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Abstract

Solution calorimetric technique has been used to determine the compatibility of binary and ternary systems of ampicillin trihydrate (AMP),
sulbactam sodium (SS), amoxicillin trihydrate (AM), potassium clavulanate (PC) and ciprofloxacin hydrochloride (CP). The enthalpy of
solution (AsoH) were obtained over a wide range of composition in the pH range 2-9. For all the pure drugs,ihés endothermic
in nature. The molar enthalpies of interaction of binatyHE ) and ternary £ HE,) mixtures of the drugs in aqueous buffers have been
determined. The\HE for all binary systems is negative and pH dependent (maximum pH 6-8) indicating the interaction among charged
species of the drugs. In case of binary systems with CP the magnitusi&pfindicate strong interactions. The variation and magnitude of
AHE for the systems is discussed in terms of hydrogen bonding and van der Waal's interaction in the solution. The interaction parameter for
ternary systems) is positive indicating repulsive interaction among the drugs. The coeffidiéatsalculated from Redlich—Kister equation
for binary systemsA HE ) and ternary interaction parameté) (vere used to predict the compatibility of the marketed formulations in pH
range studied.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction Antibacterials accounts for between 3 and 25% of all
prescriptiong8] and up to 50% of the drug budget in hos-
Combination preparation of two or more active ingredi- pitals [9]. There is greater emphasis on achieving quality
ents have attracted much interest because they can show syrand cost-effective health care. One way of managing this,
ergistic curative effects and/or decreased side effdcB. relevant to parenteral antibiotics, is to consider ‘iv-to-oral’
However, the existence of incompatibility between active switch or sequential therapjl0]. Sequential therapy has
ingredients or ingredients and excipients result in toxic or been used to refer to conversion from intravenous to oral
no clinical effectg3-5]. These drug interactions occurring formulation of the same medication (maintaining equivalent
outside the body may be categorized as physical or chem-potency). Examples of drugs that may be used for sequen-
ical and may occur during formulation, storage as well as tial therapy include metronidazole, ciprofloxacin, ofloxacin,
while mixing ingredients. These are sometimes manifested co-amoxiclav and fluconazolfl1l]. The orally absorbed
by precipitation or color changes. Occasionally in vitro in- amoxicillin trihydrate/potassium clavulanate (AM/PC), the
teractions occur without any observable change and can beparenteral formulations of ampicillin sodium/sulbactam
determined quantitatively by determining their excess ther- sodium (AMP/SS) and ticarcillin/potassium clavulanate
modynamic properties in solutide,7]. (T/PC) [12] are marketed combinations. The pharma-
codynamics, pharmacokinetics, safety, and efficacies of
ampicillin—sulbactam and amoxicillin—clavulanic acid have
* Corresponding author. been widely evaluated13-16} The binary mixture of
E-mail address: renukchadha@rediffmail.com (R. Chadha). amoxicillin trihydrate: potassium clavulanate combina-
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tions (co-amoxiclav) and ciprofloxacin hydrochloride are

prescribed in treatment of cancer patient with fever and

neutropenial5,6]. There are reports revealing the incom-
patibility of ciprofloxacin with co-amoxyclav and Unasyn
preparations in solutiofL7-19]
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2.2. Buffers

In the present studies phosphate buffers were prepared by
mixing solutions of appropriate sodium salts of phospho-
ric acid according to the given procedulf@s]. The ionic

Several methods, e.g. densitometric method, a liquid strength of all phosphate buffers was 0.05 M. The pH values
chromatographic method with electrochemical (EC) de- of various phosphate buffers were measured using pH meter
tection, capillary electrophoresis method and HPLC with (Elico, India) standardized with solution of pH 4.0, 7.0 and
beta-cyclodextrin stationary phase have been used for9.2.
the quantitative determination of amoxicillin and clavu-
lanic acid in pharmaceutical dosage forrf20-23] A
spectrophotometric method and capillary electrophoresis
method have been used for ampicillin sodium and sul- The system used to determine the enthalpies of so-
bactam sodium in pharmaceutical dosage fol23,24] lution was isoperibol solution calorimeter (ISC) model
Although methods are available for their simultaneous 4300 (Calorimetry Science Corporation, Utah, USA). The
determination and quantitation in pharmaceutical dosage calorimeter consists of a thin-walled 25 ml silvered Dewar
forms but not much information is revealed about their flask in a constant temperature bath (37490.0001°C). It
compatibility. is a semi-adiabatic calorimeter with temperature resolution,

The use of microcalorimetry for excipients compatibility, after noise reduction, close touK, which corresponds to
product/container interaction studies, material source varia-a heat resolution of 1-4mJ in a 25 ml reaction vessel. The
tion stability studies are likely to be major growth area in the time constant of the system is 2.05h.
pharmaceutical arda5]. In pervious work in our laboratory For enthalpy of solution measurements the individual
we have used solution calorimetry to study the compatibil- drugs and their binary, ternary mixtures were filled into batch
ity of drugs by determining the excess thermodynamic pa- adapter of volume 0.9 ml sealed on both end with o-ring
rameterd6,7]. The use of immersion calorimetry to study and glass ampoules. This was then inserted in to the Dewar
interactions between additives (e.g. pigments, opacifers andflask containing solution (2% 0.01 ml), the batch adapter
talc) of hydroxypropyl methyl cellulose (HPMC) films has holding the drug isolated from the solution. The combined
been reported26]. Beside this not much published work unit was then lowered in to the calorimeter water bath held
exists relating to the use of microcalorimetry for interaction at 37°C. The glass stirrer was rotated at 100 revolution/min
studies. and the system was allowed to equilibrate for 90 min, after

In order to quantify the specific or non-specific inter- which electrical calibration was performed which imparted
actions between binary and ternary systems of the drugsa known heating signal to the contents of the Dewar. The
in buffered aqueous solution, we have used the solution ampoule was then shattered by means of a plunger, re-
calorimetry. The molar enthalpy of interaction has been leasing the drug into the solution and allowing dissolution.
calculated to quantify the extent of interaction in binary The ensuing heat changes was detected by a thermistor
and ternary systems. The present communication propose avithin the vessel enabling measurement of the enthalpy of
method to study drug—drug interaction during the dissolution solution.
of their mixtures. As far as we know no direct calorimetric The performance of the system was checked using potas-
data have been reported for the above mentioned drugs andgium chloride and tris (hydroxymethyl) aminomethane, both
their mixtures. of which have known enthalpies of solution, a good agree-
ment &0.03 kJ mot 1) was found with the published values.
The precision of any individual measurement was better than
0.02 kJ mot? for three consecutive experiments and agreed
with the standard value withif:0.03 kJ mot 1.

The binary and ternary mixtures of the drugs have been
prepared by mixing the weighed amounts of the drugs me-
chanically. Minimum weight of any one of the drugs in the

Amoxicllin trihydrate (AM) and potassium clavulanate mixture was 3.000 mg and maximum weight was 10.000 mg.
(PC) (Osaka Pharmaceutical Ltd., India), ampicillin trihy- The maximum uncertainty in weight#s0.001 mg leading to
drate (AMP) and sulbactum sodium (SS) (Morpen Labo- an uncertaintyt-0.0005 in mole fraction. For example mole
ratories Ltd., India), ciprofloxacin hydrochloride (CP) (Dr. fractionx; = 0.5308 was prepared by mixing 8.000 mg of
Reddy’s Laboratories Ltd., India) were procured as gift sam- AM and 4.000 mg of PC. In calculating the mole fraction we
ples and used without further purification. All the drugs were do not take into account water and other electrolytes present
sieved and fractions with particle size 80—156 were used in agueous buffers and call it apparent mole fraction. For
throughout the study. Phosphate buffers were prepared usingeach sample three replicate investigations were performed
AR grade chemicals. and results are quoted as mean values.

2.3. Solution calorimetry

2. Methods and materials

2.1. Chemicals
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3. Results and discussion Values of AsgH; corresponding to various particular
species of the drugs have been calculated by simultane-
3.1. Enthalpy of solutions ously solvingEg. (1) from the measured values a@fsoH

at different pH. The values ahgoH; for different species
The structural formulae of the drugs for which the en- give the enthalpy of ionization and combining these values
thalpies of solution have been determined are given below.
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The molar enthalpies of solution values of sulbactum
sodium, ampicillin trihydrate, ciprofloxacin hydrochloride, with ionization constants a complete set of thermodynamic
amoxicillin trinydrate, and potassium clavulanate at differ- quantities for ionization of the drug have been calculated
ent pH and concentrations are givenTables 1-5An en- and are given irmable 6
dothermic behavior has been observed for all the drugs and It may be mentioned thatgsoH for amoxicillin  tri-
the molar enthalpy of solution of the drugs is nearly inde- hydrate and ampicillin trihydrate (pH 2, 5 and 7) are
pendent of concentration (0.572—1.18910~3M). There- in agreement with the values reported in our previous
fore an average value has been takenAggH of a drug at study [6]. The endothermic behavior of enthalpies of so-
a particular pH within concentration range. The variation of lution indicates weak interaction between drugs and aque-
AsoH with pH is due to presence of different species of the ous buffer. The values of molar free energy of solution
drugs in varying amounts due to protonation or deprotona- (Tables 1-% has been calculated using the following equa-
tion. The corresponding fractions of the drug species deter-tion:
mined from their |K5's values are also reportet@igbles 1-5

The [Ka values are taken from literatuf@8—31] and are =~ AG = —RTlogs (2)
given in Table 6 At a particular pH,AgqH can be repre- ] -
sented by the following equation: wheres is the molar solubility of the drugs.

The values ofs are available only at a few selected
pH and temperature and have been taken from literature
[29,32-34] The molar entropy of solution of drugs cal-
culated from the equatiodAS = (AH — AG)/T are also
wheref; represents the fraction of specié'sdf the drug at given in Tables 1-5The positive values of entropy of so-

a particular pH calculated from its ionization constants and lution indicate that the dissolution is largely entropically
AsoH; represents its enthalpy of solution. driven.

n
AsolH = Zfz AsolH; (1)
i=0
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Table 1
Molar enthalpy of solution at different pH 2—7 (310.15K) and fractions of various species of sulbactam sodium (SS) at the corresponding pH
pH f+ - [SS] (x10® M) AsoH (kI mot1) AsolG (kI mot 1) AsolS (JK T mol1)
2.0 0.7992 0.2008 1.567 5.45 0.025 - -
2.351 5.41+ 0.017
3.134 5.43+ 0.013
3.0 0.2848 0.7153 1.567 7.58 0.025 - -
2.351 7.58+ 0.017
3.134 7.57+ 0.013
4.0 0.0383 0.9617 2.351 8.64 0.017 - -
3.134 8.61+ 0.013
3.918 8.61+ 0.010
5.0 0.0040 0.9960 2.351 8.78 0.017 - -
3.134 8.77+ 0.013
3.918 8.78+ 0.010
6.0 0.0004 0.9996 2.351 8.4 0.017 - -
3.134 8.77+ 0.013
3.918 8.77+ 0.010
7.0 - 0.9999 2.351 8.7& 0.017 14.29 17.77
3.134 8.78+ 0.013
3.918 8.78+ 0.010
AH, = 4.59kImot?!, AH_ = 8.78kJmot™.
Table 2
Molar enthalpy of solution at different pH 1-10 (310.15K) and fractions of various species of ampicillin trinydrate (AMP) at the corresponding pH
pH ft f* - [AMP] (x10° M) AsoH (kI mol?1) AsoiG (kI mol?t) AsoiS (JK T mol™1)
1 0.9697 0.0307 - 0.892 12.80 0.044 3.575 29.77
0.991 12.82+ 0.040
1.189 12.81+ 0.033
2 0.7598 0.2403 - 0.892 13.47 0.044 4.726 28.09
0.991 13.43+ 0.040
1.189 13.42+ 0.033
3 0.2402 0.7597 - 0.892 15.02 0.044 8.433 21.17
0.991 14.99+ 0.040
1.189 15.00+ 0.033
4 0.0306 0.9688 - 0.892 15.62 0.044 9.131 21.01
0.793 15.66+ 0.050
0.743 15.67+ 0.055
5 0.0031 0.9906 0.0063 0.694 15.860.055 9.221 21.37
0.793 15.85+ 0.050
0.892 15.87+ 0.044
6 - 0.9404 0.0593 0.694 16.9B 0.055 9.131 25.24
0.743 16.95+ 0.050
0.892 16.95+ 0.044
7 - 0.6131 0.3869 0.595 23.78 0.067 8.877 47.95
0.694 23.74+ 0.055
0.793 23.73+ 0.050
8 - 0.1368 0.8632 0.595 33.6D 0.067 4.150 95.01
0.694 33.63+ 0.055
0.793 33.63+ 0.050
9 - 0.0156 0.9844 0.892 36.H 0.055 - -
0.793 36.15+ 0.050
0.743 36.16+ 0.044
10 - 0.0016 0.9984 0.892 36.48 0.044 - -
0.991 36.44+ 0.040
1.189 36.42+ 0.033

AHy =12.71kImot!, AHy = 15.73kImot?, AH_ = 36.46 kI mot ™.

3.2. Interaction studies of binary mixtures SS:CP) are given iflables 7 and 8The extent of molecular
interaction between drugs in a binary system can be related
The enthalpy of solution{soHpi.) per mole of the binary  to the molar enthalpy of interaction of binary mixtures. Thus
mixtures (AM:PC, AM:CP, PC:CP, AMP:SS, AMP:CP, and the molar enthalpy of interactiom(HlE.) in the present study
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Table 3

Molar enthalpy of solution at different pH 2-10 (310.15K) and fractions of various species of ciprofloxacin hydrochloride (CP) at the corresponding p

pH f+ f* - [CP] (x10® M) AsoH (kJmol1) AsolG (kJmol1) AsolS (JKTmol1)

2 0.9999 0.0001 - 0.882 37.60 0.048 - -
0.934 37.72+ 0.042
1.038 37.69+ 0.038

3 0.9990 0.0010 - 0.882 37.72 0.048 - -
0.934 37.70+ 0.042
1.038 37.68+ 0.038

4 0.9900 0.0100 - 0.830 37.75 0.048 - -
0.882 37.77+ 0.045
0.934 37.76+ 0.042

5 0.8632 0.1368 - 0.830 38.5D 0.048 10.655 89.85
0.882 38.53+ 0.045
0.934 38.53+ 0.042

6 0.3867 0.6129 - 0.830 41.4# 0.048 - -
0.882 41.36+ 0.045
0.934 41.37+ 0.042

7 0.0588 0.9319 0.0093 0.674 43.470.059 18.934 79.11
0.726 43.46+ 0.055
0.830 43.48+ 0.048

8 0.0057 0.9039 0.0904 0.674 44.990.059 - -
0.726 44.97+ 0.055
0.830 44.98+ 0.048

9 0.0003 0.4998 0.4998 0.830 51.840.048 16.351 111.94
0.882 51.08+ 0.045
0.934 51.09+ 0.042

10 - 0.0909 0.9091 0.830 57.12 0.048 - -
0.882 57.11+ 0.045
0.934 57.13+ 0.042

AH, =37.70kdmot?, AH. = 43.68kImot! , AH_ = 58.47kJmot?.

is defined by the equation:

AH§, = AsolHpi. — [x1AsolH1 + X2AsolH] 3)
where x; is the apparent mole fraction of componeiit 0 0'2 0'4 ols ols
AsoH; the molar enthalpy of solution of componerit, ¢ ’ ) ) ’
AsoHpi. the molar enthalpy of interaction in binary mixtures. 051
It has been found thatAHE fits well with the
Redlich—Kister equatiof35] having two parameters for all 11
the binary mixtures. .5
AHE = x1xa[h1 + ha(x1 — x2)] (4) x
The least squares method was used to determine the val g 21 x “
ues ofh;’s for different systems and their values are given :3‘
in Table 9 The value of AHS) can be calculated at any 5 2% —
mole fractions using the coefficients givenTiable Q Fig. 1
shows the calculated molar enthalpy of interaction values for 37
ampicillin and sulbactam sodium binary mixtures as solid *
curves and experimental values as points at different pH. =35 D ® pH2
Similar curves are obtained for other binary mixtures. m pHS
Tables 7 and 8how that enthalpies of interaction {7 ) -4 3 X pHE
of all the binary systems are negative indicating stronger in- 4 pHB
teraction of the drugs between themselves and little interac- =45 - ® PHo
tion with the solvent. It may be noted that th&HEi varies *e

with the pH. The behavior can be explained in terms of vary- rig. 1. molar enthalpies of interactionA@S ) of binary mixtures of
ing interaction between different ionic species of each drug ampicillin trihydrate and sulbactam sodium at pH 2, 4, 6, 8, and 9. The
at a particular pH. The drugs such as amoxicillin, ampicillin  solid lines were calculated usingg. (4) and the experimental values
and ciprofloxacin are amphoteric while sulbactum sodium fepresent points.
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Table 4
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Molar enthalpy of solution at different pH 1-10 (310.15K) and fractions of various species of amoxicillin trihydrate (AM) at the corresponding pH

pH 7t f+ - 2= [AM] ( x10° M) AsoH (kJmot1) AsolG (kI molt1) AsolS (JK™1 mol1)

1 0.9771 0.0229 - - 0.858 15.88 0.046 4.283 37.42
0.954 15.92+ 0.041
1.144 15.87+ 0.034

2 0.8101 0.1899 - - 0.858 16.32 0.046 6.210 32.56
0.954 16.30+ 0.041
1.144 16.31+ 0.034

3 0.2852 0.6686 - - 0.858 16.76 0.046 10.090 21.54
0.954 16.79+ 0.041
1.144 16.76+ 0.034

4 0.0409 0.9585 - - 0.667 18.20 0.059 11.010 23.21
0.763 18.244 0.052
0.858 18.19+ 0.046

5 0.0042 0.9889 0.0069 - 0.667 18.470.059 11.200 23.34
0.763 18.42+ 0.052
0.858 18.43+ 0.046

6 0.0004 0.9349 0.0647 - 0.667 19.570.059 11.010 40.73
0.763 19.58+ 0.052
0.858 19.56+ 0.046

7 - 0.5904 0.4085 - 0.572 26.25 0.069 9.960 52.41
0.667 26.21+ 0.059
0.763 26.20+ 0.052

8 - 0.1233 0.8527 0.0240 0.572 35.460.069 6.510 93.36
0.667 35.45+ 0.059
0.763 35.494+ 0.052

9 - 0.0112 0.7714 0.2174 0.667 38.800.059 - -
0.763 38.844 0.052
0.858 38.85+ 0.046

10 - 0.0004 0.2618 0.7378 0.858 42.250.046 - -
0.954 42.33+ 0.041
1.144 42.344 0.034

AH, =15.84kImof!, AHL = 18.32kJmotf!, AH_ =37.71kImot!, AH,_ = 43.99kJ mot?,

Table 5

Molar enthalpy of solution at different pH 1-6 (310.15K) and fractions of various species of potassium clavulanate (PC)

at the corresponding pH

pH f+ - [PC] (x1C® M) AsoH (kI mol?1) AsolG (kJ mol?t) AsolS (Kt mol1)

1.0 0.9617 0.0383 1.686 6.26 0.024 —1.592 27.73
2.529 6.25+ 0.016
3.372 6.21+ 0.012

2.0 0.7152 0.2848 1.686 7.0% 0.024 —1.922 28.80
2.529 7.02+ 0.016
3.372 7.00+ 0.012

3.0 0.2008 0.7992 1.686 8.78 0.024 —4.093 41.53
2.529 8.79+ 0.016
3.372 8.80+ 0.012

4.0 0.0245 0.9755 2.529 9.4% 0.016 —4.180 43.72
3.372 9.36+ 0.012
4.215 9.37+ 0.010

5.0 0.0025 0.9975 2.529 9.4% 0.016 —4.191 43.90
3.372 9.45+ 0.012
4.215 9.43+ 0.010

6.0 0.0002 0.9998 2.529 9.48 0.016 —4.223 44.14
3.372 9.47+ 0.012
4.215 9.49+ 0.010

AH, =6.14kImot!, AHL = 9.47kJImot?,

and potassium clavulanate are salts of moderately strong

In the system between ampicillin and sulbactum, at pH 2

acids. Therefore the interaction of drugs with each other the cationic form of the ampicillin is the major species where
depends upon the dominant charged species present at ththe amino group is protonated and carboxylic acid group
is not dissociated. The exothermic interaction is attributed

experimental pH.
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Table 6 flexibility of OH and the ability to form strong hydro-
Protonation entropy and free energy of drugs at 310.15K gen bonding leads to the difference in thﬂ’{g between
Drug K AionG AjonH AijonS amoxicillin and ampicillin with ciprofloxacin in binary
(kImolt) (kI mott) (JKImol b systems.
Ss 2.60 15.43 4.19 —36.24 In all the binary systems where ciprofloxacin is one of
PC 240 14.25 3.33 —35.21 the components the interactions are highly exothermic indi-
AMP 3'28 gfltd"i’:r'])) 411421'32 2'0033 :33';‘71 cating strong deviation from ideality. This is in agreement
AM 263 (Istion) 1561 248 _4233 wlth the re_sults reported on the v.|s.u¢.al non—compaublll_ty of
7.16 (2nd ion.)  42.50 19.39 _7451 ciprofloxacin (2 mg/ml) with ampicillin/sulbactum sodium
9.55 (3rd ion.)  56.71 6.28 -162.59 and amoxicillin/potassium clavulanaf#9]. The results of
cP 6.00 (1stion.) 3561 5.98 —95.53 these authors are based on the appearance of precipitate
8.80 (2nd ion.)  52.23 14.79 -120.72

when ciprofloxacin in 5% dextrose solution was combined
with the amoxicillin/potassium clavulanate. While in case
of ampicillin trihydrate: sulbactum sodium there is change
to the hydrogen bond between protonated amino group ofin pH by more than one unit. Similar results are reported on
AMP and ionized carboxylic acid group of sodium sulbac- the incompatibility of ondesteron hydrochloride (1 mg/ml)
tum. As the pH increases, the zwitterionic form of ampi- with ampicillin sodium/sulbactam sodium (2 mg/ml)
cillin predominates in the solution as well as de-protonation [37].
of carboxylic group of sulbactum is also complete, result- In the present study we have explored the possibility of
ing in more negativeAHEL (up to pH 8). After this stage  relating compatibility with magnitude and sign ath'f—i..
there is the possibility that un-protonated amino group The results indicate that the binary mixtures: amoxicillin tri-
interact with sulbactum through hydrogen bonding with hydrate and potassium clavulanate deviate from ideality at
sulphoxide group but at the same time there may be re-all the pH. TheAHE_ have been calculated using the val-
pulsive interaction between both the negatively charged ues ofh;’s (Table 9 to assess the interaction between two
species. active ingredients in marketed tablet and injection dosages
In case of ampicillin and ciprofloxacin, at pH less than forms. The mole fraction of potassium clavulanatg) (in
pK3, of ciprofloxacin hydrochloride i.e. at pH 2 both piper- tablet dosages form of Augmentin 37%250+ 125mg) is
azinyl nitrogen and 3-carboxylic acid groups are protonated. 0.4693, in Augmentin 625 DU®(500+ 125 mg) is 0.3067
Beside this there is an intra-molecular hydrogen bond for- and in Augmentin 1000 DU® (875 + 125 mg) is 0.2017.
mation between carboxylic acid group and neighboring keto The AHbEi, values calculated are-2.3340,—-1.9072 and
function resulting in the stabilization of protonated species —1.4019 kJ mot?! at pH 2 respectively. The oral suspension
and avoiding hydrogen bonding with cationic form of Co-Amoxicla® (250 + 62.5mg) has pH 5 (approx.) hav-
ampicillin. However, there is possibility of hydrogen bond ing mole fraction of potassium clavulanate (= 0.3067),
formation through the F and carboxyl functional groups of the calculated value oth')Ei_ at this pH is—2.659 kJ mot L.
CP with cationic form of AMP. At pH 5, carboxylic acid  These values indicate that there is only physical interac-
group starts de-protonating resulting in zwitterionic form of tion arising due to hydrogen bonding and van der Waal's
ciprofloxacin which can interact with zwitterionic form of interaction. Thus the interaction is not alarming for the
ampicillin, leading to more negative molar enthalpy of in- Co-Amoxicla\® oral suspension and tablet dosage forms
teraction for the system. The increase in the absolute value(Agumentit). The ampicillin and sulbactam sodium are
of the AHE with further increase in pHTable 7 can be  available in tablet and injection dosages forms. Un&syn
explained by the fact the zwitterionic form of ciprofloxacin  tablet and injection contain ampicillin:sulbactam in 2:1 ratio
increases with pH and at pH 8, it is the predominant ampicillin (250 mg) and sulbactam sodium (125mg). The
species. calculated values ok HE is —1.7682 and-3.937 kI mot?!
The results for the second set of binary system containing at pH 2 and 8 respectively.
any two of amoxicillin trihydrate, potassium clavulanate
and ciprofloxacin can be explained by assuming that at 3.3, Interaction studies of ternary mixtures
pH 7 the interaction is strong between predominant zwit-
terionic species of ciprofloxacin and with cationic and The enthalpy of solutionAsoHter) per mole of ternary
zwitterionic species of amoxicillin (present nearly in equal mixtures (AM:PC:CP and AMP:SS:CP) were also deter-
amounts). Interaction between both the drugs can also takemined at number of mole fraction3gbles 10 and 11 The
place through hydrogen bond between phenolic group of molar enthalpy of interactionAHE,) of ternary system
amoxicillin and protonated piperazinyl nitrogen and keto were obtained by the following equation:
group of ciprofloxacin. The decrease in absolute value of
AH& above pH 8 may be due to deprotonr?\tlon of phe— AHE, = AsoiHier. — [x1AsolH1 + X2 AsolHz + x3As01Hz]
nolic group. The OH and Nglgroups may be involved in
strong hydrogen bonding36]. The high conformational (5)




Table 7

Molar enthalpies of solutionAseHpi.) and excess molar enthalpies of solutioﬁnH&) for the binary mixtures of drugs in buffers at different pH and 310.15K

pH 2 pH 4 pH 6 pH 8 pH 9

X2 AsolHbi. AHE X2 AsolHbi. AHE X2 AsolHbi. AHE X2 AsolHpi. AHE X2 AsolHbi. AHE

(kJmol)  (kImol?) (kdmol1)  (kImol?l) (kdmot1)  (kImol?) (kJmol)  (kIJmolY) (kdmol1)  (kImol?l)

AMP (1) + SS (2)
0.1494  11.39 —0.85 0.1494  13.50 -1.10 0.1494  14.59 -1.15 0.1494  27.73 —2.18 0.1494  31.09 —2.26
0.2402  10.27 -1.25 0.2600 12.16 —1.66 0.2600 12.99 —1.84 0.2600 23.94 -3.22 0.2833  26.79 -3.62
0.3112 945 —1.50 0.3112 11.61 -1.85 0.3112 12.31 —2.10 0.3112 22.35 —3.54 0.3609 24.44 —4.15
0.3874 8.64 -1.70 0.3874 10.89 —2.04 0.3874  11.39 —2.40 0.4415 18.71 —-3.94 0.4039 23.15 —-4.34
0.4970 7.64 —1.82 0.4415 10.42 —2.12 0.4868 10.32 —2.65 0.5131 16.96 -3.91 0.4415  22.07 —4.42
0.5585 7.15 —-1.81 0.5131 9.88 —2.16 0.5685 9.62 —2.68 0.5685 15.71 -3.79 0.5131  20.04 —4.55
0.6126  8.59 —-1.75 0.5585 9.61 -2.11 0.6126  9.27 —2.67 0.6126  14.78 -3.62 0.5685  18.58 —4.46
0.6931 6.30 —1.59 0.6126  9.33 -2.01 0.7034 8.79 —-2.41 0.6782  13.49 -3.28 0.6126  17.42 —4.32
0.7597 5.96 -1.39 0.7597  8.77 -1.54 0.7597  8.59 -2.15 0.7597  12.08 —2.67 0.7034 15.15 -3.81
0.8635 5.62 —0.90 0.8259  8.63 -1.21 0.8635 8.45 —1.44 0.8635 10.50 —1.67 0.8083 12.73 -2.85

AMP (1) + CP (3)
0.1975 16.77 —1.46 0.2073  18.08 -2.15 0.2073  19.21 -2.81 0.2073  32.49 —3.48 0.1975 35.23 —3.86
0.2950 18.71 —1.89 0.2746  19.15 —2.57 0.2585  20.01 —-3.26 0.2585  32.50 —4.06 0.2585 35.35 —4.65
0.3434 19.58 -2.19 0.3856  21.16 -3.01 0.3434 21.55 -3.80 0.3434  32.77 —4.75 0.3434 35.79 —5.48
0.4108 21.24 —-2.16 0.4657 22.84 -3.11 0.4000 22.70 —4.03 0.4000 33.09 —5.07 0.4108 36.40 —5.88
0.4657 22.54 -2.20 0.5112  23.86 -3.09 0.4396  23.57 —4.12 0.4396  33.41 -5.20 0.4657  37.04 —6.05
0.5112 23381 —2.03 0.5115 23.84 -3.12 0.4566  24.05 —4.06 0.5112 34.17 —5.26 0.5112 37.71 —6.06
0.6107  26.19 —2.06 0.5666  25.13 -3.05 0.5112 25.29 —4.15 0.5666  34.90 —5.16 0.5666  38.65 -5.95
0.6766  27.98 -1.87 0.6355 26.88 —2.82 0.6655  29.46 -3.75 0.6655  35.98 —4.86 0.6107  39.50 —5.76
0.7234  29.29 -1.70 0.7233  29.32 -2.32 0.7234  31.36 -3.26 0.7234  37.65 —4.19 0.7583  43.03 —4.43
0.8075 31.73 —1.30 0.8075 31.68 -1.82 0.8075 34.17 —-2.51 0.8075 39.54 -3.25 0.8075 44.44 —3.76

SS (2)+ CP (3)
0.1282  7.77 —1.80 0.1282 9.96 —2.40 0.1282  7.45 —5.50 0.1282 8.82 —4.60 0.1282 10.34 -3.85
0.2092 948 —2.70 0.2209 15.06 -3.85 0.2209 7.47 —8.50 0.2092 9.14 —7.00 0.2209 12.02 —6.09
0.3060 11.80 —3.50 0.3061 12.62 —4.92 0.3316 8.38 —-11.20 0.3316 11.18 —9.60 0.3061  13.98 —7.74
0.3981  14.38 —-3.90 0.3981  14.40 -5.82 0.3981 9.65 -12.10 0.3981 12.69 —10.50 0.3981 16.58 —9.03
0.4526  15.93 —4.10 0.4527 15.76 —6.05 0.4687 11.25 —12.80 0.4526 14.16 —11.00 0.4526  18.36 —9.55
0.4981 17.40 —4.10 0.4981 16.82 -6.31 0.5142 12.64 -12.90 0.4981 15.61 —-11.20 0.4981  20.10 -9.74
0.5695 19.81 —4.00 0.5700 18.97 —6.26 0.5981 16.18 —12.40 0.5695 18.30 —11.10 0.6069 24.79 —9.65
0.6136  21.33 -3.90 0.6653  22.00 —6.01 0.6649  18.75 —-11.70 0.6494 21.79 —10.50 0.6650 27.74 —9.16
0.6649  23.19 —-3.70 0.7484 2531 —-5.12 0.7484  23.27 —9.90 0.6984  24.26 —9.80 0.7484  32.48 —7.95
0.7484  26.48 -3.10 0.8881  31.70 —2.80 0.8881 32.43 -5.30 0.7484  26.97 —8.90 0.8881  41.97 —4.37

c0g
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Table 8

Molar enthalpies of solutionAseHpi.) and excess molar enthalpies of solutimf(ﬁ) for the binary mixtures of drugs in buffers at different pH and 310.15K

pH 2 pH 5 pH 7 pH 8 pH 9
X2 AsolHbi. AHE X2 AsolHbi. AHE X2 AsolHbi, AHE X2 AsolHbi. AHE X2 AsolHbi. AHE
(kIJmorl)  (kImol?) (kImolt)  (kImol?) (kIJmoft)  (kImol?) (kIJmorl)  (kImol?) (kImolt)  (kImol?)

AM (1) + PC (2)
0.1810 13.347 —-1.28 0.2017 14.698 -1.93 0.1586 9.466 —2.66 0.1710 28.735 —-2.03 0.1810 32.027 —-1.49
0.3065 11.549 —-1.91 0.3065 13.022 —2.66 0.2612 9.902 —-3.75 0.2613 25.947 —2.73 0.3065 27.592 —-2.24
0.4142 10.218 —2.24 0.3708 12.112 —-2.99 0.3612 11.149 —-4.37 0.3708 22.430 —-3.40 0.3356 26.608 -2.37
0.4692 9.616 —2.33 0.4692 10.904 -3.31 0.4299 12.098 —4.56 0.3987 21.564 —3.54 0.4144 24.004 —2.66
0.5148 9.152 —-2.37 0.5701 9.934 -3.37 0.4751 12.847 —4.58 0.4692 19.531 —-3.74 0.4692 22.275 —-2.78
0.5701 8.648 —2.36 0.6388 9.434 -3.25 0.5308 13.850 —-4.51 0.5249 18.013 -3.81 0.5148 20.876 —-2.84
0.6388 8.099 —-2.27 0.7262 9.015 —2.88 0.6013 11.674 —-4.25 0.5708 16.840 -3.79 0.5701 19.263 —-2.83
0.6627 5.666 -2.20 0.6797 9.195 -3.12 0.6292 15.898 -4.11 0.6388 15.222 -3.64 0.6627 16.724 —2.65
0.7022 7.699 —2.08 0.7796 8.874 —-2.54 0.7387 18.552 -3.29 0.7388 13.131 -3.13 0.7022 15.694 —-2.52
0.8414 7.115 -1.37 0.8761 8.893 —-1.65 0.8190 20.717 —2.47 0.8414 11.374 —2.22 0.8414 12.447 —1.68

AM (1) + CP (3)
0.2137 17.761 -3.12 0.2137 18.171 —-3.74 0.2137 23.725 —6.18 0.2137 30.303 —7.20 0.2137 38.937 —-2.51
0.3031 18.814 —-3.98 0.3031 19.581 —-4.94 0.3031 23.567 —7.88 0.3031 29.153 —-9.20 0.3031 39.371 -3.17
0.3522 19.511 —4.33 0.3522 20.026 —-5.50 0.3522 23.714 —8.58 0.3522 28.720 —-10.10 0.3522 39.692 —3.45
0.4203 20.623 —4.68 0.4203 20.807 —-6.07 0.4203 24.219 —-9.25 0.4203 28.468 —11.00 0.4203 40.276 -3.70
0.4652 21.451 —4.81 0.4652 21.363 —6.35 0.4652 24.599 —-9.54 0.4652 28.453 —11.30 0.4652 40.590 —-3.78
0.5112 22.378 —4.87 0.5112 28.184 —6.52 0.5112 25.377 —9.66 0.5112 28.832 —11.50 0.5112 41.278 -3.81
0.6199 24.904 —4.67 0.6199 24.408 —6.48 0.6199 27.653 —-9.26 0.6199 30.266 —-11.10 0.6199 42.808 —-3.61
0.6850 26.646 —4.31 0.6850 24.025 —-6.11 0.6850 29.446 —8.59 0.6850 31.685 —10.30 0.6850 43.885 -3.33
0.7311 27.988 —-3.96 0.7311 27.433 —-5.69 0.7311 30.941 —7.89 0.7311 32.923 —9.50 0.7311 44,739 —-3.04
0.8131 30.603 -3.10 0.8131 30.210 —4.56 0.8131 34.076 —-6.17 0.8131 35.703 —7.50 0.8131 46.423 —-2.36

PC (2)+ CP (3)
0.1874 12.761 —2.56 0.1874 11.814 -3.19 0.1874 10.518 —5.45 0.1874 11.261 —-4.99 0.1874 14.783 —-2.61
0.2908 12.552 —-3.38 0.2908 13.686 —4.20 0.2908 12.107 —7.25 0.2908 13.156 —6.64 0.2908 18.057 —3.51
0.3297 13.534 —3.59 0.3297 14.558 —4.46 0.3297 12.960 —7.72 0.3297 14.118 —7.06 0.3297 19.436 -3.75
0.3808 14.903 —3.79 0.3808 15.814 —4.69 0.3808 14.247 —-8.17 0.3808 15.482 —7.51 0.3808 21.331 —3.98
0.4798 17.806 —-3.93 0.4798 18.555 —-4.83 0.4798 17.293 —8.49 0.4798 18.708 —7.80 0.4798 25.240 -4.19
0.6059 21.951 —3.66 0.6059 22.604 —4.45 0.6059 22.141 —7.93 0.6059 23.686 —7.30 0.6059 30.695 —3.98
0.6485 23.457 —-3.45 0.6485 24.103 -4.19 0.6485 24.009 —-7.51 0.6485 25.618 —6.88 0.6485 32.668 -3.78
0.6828 24.708 —3.26 0.6828 25.341 —-3.95 0.6828 25.595 —-7.09 0.6828 27.216 —6.50 0.6828 34.284 —-3.59
0.7546 27.430 —2.74 0.7546 28.080 -3.30 0.7546 29.146 —-5.98 0.7546 30.786 —-5.48 0.7546 37.811 -3.05
0.7999 29.217 —2.34 0.7999 29.888 —-2.81 0.7999 31.147 -5.12 0.7999 33.184 —4.69 0.7999 40.116 —2.63
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Table 9

Parametersh(’s) of Redlich—Kister equation for the binary systems of

R. Chadha et al. / Journal of Pharmaceutical and Biomedical Analysis 36 (2004) 295-307

drugs in buffers of different pH

the components 1, 2 and 3 atg X andxz in the ternary
mixtures then the number of moles of binary mixture e.g. is
(x; + x;) and the mole fraction used for binary interaction

pH AMP + SUL AMP + CP SS+ CP in Redlich—Kister equation should bg = x;/(x; + x).
hy hy hy hy hy hy Thus the contribution of the binary interaction between

componentsi' and |’ in the ternary mixtures is given by
2 —7.2486 0.6610 —8.7962-0.6873 —16.4233  0.1746 the equation:
4 —-8.5642 —0.1932 —12.4286-1.2189 —25.0597  4.6817
o 1o212-20m4 21048 00709 daze0  asasa MM = Gitx)(ixi(] + K3 — )l
9 —8.1446 0.5543 —24.2597-0.1274 —39.0292  6.4293 £ XiX; i i (i —xj

st = 2 ) (2] ®
pH AM + PC AM +CP PC+ CP X; —|—x] X; —|—xj

hy hz hy hp hy hy . . . . .
Thus if only binary interaction are taken into account the
S 134300 23006 25060 04415 109067 _z7ees  CAICHIACOAHE hinary coniouion FOF the temary system is
7  —18.2481 2.4903 —38.5694 3.2606 —33.8745 —3.1118 given by
8 —15.1642 21980 —45.8494 53800 —31.0715 —2.8248 AHE. o
9  —11.2773 1.9056 —15.2345 0.4877 —16.7693 —0.5701 cal. (binary contribution
= Y i+ xpxjxj(] + hy(x; — x)] ™
whereAggH1, AsoiH2, AsoiH3 represent the molar enthalpy i<j=1
of solution of pure components in the respective ternary
mixtures andAsoHier. the molar enthalpy of solution of ~ Of
ternary mixtures. E
We assume that interactions in a ternary system are due? Hlcal (binary contribution

to binary interactions and calculated their molar enthalpies 3 Xix; i i (Xi— %
of interaction O\ Hgy (inary contribution) froM those of con- = P [hl + hy (x' ~|—x.->} (8)
stituent binary mixtures. If the apparent mole fraction of i<j=1"" "7 L

Table 10
Experimental and calculated&gs. (9) and (1Q)values of excess enthalpies for ternary mixtures at different pH for the ampicillin trihydrate, sulbactum
sodium and ciprofloxacin hydrochloride

X1 X2 X3 AsoHter. (kJ mol’l) AHtI(Eer. (kJ mol’l) A[.](I:Eal(binarycontribution AH(:Eal(binfmlcontributior)
(kImot1) (kImot1)
pH 2 (A =22.87)
0.2337 0.5122 0.2542 11.21 —4.29 —5.05 4.35
0.2342 0.2566 0.5092 19.27 —4.46 —5.07 4.37
0.3792 0.3116 0.3110 14.02 —-4.49 -5.31 4.47
0.4781 0.2619 0.2599 13.57 —4.07 —4.86 412
pH 4 (A = 38.28)
0.2410 0.2548 0.5048 18.11 —6.40 —7.52 6.33
0.2414 0.4960 0.2626 12.08 —5.88 —6.99 5.78
0.3501 0.3453 0.3046 13.44 —6.15 —7.54 6.13
0.4781 0.2619 0.2599 13.85 —5.44 —6.87 5.62
pH 6 (A = 46.81)
0.2202 0.2611 0.5187 16.58 —-10.91 —-12.31 10.91
0.2537 0.4812 0.2651 8.30 —11.19 —12.65 11.13
0.3755 0.2968 0.3278 11.52 —-11.01 —12.65 10.94
0.5019 0.2645 0.2336 11.31 —9.18 —-10.74 9.29
pH 8 (A =41.91)
0.2138 0.2635 0.5228 21.77 —-11.24 —-12.57 11.33
0.2497 0.4788 0.2715 13.18 —11.63 —12.93 11.56
0.3418 0.3606 0.2979 16.19 —11.86 -13.41 11.87
0.4923 0.2697 0.2379 19.84 —9.78 —11.05 9.72
pH 9 (A = 31.58)
0.2338 0.2770 0.4893 24.85 —11.02 —12.09 11.09
0.2536 0.4812 0.2651 17.00 —-9.92 -10.87 9.85
0.3119 0.2959 0.3920 22.93 —10.96 —12.18 11.03
0.4725 0.2801 0.2474 22.72 —9.45 -10.42 9.38
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Table 11
Experimental and calculatedds. (9) and (10)values of excess enthalpies for ternary mixtures at different pH for amoxicillin trihydrate, potassium
clavulanate and ciprofloxacin hydrochloride

X1 X2 X3 AsoHter. (kJ mOI’l) AHtEL (kJ morl) AHfal(binarycontribution AHfal(binarycontributior)
(kI mol1) (kI mol1)
pH 2 (A = 53.64)
0.1990 0.2618 0.5195 19.586 —5.221 —6.739 —-5.177
0.2444 0.4898 0.2658 12.312 —-5.128 —6.744 —5.037
0.3132 0.3462 0.3406 14.798 —5.578 —7.440 —5.459
0.4896 0.2886 0.2218 16.641 —-4.730 —6.649 —4.967
pH 5 (A= 83.32)
0.1823 0.3223 0.4954 18.535 —6.963 —9.137 —6.711
0.2444 0.4898 0.2658 13.969 —5.342 —8.164 —-5.510
0.3132 0.3462 0.3406 15.648 —6.551 —9.770 —6.693
0.4668 0.3302 0.2030 13.832 —5.741 —8.331 —5.730
pH 7 (A =123.04)
0.1907 0.2178 0.5358 21.567 —10.062 —12.5567 —-9.819
0.2594 0.4586 0.2820 12.329 —10.258 —14.4126 —10.284
0.3365 0.2975 0.3659 16.960 —10.266 —15.1476 —10.641
0.4770 0.2636 0.2594 16.820 —9.7170 —13.7274 —9.714
pH 8 (A = 91.46)
0.1990 0.2618 0.5195 20.825 —11.689 —14.2771 —-11.613
0.2444 0.4898 0.2658 10.868 —10.394 —13.9569 —11.040
0.3132 0.3462 0.3406 16.830 —12.168 —15.3680 —11.990
0.4896 0.2886 0.2218 19.518 —-9.962 —13.2836 —10.420
pH 9 (A = 26.16)
0.1990 0.2618 0.5195 27.146 —5.940 —6.6707 —5.908
0.2444 0.4898 0.2658 22.019 —5.690 —6.8035 -5.971
0.3132 0.3462 0.3406 26.580 —6.264 —7.2390 —6.272
0.4896 0.2886 0.2218 32.224 —5.706 —6.3685 —5.548
r
© AHcEaI. (ternary contributioh
AHcEaI. (binary contribution = _re |:h%2 + h%z (xl X2):| + *2x3
X1+ x2 X1+ x2 X2+ x3
X1X2 12 12 ( X1 — X2 X2X3
= |:h1 +h3 ( ):| |: 23 23<x2—x3)] X1X3
X1+ x2 X1+ x2 X2 + x3 x [h1°+ h5 +
X2+ X3 X1+ x3
23 23 [ X2 — X3 X1X3
X [hl + h5 ( >:|+ 13, 13 (X1~ X3
X2 + x3 X1+ x3 X |:h1 + h3 <m>:| + AX1x2x3 (20)
1 3
x [h}3+h§3<—x1 x3>} 9)
X1+ X3 whereA is the ternary interaction parameter.

The values of interaction enthalpy CEal_(temar Comribuﬁog

The values of the parametet§ andh} have been taken  usingEq. (10)are given in the last column d&bles 10 and
from Table 9 Results for the enthalpy of solution for the 11 |t can be seen that there is an excellent agreement with

ternary mixture QsolHter) are reported along with experi-  the experimental valuesA(HE, ) (within +0.08 kJ mot?)
mental AHE, and calculated molar enthalpy of interaction for all mole fractions. '

(AHg (binary contribution) Values Tables 10 and 31 It can Interaction between the drugs in ternary systems is inter-
be seen that the calculated values of molar enthalpy of inter-preted by the sign and magnitude of the ternary interaction
action AHE, (binary contribution) (T@ble 1Q for ternary sys-  parameter &) calculated fromEq. (10) The calculated
tem taking into account on?y binary interactions are lower yvalue of A have found to be positive for all the systems.
(more negative) than the experimental valuasgi, ) in all This indicates that ternary system deviates less from ideal-
cases although the deviations are not large suggesting thafty as compared to constituents binary system. This type of
binary interactions are most dominant. However, a ternary pehavior suggests repulsive interactions between drugs. The
contribution Ax1Xx3) can be included so that the difference reason for this is that in ternary systems there is competition
between our experimental values and that predicted from bi- petween the drugs and also there is steric hindrance while
nary mixtures be minimized. We have used the following forming hydrogen bond. The present study shows that when

equation for this purpose: the ciprofloxacin is combined with amoxicillin/potassium
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clavulanate and ampicillin/sulbactum in ternary systems,
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the interaction between drugs is less as compared to binary

systems of ciprofloxacin with the other drugs.

We have used the ternary interaction parameter to deter-
mine interaction of drugs in an empirical therapy with oral
ciprofloxacin and amoxicillin/potassium clavulanate, which
have been reported to be safe and effective for hospitalized
low risk patients having fever and neutropenia during can-
cer chemotherapjl]. Above-mentioned oral empirical ther-
apy consisted of 30 mg of ciprofloxacin/kg of body weight
(x3 = 0.4550) plus 40 mg of amoxicillin/clavulanate (Agu-
mentin:x; = 0.4460;x2 = 0.0992). The molar enthalpy of
interaction (AHCEaL (temarycomributior) for using these mole

fractions is—5.3938 kJ mot® at pH 2.

This calculated value of molar enthalpy of interaction
for ternary systems further increases with increase in pH
(—12.676 kI mott at pH 7,—12.569 kJ mot! at pH 8 for
ternary AM:PC:CP and AMP:SS:CP respectively). This is
explained on basis that binary interactions with ciprofloxacin
as one of components are found to be most dominant in
ternary systems. Thus the combination of ciprofloxacin hy-
drochloride with above-mentioned drugs should be avoided
in parenteral solutions. The technique of solution calorime-
try can be adopted for the routine analysis of pharmaceu-
ticals. The technique can be useful for the compatibility of
drugs in solution state in pharmaceutical industry with valu-

able results and serves as excellent alternative to HPLC tech-

nique[38].

4, Conclusion

The solution calorimetry has been used to characterize
the drugs by determining thermodynamic parameters ac-
companying their dissolution. These parameters are inde-
pendent of concentration but found to be pH dependent.
The dissolution process is entropically favoured. Enthalpy
of solution of binary and ternary mixtures of drugs have
been determined and molar enthalpy of interaction have
been calculated. The molar enthalpy of interaction of mar-
keted formulation of ampicillin trihydrate/sulbactam sodium
and amoxicillin trinydrate/potassium clavulanate indicated
compatibility in pH range studied. The oral combination
with ciprofloxacin hydrochloride is also found to be com-
patible but should be avoided in parenteral solution. How-
ever, quantitative basis for calorimetrically determined mo-
lar enthalpy of interaction and compatibility have yet to be
established.
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