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technique which allows simultaneous determination of all bind-Hydrogen Bonding and Electrostatic
ing parameters (K, DH, DS and N ) in a single experiment (6).

Interaction Contributions to the Other advantages of the system include its high sensitivity,
accuracy and precision (7), non invasiveness and destructive-Interaction of a Cationic Drug with
ness (8).

Polyaspartic Acid A model polymer-drug system has been investigated in this
study. Polyaspartic acid has been chosen as a model polyanionic
polymer to study its interaction with a model cationic drug,
diminazene aceturate. Polyaspartic acid was chosen because itTouraj Ehtezazi,1 Thirumala Govender,1 and
is a water soluble, non toxic and biodegradable polymer (9,10).Snjezana Stolnik1,2

Also, polyaspartic acid-polyethylene oxide copolymer has been
used to produce micelles loaded with the enzyme (lysozyme),

Received March 16, 2000; accepted April 11, 2000 and the micelle formation has been attributed to ionic interac-
tions between the cationic enzyme and the carboxylic acidPurpose. To determine the mechanism and identify forces of interaction
groups of polyaspartic acid (4). Moreover, some pharmaceuticalbetween polyaspartic acid and diminazene (a model drug). Such knowl-
applications of polyaspartic acid are based on interaction/com-edge is essential for the design of polymeric drug delivery systems
plex formation. For example, polyaspartic acid has been shownthat are based on molecular self-assembly into complexes or micellar

type systems. to decrease nephrotoxicity associated with aminoglycoside
Methods. Complex formation was studied by isothermal titration drugs. This is attributed to the formation of electrostatic com-
microcalorimetry and the McGhee von Hippel model was applied to plexes that prevent these drugs from interacting with anionic
obtain Kobs, DHobs, and nobs. The calorimetry data were compared with phospholipids and from causing cell injury and necrosis (11).
both an optical density study and the amount of free/complexed drug. Hence, this study would also be beneficial for these specific
Results. The diminazene-polyaspartic acid interaction is enthalpically pharmaceutical applications of polyaspartic acid.
driven, whereby one diminazene molecule interacts with two monomers

This study assesses the thermodynamics of the interactionof polyaspartic acid. The dependence of Kobs on salt concentration
of polyaspartic acid with a cationic drug. Their mechanism ofreveals a contribution of electrostatic interactions. However, applying
interaction has been established by investigating the influenceManning’s counter ion condensation theory shows that the major driv-
of salt (NaCl) concentration and the effect of buffer pH usinging force for the complex formation is hydrogen bonding, with interfa-

cial water molecules remaining buried within the complex. The isothermal titration calorimetry. The data for heat released at
modelling of the pH dependence of Kobs and DHobs demonstrates that various NaCl concentrations were fitted to the McGhee van
the ionization of carboxylic groups of polyaspartic acid is a prerequisite Hippel model (12) to determine the thermodynamic parameters.
for the interaction.
Conclusions. Complex formation between diminazene and polyaspar-
tic acid is driven by both electrostatic interactions and hydrogen bond- MATERIALS AND METHODS
ing, with the latter being the dominating force. Although electrostatic
interactions are not the major driving force, ionization of the drug and Materials
polymer is essential for complex formation.

Poly(alpha,beta)-DL-aspartic acid, sodium salt, average
KEY WORDS: isothermal calorimetry; binding parameters; supramo- molecular weight 12 300 Da was purchased from Sigma Chemi-lecular assemblies.

cals, UK and used as received. Diminazene aceturate, TrizmaR

hydrochloride (Tris HCl) and Sodium Chloride (reagent grade)INTRODUCTION
were also bought from Sigma Chemicals, UK. Water used for
the preparation of buffer solutions was ultrapure ElgastatRThe concept of a spontaneous molecular self-assembly into

complexes or micellar like structures is receiving considerable Option 3 water (Elga Ltd., UK).
attention in the formulation of delivery systems for drug tar-
geting and gene therapy (1–5). The interaction between a drug Isothermal Titration Microcalorimetry
(or DNA) and a polymer is central for the formation and stability

Calorimetric experiments were performed using a Thermalof the molecular assembly formed. Hence, an understanding of
Activity Monitor (TAM 2277, Thermometric AB, Sweden)the molecular forces that govern the interaction and self-assem-
operated at 298 K, as described previously (13). Samples ofbly is fundamental for the design of such delivery systems.
diminazene aceturate and polyaspartic acid were prepared inThis necessitates preliminary studies to evaluate and determine
25 mM Tris HCl buffer containing varying concentrations ofthe mechanisms of interaction between a drug or DNA and
NaCl, i.e., 25, 50, 150, 250, 350, 500 mM and adjusted to pHa polymer.
5.3 6 0.05. In each experiment, a 3 mL sample of a 0.4 mg/Isothermal titration calorimetry is an ideal method for
mL solution of diminazene aceturate was placed in a samplestudying such systems (ligand-macromolecule or macromole-
cell and the titration was performed by consecutive injectionscule-macromolecule interactions), and it is further the only
(20 mL) of a solution of polyaspartic acid (2.85 mg/mL). Heats
of dilution/mixing were determined in blank titrations by
injecting aliquots (20 mL) of polyaspartic acid (2.85 mg/mL)1 School of Pharmaceutical Sciences, University of Nottingham, Uni-
into the appropriate NaCl solution (3 mL). The experimentalversity Park, Nottingham, NG7 2RD, UK.
method was set up and data collected via the DigitamR software.2 To whom correspondence should be addressed. (e-mail:

snjezana.stolnik@nottigham.ac.uk) Data presented are the mean of a minimum of 2 replicate
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titrations at each NaCl concentration. A typical output of the [Dtotal] 5 [Df] 1 [Db] (3)
raw microcalorimetry data for the injection of polyaspartic acid The equilibrium binding parameters, K, DH, n were determined
into diminazene aceturate and a blank experiment are shown by applying the non-linear least square routines available within
in Fig. 1. The pH change of all samples after the experiment the Origin 5.0 (MicroCal Software) to equations 1 to 3. It should
did not exceed 6 0.2. be noted that integrated heats of bindings were corrected for

the enthalpy of dilution, DHd, before calculation of equilibrium
Analysis of Binding Isotherms binding parameters. A value of DHd for each reaction was

obtained by averaging the released heats for the end injectionsThe interaction of diminazene with polyaspartic acid was
of a titration isotherm, where the complex formation was com-evaluated using the McGhee von Hippel (12) model for binding
pleted (14,15) (Fig. 1). However, blank titrations for each reac-of non-interacting ligands to a lattice of ligand binding residues
tion were also performed to ensure that DHd was small andby applying the following equation
constant in comparison to the heat of binding (Fig. 1, blank
experiment). The corresponding DHd was subtracted from thev

[Df]
5 K(1 2 nv)F 1 2 nv

1 2 (n 2 1)vG
n21

(1) integrated released heat for each injection. The concentration
of the reactants was such that the experimental c value was

where v denotes the ratio of bound drug (diminazene), [Db], over .1 (varied between 5 and 78), where c 5 Kobs[Mtotal], and
the total binding site concentration on the polymer (polyaspartic [Mtotal] denotes the concentration of diminazene in the calori-
acid) which was set to the total number of monomers of the metric cell. The validity of this condition allowed an accurate
polymer in the solution, [Df] denotes the free drug concentra- determination of the binding parameters. Since the concentra-
tion, K is the association (binding) constant, and n is the number tion of the reactants rather than their activities was used, this
of binding site (lattice residue) on the polymer covered by one is indicated by affixing the subscript “obs” to the calculated
drug molecule. The reaction heat content, Qi after i injections binding parameter. The free energy of complex formation
is given by (DGobs) was determined from DGobs 5 RTln(Kobs), and the

entropy of binding was calculated from DSobs 5 (DHobs 2Qi 5 [Db]DH0Vi (2)
DSobs)/T.

where DH8 denotes the standard enthalpy of complex formation
Molecular Modellingand Vi is the volume of solution in the cell after i injection.

The following relation between total drug concentration, [Dtotal], The three dimensional structure of diminazene molecule
was estimated in vacuo by applying the MM3 force field model[Df], and [Db] is used:

Fig. 1. Experimental calorimetric data for the isothermal titration of polyaspartic acid into diminazene.
The blank titration i.e. injection of polyaspartic acid into 25 mM NaCl is also shown.
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using routines available within the Chembuilder 3D programme gradually increases as the drug/polymer monomer ratio
increases. This can be attributed to the phase separation of the(Interactive Simulation, Inc.).
drug-polymer complexes (agglomerates) from the solution due
to charge neutralization. The curve reaches a maximum atOptical Density Studies
xmax 5 2, which indicates that at this point each diminazene

Aliquots (20 mL) of polyaspartic acid solution (2.85 mg/ molecule complexes with two monomers of polyaspartic acid.
mL) were added to 3 mL diminazene aceturate (0.4 mg/mL) At the same drug/polyaspartic acid monomer ratio there is a
solution and stirred for 20 seconds. (The samples were prepared minimum in the curve depicting the amount of free drug in the
with 25 mM Tris HCl buffer and adjusted to pH 5.3.) The buffer (21.74% of the initial present drug is free with 79.26%
optical density of the preparation after each aliquot addition in the complex). At the ratios higher than 2:1 the amount of
was determined at 490 nm (Pharmacia LKB Biochrom Ultros- free drug increases and optical density decreases, both trends
pec 4000 Spectrophotometer). The experimental conditions indicating that the complex formation is a reversible process
were chosen to mimic the titration calorimetry experiment. where the complex gradually dissociates with addition of an

excess of polyaspartic acid.
Quantification of Free/Complexed Drug

Various aliquots of polyaspartic acid solution (2.85 mg/ Salt Dependence of the Binding Constant
mL) were added into separate test tubes containing 3 mL dimi-

The integrated heats of complex formation between dimi-nazene aceturate solution (0.4 mg/mL). (The samples were
nazene and polyaspartic acid (corrected for the heat of dilutionprepared with 25 mM Tris HCl buffer and adjusted to pH 5.3).
at different salt concentrations) and with the best fit curvesThe contents of the test tubes were mechanically shaken for
(applying the McGhee von Hippel model to the experimental10 minutes and centrifuged at 3600 rpm for 10 minutes. From
data) are shown in Fig. 3. The corresponding equilibrium bind-each test tube, 1 mL of the supernatant was removed and diluted
ing parameters are presented in Table I. The data clearly indicateto 50 mL with 25 mM Tris HCl buffer. Diminazene aceturate
that as the salt concentration increases from 25 mM to 500in the supernatant was quantitated by UV at 369 nm (Pharmacia
mM NaCl, the observed binding constant, Kobs, decreases fromLKB Biochrom Ultrospec 4000 Spectrophotometer).
1.13 3 105 M21 to 7.07 3 103 M21. The salt dependence of
the observed binding constant is shown in Fig. 4. It can beRESULTS AND DISCUSSION
seen that log Kobs varies linearly with log [NaCl]. The linear
regression analysis yields a slope of 21.06 6 0.12 and anTurbidimetry Studies and Quantification of Free/
intercept of 23.44 6 0.12. Manning’s theory (in the absenceComplexed Drug
of anion release) gives the following relationship (16):

Figure 2 illustrates two corresponding experiments (i) tur-
bidity for titration of polyaspartic acid into the diminazene ­ lnKobs

­/ln[NaCl]
5 2Zc (4)solution and (ii) the amount of free drug in the buffer, expressed

as a function of drug/polyaspartic acid monomer ratio. The
turbidy curve shows that the optical density of the solution where Z represents the number of electrostatic interactions of

Fig. 2. Turbidimetry study for the addition of polyaspartic acid into diminazene at varying mole
drug:monomer charge ratios. The free drug in the supernatant at each mole drug:monomer charge
ratio is also shown.
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Fig. 3. Integrated heats of interaction corrected for heats of dilution from titrations of polyaspartic acid
into diminazene in varying concentrations of NaCl solution. Solid lines represent the best fit binding
isotherms to the experimental data.

Table I. Binding Parameters of the Interaction of Diminazine with Polyaspartic Acid at Different Salt Concentrations and Contribution of
Electrostatic and Non-Electrostatic Free Energy to the Total Free Energy Change of Interaction

[NaCl] Kobs DHobs8 TDSobs8 DGobs8 DGes8 DGns8 DGns8/
(mM) n (M21) (kJ/mol) (kJ/mol) (kJ/mol (kJ/mol) (kJ/mol) DGes8

25 1.76 1.13 3 105 237.53 28.70 228.83 29.14 219.69 2.15
50 1.88 8.46 3 104 242.37 214.26 228.11 27.42 220.69 2.78

150 1.83 2.71 3 104 239.16 213.87 225.29 24.71 220.59 4.38
250 1.56 1.19 3 104 230.39 27.13 223.25 23.43 219.18 5.77
350 1.52 5.44 3 103 234.14 212.83 221.31 22.60 218.71 7.19
500 1.35 7.07 3 103 223.46 21.50 221.96 21.72 220.24 11.79

a drug molecule (usually the electrical charge of the drug mole-
cule) with a polymer, and c denotes the fraction of a counterion,
M+, that is thermodynamically bound to the polymer (polyion).
Since diminazene molecule has two amine groups ionized at
pH 5.3 (the experimental condition) Z can be assumed to be
2. The experimental results shown in Fig. 2 are in agreement
with this assumption and they suggests that diminazene mole-
cule neutralizes the carboxyl groups in the ratio of one dimina-
zene molecule to two polyaspartic acid monomer units. Also,
it has been shown that Z 5 2 for the interaction of 48,6-
diaminodino-2-phenylindole (molecular structure of which is
similar to diminazene) with DNA and that this molecule can
be accounted as a divalent cation (17). By setting Z 5 2 and
using Equation 4, c was calculated to be 0.5 6 0.05. According
to Manning’s theory, c is related to the average distance of
electrical charge points on the polymer (polyion), b, with:

Fig. 4. Variation of the association constant (Kobs) for the interaction c 5 1 2
1
2z

(5)
of polyaspartic acid with diminazene as a function of salt concentration.
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and molecule(s) from the polymer drug interface (although the
release of condensed counterions upon complex formation of
the drug and polymer is entropically favourable). The existencej 5

e2

εkTb
(6)

of the water molecules within a complex has been demonstrated
previously (21). Moreover, we found that Kobs (at 25 mM NaCl)where ε denotes the dielectric constant of the solvent, k is the
in the presence of 500 mM sucrose was not significantly differ-Boltzmann constant, and T denotes the absolute temperature.
ent from Kobs in the absence of sucrose, indicating that complexBy introducing the calculated c into equations 5 and 6, b was
formation was not accompanied by the significant release ofobtained to be 7.2 6 0.7 Å (at 258C). This value shows that
water molecules (data not shown).the distance between the electrical charges on the polyaspartic

Applying the force field MM3 molecular modelling, theacid molecule is considerable. NMR studies on the hydrated
lowest molecular energy of diminazene in vacuo was obtained.polyaspartic acid in the literature support this finding (18).
It was found that the distance between amine groups fall in theFrom the calorimetry results at different salt concentrations
range of 10–12 Å. It was calculated in the above section that for(Table I and Fig. 4) it can be concluded that electrostatic interac-
polyaspartic acid the mean distance, b, between two successivetions between diminazene and polyaspartic acid contributes to
carboxylic groups equals to 7.4 Å. It can therefore be suggestedthe interaction. However, the considerable intercept of the best-
that in the complex form, an amine group of diminazene andfit curve in Fig. 4 suggests the existence of an appreciable non-
a carboxylic group of polyaspartic acid are in close proximity.electrostatic interaction between the polymer and the drug. This
Also, since our previous study for the interaction of procaineis supported strongly by the entropy changes of the complex
with polyacrylic acid revealed that the interaction of amineformation (Table I) which have negative values.
groups with carboxylic acid provides a very weak hydrogenIt should be noted that by increasing the salt concentration
bond formation (13), it is more likely that the hydrogen bondsDHobs8 also decreased (Table I). The possible explanation may
are formed between the amidine groups of diminazene andbe that an increased salt concentration affects the polymer con-
carboxylic groups of polyaspartic acid.formation in such way that it hinders its optimal interaction

with the drug (which is reflected in nobs) and also that the salt
Dependence of Binding Constant on pHconcentration affects the interaction by affecting the polymer

ionic atmosphere (which is not predicted by Manning’s theory). Our study shows that by increasing the pH of the buffer Kobs

for the diminazene-polyaspartic acid interaction also increases
(Table II). The plausible explanation is that the NH2 groups inNon-Electrostatic Interaction between Drug and
polyaspartic acid chain become deprotonated at a higher pH.Polymer
This results in a decreased repulsion between the carboxyl

The existence of non-electrostatic interactions between a groups and consequently, an increase in the electrical charge
ligand and polyion can be assessed from the study on salt density of polyaspartic acid. A similar finding has been shown
dependence of the binding constant. Applying this approach, for the a-NH2 group of polylysine ( pKa value 7.2) which
the total free energy change of the interaction, DGobs, is dissected becomes deprotonated by increasing the pH (22).
to the free energy change of electrostatic DGes and free energy Another aspect to be considered in the pH dependence of
change of non-electrostatic interactions. DGns, DGobs, DGes, and Kobs is the pH dependence of the ionization of the carboxylic
DGns are calculated from the following equations (19). group of polyaspartic acid. Assuming that the pKa for carboxyl

group of polyaspartic acid is about 4, the ionisation degreeDGobs 5 2RT ln Kobs (7)
for polyaspartic acid in the calorimetry studies performed at

DGes 5 RTZc ln [M +] (8) different pH values (Table II) will change from approximately
0.5 at pH 4 to 0.95 at pH 5.3 with almost complete ionisation

DGns 5 DGobs 2 DGes (9) at pH values 7 and 9. Therefore, the pH determines the fraction
of ionised carboxyl groups available for interaction withThe corresponding values of DGobs, DGes, and DGns at
diminazene.different salt concentrations are shown in Table I. The values

Hence, from the above discussion the pH dependence ofobtained clearly show that by increasing the salt concentration,
Kobs can be divided into two contributions. The first one,the effect of the electrostatic contribution decreases (the abso-
increased charge density of polyaspartic acid at higher pH duelute value of DGes decreases) whereas DGns remains nearly
to deprotonation of NH2 groups, may be described by (23):unchanged at about 220 kJ/mol. Consequently, the ratio of

DGns/DGes increases from 2.15 at 0.025mM NaCl to 11.79 1
b

5
[1 1 (1 1 Ka2NH2 aH)21]

b0
(10)at 500 mM NaCl concentration. This indicates that the non-

electrostatic interaction plays the major part in the binding.
DGns has a negative sign (Table I), which indicates that the

Table II. pH Dependence of Kobs and DHobs
o

non-electrostatic interaction is a favourable interaction. The
nature of the non-electrostatic interaction can be categorised pH Kobs (M21) nobs DHobs

o (kJ/mol)
from the DHobs8 and DSobs8 values (Table I). It can be seen that

4.0 5.68 3 103 1.37 214.47both DHobs8 and DSobs8 have negative signs, which is characteris-
5.3 1.44 3 104 1.58 230.45tic of hydrogen bond formation (20). The negative entropy
7.0 2.13 3 104 1.71 232.06change indicates that the mobility of the interacting sites is
9.0 2.85 3 104 1.81 234.09decreased as the result of hydrogen bonding and that the interac-

tion is further probably not accompanied by a release of water
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where b0 is the axial charge spacing when all NH2 groups pH Dependence of DHobs8
are protonated, aH is the proton activity, and Ka2NH2 is the

The results in Table II show that DHobs8 decreases (theprotonation constant of NH2 groups. The second contribution,
absolute value increases) by increasing the pH. The pH depen-the effect of degree of ionization of carboxylic groups on the
dence of Hobs8 can be expressed by taking the derivative ofnumber of electrostatic interactions, Z, can be given by
Equation 12 with respect to 1/T, given by the following equa-
tion (23),Z 5 2(1 1 KCOOH aH)21 (11)

where KCOOH denotes the protonation constant of carboxylic DHobs8 5 DH8 (1M ) 1 2 (1 1 KCOOH aH)21 log[M +]
b0

14.28groups of polyaspartic acid. Assuming that each carboxyl group
in polyaspartic acid represents one binding site and that one
amine group of diminazene interacts electrostatically with the 3

Ka2NH2 aH

(1 1 Ka2NH2 aH)2 (1 1 (1 1 Ka2NH2aH)21)2carboxyl group, then Z 5 n. This assumption is supported by
the studies shown in Fig. 2. Equation 11 is valid as long as

DHa2NH2 1 2 log [M +]the amine groups of diminazene are completely protonated.
Coefficient 2 in Eq. 11 implies the maximum number of electro-
static interactions when all the carboxylic groups are com- F1 2 F14.28

[1 1 (1 1 Ka2NH2aH)21]

b0
G21G

pletely ionized.
Considering both discussed effects, the dependence of Kobs

on pH and [M+] can be given by:
KCOOHaH

(1 1 KCOOHaH)2 DHCOOH (13)

where DHa2NH2 and DHCOOH denote the enthalpy of protonationlog Kobs 5 logK(1M ) 2 2(1 1 KCOOH aH)21 3 F1
of a-NH2 and COOH groups respectively, and DH8 (1 M)
represent the value of DHobs8 at 1 M [M+]. Figure 6 illustrates
the experimental data for DHobs8 at different pH values (Table2 F14.28

[1 1 (1 1 Ka2NH2aH)21]

b0
G21Glog[M +] (12)

II) with the generated fitted curve obtained from Eq. 13 with
the following parameters: DHa2NH2 5 214.4 kJ/mol, DHCOOHEquation 12, with the following parameters log K (1 M) 5
5 247.85 kJ/mol, DH8 (1M) 5 234.17 kJ/mol, log[M+] 53.49 M21, pKCOOH 5 4.25, pKaNH2 5 7.33, b0 5 5.81 A and
21.386, pKCOOH 5 4, pKa2NH2 5 7.33, and b0 5 5.8 Å (thewith log [M+] 5 20.6, fits the experimental data (Table II)
same values that were used for the simulation in Fig. 5). It canwith good agreement (Fig. 5). It should be noted that a good
be seen that the generated curve fits the experimental data infit to the experimental data was obtained when the values
good agreement.used for the equation parameters are in agreement with the

The data clearly show (Table II and Fig. 6) that DHobs8experimental or reported values for these parameters. For exam-
decreases by increasing the pH. This can be explained by anple, the calculated pKa2NH2 and pKCOOH values are very close
increased number of ionized carboxylic groups at a higher pH,to the reported values, logK (1 M) is in line with the values
which enables the diminazene molecules to interact with bothcalculated from the salt studies (Table I), and b0 value indicates
its amine and amidine groups with polyaspartic acid, thereforethe extended structure of polyaspartic acid. Therefore, Eq. 12
resulting in the formation of more hydrogen bonds. This expla-can be applied to predict the dependence of Kobs on pH. Also,
nation can be supported by the nobs values presented in Tableit is interesting to note that Eq. 11 predicts that Z (alternatively
II that approaches 2 as the pH increases to 9. Also it is seenn) should approach 2 when pH increases, which is indeed
from Fig. 6 that DHobs8 becomes almost independent of pHexactly what the values for nobs in Table II are depicting.
changes above pH 6. This can be explained by the relationship
between DHobs8 and nobs. As nobs becomes pH independent at
a pH above 6, so does the DHobs8.

Fig. 5. Variation of the association constant (Kobs) for the interaction Fig. 6. Variation of the enthalpy change (DHobs) for the interaction of
polyaspartic acid with diminazene as a function of pH. Solid linesof polyaspartic acid with diminazene as a function of pH. Solid lines

represent the best fit binding isotherms to the experimental data. represent the best fit binding isotherms to the experimental data.
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