it is a shift of about 2 pH units in
comparison with the beginning of precipitation in purely hy-
drolyzed aluminium solutions (pH 4.5).! Thus, in the gi tract

Equilibria in Aluminium(Ill) + Ofloxacin Systems

(a)

[Al 1.00 mM [oflo];op = 2.50 mM

3 =
! +]TOT B

1.0r Al(Hoflo)3*

Al(OH);s

Fraction

[AB*]or = 1.00 mM [oflo]pgr = 2.50 mM
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101 AKOH),
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Fig. 5. Distribution diagram of AI** species in A*" + of-

loxacin systems. (a) in the presence of 1.0 mmol L™ triton
X-100, (b) with no addition of surfactants (0.1 mol L'
LiCl, 298 K, Ref. 1), (c) in the presence of 5.0 mmol L!
CTAB.

ofloxacin may enhance the availability of soluble aluminium.
Since, however the absorption mainly takes place in the proxi-
mal small intestine,* the extent of possible absorption will be
determined by the presence of bioligands which can bind alu-
minium in the form of neutral, liposoluble, complexes and pH
(6.5-7) in this section of the small intestine.*® The most im-
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portant ligand is phosphate. For constructing the distribution
diagram in the presence of phosphate the data presented by
Berthon et al.’® were used. The distribution diagram in the
presence of phosphate (Fig. 6), in absence of ternary complex
formation, shows that ofloxacin will have no influence on solu-
bilized aluminium absorption in the intestine. Most solubi-
lized aluminium in the stomach, will be excreted with bowel
mucus in the form of insoluble phosphate, in feces, while there
exist the possibility that one small fraction may be absorbed in
the form of a neutral complex,*’” Al,(OH);PO,. Anionic alumi-
nate may play an important role in absorption only in some
pathological cases of increased pH values, reduced phosphate
concentration and prolonged contact of digestion products
with epithelial cells of the small intestine. In blood plasma,
however distribution diagrams®® suggest that ofloxacin may en-
hance aluminium (not bound to transferrin) excretion in urine,
since it forms stable, positively charged complexes. Surfac-
tants ameliorate the formation of Al(oflo)*>* complex, and may
thus favor urinary excretion of serum aluminium.

Absorption of Ofloxacin on Aluminium Oxide. In or-
der to quantify the bio-availability of ofloxacin in the presence
of Al-based antacids, as a model system, we examined the ad-
sorption of ofloxacin on aluminum oxide in neutral, acidic and
alkaline media, in both the absence and presence of ionic SAA,
SDS and CTAB. The concentration range of ofloxacin was 7—
50 uyg mL~!. The adsorption isotherms are given in Figs. 7a,
7b and 7c, as the dependence of the extent of adsorption
(mmoles of ofloxacine adsorbed per gram of aluminum-oxide)
on the concentration of ofloxacin. It can be seen that the iso-
therms are of Freundlich type

ﬁ — kcl/x’

m
where n denote moles of adsorbate, m mass of adsorbens, k and
n are constants while ¢ stands for concentration. The adsorp-
tion in neutral medium (Fig. 7a) is much greater in absence of
SAA, and significantly decreases in their presence. Adsor-
bens, aluminium oxide tends to have a positively charged sur-
face by the adsorption of either hydrogen or A" ions.** Since

2.50 mM

[oflo] o =
= 1.00 mM

[AB* [PO31yor = 5.00 mM

Al(OH) -

]TOT

Lor Aly(OH),PO4*

Fraction

l3+

Fig. 6. Distribution diagram of AI** species in AI’" + of-
loxacin + phosphate solution in the presence of triton X-
100. Data for stability of phosphate species are taken from
Ref. 36.
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their concentration is extremely low, it adsorbs ofloxacin from
the solution in which it mainly exists as zwitterions. In the
presence SAA, competition for adsorption sites between ionic
surfactants and ofloxacin occurs, resulting in decreasing oflox-
acin adsorption.

In acidic medium adsorption is greatly enhanced in the pres-
ence of SDS (Fig. 7b). This may be explained by taking into
account an electrostatic attraction between a positively charged
surface of aluminum and a negative OSO;™ group of SDS.
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0.80
¢ oflo
0.70 O oflo+SDS o 4
Aoflo+CTAB o °
B 060
g neutral
£ 050 medium ¢ "
s u]
. g 3
£ 040 "
3 o
©
5 0.30 ®
€
E]
X 020 © B
o 5
0.10 o
B & e o
0.00
0 10 20 30 40 50 60
C(oflo) (ng/mL)
1.20
O oflo o
1.00 O oflo+SDS
Py A oflo+CTAB o
= o
°
£ 080 0.4 MHCI
E [a]
=
2 o
12
6 0.60
(7]
k]
5 ° °
- o
5 0.40 o o
o o ©
o
0.20 o [¢]
© N A N N a
&) 7] 9 A
0.00 ¥ Ll
0 10 20 30 40 50 60
C(oflo) (ng/mL)
©
0.60
¢ oflo
Ooflo+SDS
050 | poflo+cTAB 4
5 A A
e 01M
13
£ 0.40 NaOH
s 4 o
S o
g a
o
5 0.30 o
3 A
- o
o
£ 0.20 A o
2
5 N o
0.10
8 o o o ° o o o °
° o o
© [a]
0.00 '& &
0 10 20 30 40 50 60
C(oflo) (ng/mL)

Fig. 7. Adsorption of ofloxacin on aluminum-oxide. (a) in
neutral medium, (b) in 0.1 mol L™! HCI, (c) in 0.001 mol
L~' NaOH.
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solution 1 mM NaOH

Fig. 8.
presence of CTAB in 0.001 mol L™! NaOH.

Adsorption of ofloxacin on aluminium-oxide in the

However, such an arrangement is unfavorable for the hydrocar-
bon tail of SDS, which becomes exposed to water.® Since of-
loxacin is an amphiphilic molecule, its hydrophobic part may
be intercalated into hydrocarbon tails of SDS, while the polar
positively charged part (protonated nitrogen) becomes reverted
to water. In the absence of SAA, the adsorption of the cationic
form of ofloxacin decreases due to competition with hydrogen
ions. Positively charged CTAB obviously completely hinders
the adsorption of ofloxacin.

In an alkaline medium, aluminum surface becomes negative
due to the adsorption of hydroxide ions from the solution (Fig.
7c). Thus, in the same way as SDS in acidic medium, CTAB
promotes adsorption of ofloxacin anion. SDS decreases ad-
sorption because of competitive adsorption while in absence of
SAA ofloxacin anion is adsorbed in small extent due to compe-
tition with hydroxide ion. The model, which may explain the
obtained data in the presence of CTAB is depicted in Fig. 8.
Ofloxacin anion possesses an amphiphilic character with the
hyhdrophobic part involving. A quinolone nucleus and the
substituted piperazine and hydrophilic one consisting of car-
boxylate and carbonyl groups. CTAB is adsorbed on an Al,O4
negatively charged (from OH™) surface, while the ofloxacin
anion is intercalated into the hydrophobic part of CTAB, so
that its negatively charged end is turned toward water. Some
ofloxacin molecules may approach the surface of the adsor-
bent, in which case its negative end is turned to surface due to
electrostatic forces. Molecules remaining in solution are prob-
ably solubilized by CTAB micelles. S-shaped isotherms, char-
acteristic for adsorption of ionic SAA on polar adsorbens®
were not detected in the presence of ofloxacin. This means
that bi-layer adsorption of SAA is hindered in ofloxacin solu-
tion.
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