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Purpose. Due to the importance of drug-polymer interactions in, inter
alia, drug loading/release, supramolecular assemblies and DNA deliv-
ery for gene therapy, the aim of this study was therefore to establish
the mechanism of interaction between a model polymer (Polyacrylic
acid, PAA) and a model drug (procaine HCl).

Methods. This was performed by studying the effect of salt (KCI)
concentration on their heat released values using Isothermal Titration
Microcalorimetry (ITM). The integrated released heat data were com-
puter fitted to a one class binding model and the thermodynamic
parameters (Ko, AH, and N) were determined.

Results. As the KCI concentration was increased, Kops decreased thus
establishing the salt dependence of the interaction. The linear variation
of AG,y With AS,,, indicated that their interaction was entropically
driven. The stoichiometry of the interaction was calculated to be one
procaine molecule per monomer of PAA. Dissection of the total
observed free energy at each KCl concentration indicated that the
contribution of the non-electrostatic attractions to the interaction of
PAA with procaine HCl was greater than those of the electrostatic
attractions.

Conclusions. We have shown that the interaction between PAA and
procaine HCl is dependent upon the presence of counterions (monova-
lent ions) and is mainly entropically driven. The calculated stoichiome-
try indicated that one procaine HCI molecule neutralised one carboxylic
acid group on PAA. Although electrostatic interactions were necessary
for initiating complex formation, the non-electrostatic forces were
dominant in stabilising the PAA-procaine HCI complex.

KEY WORDS: drug-polymer interactions; salt dependence; isother-
mal titration microcalorimetry; electrostatic and non-electrostatic
interactions.

INTRODUCTION

Drug-polymer interactions can have considerable impor-
tance in optimising drug delivery. For example, the drug release
profiles of a polymeric matrix system for controlled drug release
have been directly correlated to the interactions of drugs with
polymers (Eudragit® RL and RS) (1). Also a newly reported
concept of micelle formation, which involves the spontancous
assembly of macromolecules, is driven via drug-polymer inter-
actions (2). A potential application of this concept is improving
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the drug loading capacity of nanoparticulates which can be
employed for drug targeting, gene therapy and sustained drug
release (3—5). In addition, the interaction of DNA with polymers
such as poly(lysine) has been employed in the field of gene
therapy (6). Therefore the importance of drug-polymer interac-
tions in drug release and incorporation, supramolecular assem-
blies and DNA delivery, necessitates preliminary studies to
evaluate and determine the mechanisms of interaction between
a drug and polymer.

Isothermal titration microcalorimetry (ITM) would be an
ideal analytical method for this purpose since it is the only
technique which allows simultaneous determination of all bind-
ing parameters (K, AH, AS and N) in a single experiment (7).
Being highly accurate and precise it is emerging as the premier
tool for characterising the affinity and stoichiometry of binding
interactions (8).

In this study poly(acrylic acid) (PAA) has been chosen as
a model polyionic polymer to study its interaction with a model
water soluble cationic drug, procaine HCl. PAA was selected
due to its ready availability and also because of its other widely
reported pharmaceutical applications based on interaction/com-
plex formation between drugs or other polymers (9-11). More
specifically, the mechanism of their interaction has been deter-
mined by investigating the influence of salt (KCI) concentration
using ITM. The data were computer fitted to a one class binding
model and the thermodynamic parameters determined.

Theory

When a drug and polymer molecule in an aqueous solution
carry opposite electrical charges an interaction between the
drug and polymer molecule can occur, as was expected in this
study. The interaction between a polyelectrolyte and a poly or
monovalent counter ion has been studied by many investigators
(12-24). The principles of this interaction are outlined in the
following sections.

Interaction of Monovalent Counterions with a
Polyelectrolyte

In an aqueous solution, when a polyelectrolyte such as
PAA is negatively charged (due to the carboxylic acid groups),
monovalent counterions (originating from buffer or added salt
in solution) interact with the polyelectrolyte. This interaction
can be been explained by Manning’s theory (13—16). The frac-
tion of a M* counterion bound per polyelectrolyte charge (in
a thermodynamic sense) ¥, is given by Eq. 1:

b=1-029" 1
where £ is given by Equation 2

e2

= ekTb

3 €5

here ¢ denotes the dielectric constant of the medium, & is the
Boltzmann constant, b denotes the axial distance of the charged
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Interaction of a Charged Ligand with a Counterion
Polyelectrolyte

Now, consider further an aqueous solution which contains
a negatively charged polyelectrolyte (such as PAA) in the pres-
ence of excess monovalent M* ions and to which is added an
aqueous solution of charged ligand (such as drug molecule or
an oligopeptide) which has an opposite charge to the polyelec-
trolyte. The electrostatic attraction between the opposite
charged ions will be a part/or the main driving force for the
initiation of complex formation between the drug and polymer
molecules. The molecular interaction can be written as

Polymer + Drug — Complex +aM* +bX™ + cH,O (3)
«

where the coefficients a, b, ¢ represent the net preferential
interaction coefficients of cations, anions, and water, respec-
tively. The sign of these coefficients can be positive or negative
for a net release or uptake, respectively. An experimentally
determined equilibrium binding constant (observed equilibrium
constant) K, is defined as

[Complex]

K, = ——— 2"
% ™ [Drug)[ Polymer]

4)
Applying Le Chatelier’s principle to Eq. (3) shows that by
increasing salt concentration, K,,, will decrease (21). It has
been shown that at constant pressure and temperature, Eq. 5
can be used for the variation of K, with M* concentration for
the process shown in Eq. 3 (17)

Oln Ko ) _ —(a+b)+
oI (M),

2MX]
[H:0]

&)

According to Manning’s theory, when a drug (or ligand) with
z positively charged binding sites binds to a charged polymer
with successive negatively charged binding sites, in the presence
of excess monovalent cation (M*), z{ counterions will be
released from the charged polymer (17,22). Therefore in Eq.
5, we will have a = z§, where the physical meaning of  is
described above. When a drug molecule binds with a charged
polymer in an aqueous solution with negligible uptake/release
of anions or water molecules, Equation 5 simplifies to Eq. 6.

dIn Koh.\' _
(-———a o [M*])W = —z¢ (6)

The release of zy M* counterions into the solution is followed
by the dilution of the released counter ions. Therefore, the
entropy of the solution increases due to this dilution and
according to the Manning’s theory this is the sole driving force
for complex formation (17,20-22). However, it is shown in
this paper that, when a drug molecule replaces one M* cation
condensed on the polyelectrolyte (polymer), the formation of
non-electrostatic interactions between the drug molecule and
polymer stabilise the complex and gives priority to drug mole-
cules to occupy the binding site on the polymer for a longer
time than M* cations. The free energy of dilution of the released
ions (due to the complex formation between the drug and
charged polymer), which s also called free energy of the electro-
static interaction AG,, is calculated from Eq. 7 (21).

AG,, = zpRTIn[M*] a

It has been shown that in addition to the electrostatic forces
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between a charged ligand and polyelectrolyte in a complex,
non-electrostatic interactions (such as hydrogen bonding and
van der Waals forces) can also play a significant role in the
complex formation (18). The free energy of contribution of
non-electrostatic interactions AG,., is calculated from Eq. 8.

AG,, = — RTInK,p, — AG,, ®)

Equation 8 is derived from the fact that the total free energy
of interaction AG,,,; equals to —RT In K, and that the sum of
the free energy of electrostatic and non-electrostatic interactions
equals to the total free energy of interaction.

Other thermodynamic quantities that are important in a
complex formation are the enthalpy AH and entropy AS of the
interaction. The enthalpy of binding is determined from the
analysis of the binding isotherms (see below), and the entropy
of the interaction is determined using AS = (AH ~ AG,,;)/T.

MATERIALS AND METHODS

Materials

Poly(acrylic acid) (Average Mw = 2000 Da) and procaine
HCIl were purchased from Sigma, UK. Potassium chloride
(reagent grade) was obtained from Aldrich, UK. Water used
for all experiments was ultrapure Elgastat® Option 3 water (Elga
Lid., UK). All other chemicals used were of pharmaceutical
grade.

Methods

Isothermal Titration Microcalorimetry

Calorimetric experiments were performed using a Thermal
Activity Monitor (TAM 2277, Thermometric AB, Sweden)
operated at 298K. Samples of procaine HCl and PAA were
prepared in water containing varying concentrations of KCl i.e.
0.25; 1; 10; 25 and 50 mM. The samples were adjusted to pH
8 (£0.05) using dilute KOH. In each experiment, a 3 mL sample
of a 1 mg/mL solution of procaine HCI was placed in a sample
cell and inserted into the instrument. Once the thermal equilib-
rium was reached, the titration was performed by consecutive
injections (Lund 6100 syringe pump) of a 9.88 mg/mL solution
of PAA. Heats of dilution/mixing were determined in blank
titrations by injecting aliquots (20 pL) of PAA (9.88 mg/mL)
into the appropriate KCI solution (3 mL). Data presented are
the mean of a minimum of 2 replicate titrations at each KCl
concentration. A typical output of the raw ITM data for the
injection of PAA into procaine HCl and a blank experiment
are shown in Fig. 1A. The signs of the released heat values were
reversed for data analysis since the output from the instrument
employed in this study is from the perspective of the equipment
and not the system under study.

Analysis of Binding Isotherms

The interaction of procaine and PAA was evaluated using
the one class binding model for the binding of non-interacting
ligands to a lattice of ligand binding residues (25-26). This
model is equivalent to the model that was developed by McGhee
and Hippel (27), by having one site exclusion size on the ligand.



Complex Formation Between PAA and Procaine HCI

100.0 1

500 -

i
w o

0.0

1127

——— I e
'y

-100.0 -

Power output(uW)
n
g
=)
-———-m___“-‘:‘ R

-150.0 -

-200.0

10000 12000

*Blank
Experiment

Time (seconds)

Fig. 1A. Experimental calorimetric data for the isothermal titration at 298K for PAA, into procaine HCI (0.25 mM KCl solution). The
blank titration i.e. injection of PAA into 0.25 mM KCl solution is also shown.
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Fig. 1B. Integrated heats of interaction for the injection of PAA into
procaine HC1 (1 mM KCl solution) as well as heats of dilution for the
injection of PAA into 1 mM KCl solution.

In the model used, the reaction heat content (; after { injections
is given by Eq. 9.

0 = 0.5VAH(A — JA? — 4P, ND,; ®

where

A=-1 + NP, +D,.

obs

(10)

and V, denotes the volume of the solution in the cell after i
injections, AH represents the enthalpy of interaction between
the drug molecule (procaine HCl) and a binding site on the
polymer (PAA), P,; and D,; denote the total concentration of
the polymer and drug in the cell after i injections, respectively,
N represents the number of interacting sites on each polymer
molecule and K, is the observed association constant.

In practice the heat released at the ith injection, AQ; s
was determined by ITM. The observed experimental released
heat data also includes the heat of dilution for the drug and
polymer. The heat of dilution at each injection can be deter-
mined either by; 1) performing a blank titration i.c. injection
of drug or polymer solution in the buffer into the buffer solution
without drug or polymer (Fig. 1B), or 2) from the end part of
the released heat titration profile, which represents just the heat
of dilution of drug and polymer, which can be seen in Fig. 1A.
In the latter case, an average of the dilution heat from the end
part of the observed released heat profile is calculated and
subtracted from the observed released heat values at each data
point. In this study the latter method was applied for the data
analysis of the raw released heat profiles. Since before and
after each injection, the solution in the cell of the calorimeter
was in thermal equilibrium, it was therefore assumed that the
released heat at the ith injection can be related to the heat
reaction contents before and after the ith injection by Eq. 11.

AQ = Qi — Qi an
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Fig. 2. Integrated heats of interaction corrected for heats of dilution
from titrations of PAA into procaine HCl in varying concentrations of
KCI solution. Solid lines represent the best fit binding isotherms to
the experimental data.

The equilibrium parameters, K, N, and AH were determined
by using the non-linear least squares fits of equations 11 and
9 to the corrected (for the heat of dilution) observed heat
released data. The non-linear curve fittings were performed
using the routines available within the Origin 5.0 program
package (Microcal Software, Inc).

RESULTS AND DISCUSSION

Effect of Salt Concentration

Figure 2 illustrates the results of calorimetric titrations of
PAA into procaine HCI and the fitted curves to the experimental
data. It can be seen from Table I, that by increasing the salt
concentration from 0.25 to 50 mM, K, decreased from 571
M™! to 94 M~'. The values of K,,, as a function of KCI
concentration are plotted in Fig. 3 and a linear trend can be
observed for the In-In plot of K, vs [KCI]. Linear regression
analysis of the natural logarithm of salt concentration and K,
yielded a slope value of —0.32 * 0.07. These results therefore
confirm the dependence of the interaction of procaine HCI with
PAA on salt concentration. The interactions of a polyelectrolyte
such as DNA with a counterion such as protein have also been
reported to be strongly salt dependent (12,13-18,20,22).

Dependency of AG,;; on AS,,,

The three calculated thermodynamic parameters, AG,,,
AH . and TAS,,, of the corresponding titration curves (Fig. 2)
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Fig. 3. Variation of the association constant (K,) for the interaction
of PAA with procaine HC! as a function of salt concentration.

are illustrated in Table 1. When the KCl concentration was
increased, AG,, increased (the absolute value decreased)
whereas TAS,,, and AH ,,; both decreased. However, the values
of AH,,, are negligible in comparison with TAS,,, values. There-
fore, the total free energy change AG,,,, was determined mainly
by the variation of the total entropy change AS,;. It can also
be seen that AG,, varies linearly with AS,, (Fig. 4). These
results therefore, indicate that entropic effects mainly deter-
mined the driving force for the complex formation between
procaine HCl and PAA. As explained in the theory section,
dilution of the PAA associated monovalent counterions by inter-
action of PAA with the charged ligand represented partly/or
mainly the sole driving force for their interaction.

Effect of Electrostatic Charges of PAA and Procaine HCl
on the Complex Formation

In order to show that complex formation between PAA
and procaine HCl was due at least partly to electrostatic attracti-
ons and then followed by the release of bound monovalent
counterions, the interaction of the drug and polymer was per-
formed at two additional pH values, i.e., 2.8 and 11. An appre-
ciable released heat was not observed by introducing the PAA
solution to the drug solution in the cell, at pH 2.8 and 11 (Fig.
5). Therefore, we can infer that at these two pH values, an
appreciable interaction between procaine and PAA did not
occur. At pH 2.8 procaine HCI (pKa = 9) (28) will be virtually
100% ionised and PAA (pKa = 4.5) (11) only 1.96% ionised.
At pH 11, procaine HCI will be only 0.99% ionised while PAA

Table I. Effect of Salt (KCl) Concentration on the Thermodynamic Parameters for the Injection of PAA into Procaine HCl

[K*] Kabs AGabs AH, obs —TAS, obs

(mM) M (kJ mol™') (kJmol™") (kJmol™") Nops
0.25 571 x= 143 —15.63 = 0.62 351 *0.12 19.14 = 0.84 36 £5
1 361 =70 —14.55 = 05 2.84 + 0.04 17.38 = 0.54 40 = 4
10 373 = 90 —14.63 * 0.58 2.67 * 0.08 17.26 * 0.67 32 x4

25 122 = 29 ~11.83 = 0.58 242 * 0.04 14.21 * 0.67 33+5

50 94 = 31 —11.11 = 0.84 2.38 *+ 0.08 13.38 = 0.92 31 =7




Complex Formation Between PAA and Procaine HCI

—_ =
N o
i !

AG 4s(kJ mol™)
=

—
CN

T 1 1

50 60 70
AS 4(F mol 'K ™)

Fig. 4. Dependence of AG,,s on AS,, for the injection of PAA into
procaine HCl in varying concentrations of KCI solution.

40

will be almost 100% ionised. Hence at these two pH values,
one of the 2 interacting species exists mainly in its unionised
form which may explain the absence of appreciable released
heat values (Fig. 5) at these pH conditions. The appreciable
released heat values observed at pH 8 (Fig. 5), where both
species are >90% ionised, indicate that electrostatic forces
are indeed a prerequisite for an interaction between PAA and
procaine HCI to occur i.e. a simultaneous electrical charge for
the drug and polymer is essential for complex formation.

Dissection of the Free Energy of Procaine HCI Binding
to PAA

The total observed free energy can be partitioned into two
contributions: the non-clectrostatic (hydrogen bonding and van
der Waals interactions) and electrostatic (polyelectrolyte) con-
tributions (18). As shown in the theory section, the electrostatic
contribution is calculated from Eq. 7, and the non-electrostatic
contribution from Eq. 8. Interestingly it is seen that AG,,, is
larger than AG,, (Table II), which indicates that non-electro-
static forces played a dominant role in stabilising the drug-
polymer complex. Table 11 also shows that the magnitude of
AG,,, is nearly salt independent; which is consistent with the
expectations from non-electrostatic interactions. Also, the ratio
of AG,,, to AG,, was increased by increasing the salt concentra-
tion (Table II), since the magnitude of AG,,, remained constant,
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Fig. 5. Integrated heats of interaction corrected for heats of dilution

from titrations of PAA into procaine HCI in | mM KCl solution adjusted
to various pH values.
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Table II. Dissection of the Binding Free Energy into Its Electrostatic
and Non Electrostatic Contributions for the Injection of PAA into
Procaine HCI

[K*] AGob: *AGe: **AGnes
(mM)  (Kmol™)  (Kmol) (Kmol™)  AG.JAG,
0.25 —15.63 —6.56 - 9.07 1.38

1 —14.55 —-547 — 9.07 1.65
10 —14.63 —3.64 —1091 3
25 —11.83 —2.93 - 89 3.1
50 —11.12 -2.38 — 8.78 37

* Caiculated from Equation 7.
** Calculated from Equation 8.

whereas AG,, decreased by increasing the salt concentration.
This trend is illustrated in Fig. 6. It has been previously shown
that the protonated amine group substantially facilitates hydro-
gen bond formation (29). Therefore, the existence of non-
electrostatic interactions in this study can be explained by the
formation of hydrogen bonds between the amine group of pro-
caine HCI and the carboxylic acid group of PAA.

The Stoichiometry of Binding

As mentioned earlier, the calculated value of —d(In K,,,,)/
d(In[M*]) for the interaction of procaine HCI and PAA is equal
to 0.32 = 0.07. The counterion condensation theory (13—15)
predicts that —a(In K,;,)/d(In[M*]) is equal to z{s (ca. Eq. 6).
Therefore by calculating ¢, one can determine the number of
monovalent cations released by complex formation between
the drug and polymer. It is known that the charge density of
PAA varies with pH, and reaches a minimum when the polymer
is fully ionised (30). Since our measurements were carried out
at pH 8 and at this pH most of the carboxylic acid groups were
ionised and have their maximum distance from each other, then
£ will take its maximum value of | (13,16). Therefore, from
Eq. 2 it is calculated that ¢ = 0.5. Then, from Eq. 6 and from
the experimental results where —d(In K, )/a(In[M*]) = 0.32
* 0.07, it is calculated that z = 0.64 * 0.14. Therefore, we
can conclude that one monovalent cation (K*) releases by inter-
action of a procaine molecule to each binding site on PAA.
Since a released K* cation is associated with a carboxylic group
on PAA, it can be concluded that each procaine HCI molecule
neutralised one carboxylic acid group on PAA. This finding
can also be confirmed from the number of binding site, N, on
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Fig. 6. Dissection of the binding free energy into its electrostatic and
nonelectrostatic contributions for the injection of PAA into procaine
HCI at varying KCI concentrations.
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each PAA molecule, which was calculated from the analysis
of the binding isotherms. These values are listed in Table 1 and
it can be seen that N varies around 30. Also, the mean number
of monomers (carboxylic acid groups) on each PAA molecule
was calculated theoretically to be 28. Therefore, analysis of the
binding isotherms also confirmed that one procaine molecule
neutralised one carboxylic acid group on the PAA
macromolecule.

Ion Condensation

So far we have shown that one procaine molecule replaced
one M* cation, which was in a thermodynamical sense bound
to one carboxylic acid group of PAA and that also the procaine
molecule interacted both electrostatically and non-electrostati-
cally with PAA. In order to confirm that the heat outputs mea-
sured by ITM were not just simply the condensation of procaine
HCI molecules on PAA and that its manner of interaction was
different from K* ions, the following experiment was conducted.
The released heat profile for the injection of PAA dissolved in
10 mM KCl into 10 mM KCl solution was compared to the
injection of the same solution into 14 mM KCI. The difference
of 4 mM KClI in the second cell solution was a replacement
for the concentration of procaine HCI in our previous experi-
ments. It is seen that both profiles for released heat are almost
superimposable (Fig. 7). This confirms that the net released
heats measured previously in the interaction of procaine HCI
and PAA were due to the dilution of M* cations that were
condensed on PAA and which was followed mainly by non-
electrostatic interactions between procaine HCI molecules and
PAA macromolecules. In other words, procaine molecules did
not perform simply as monovalent cations and non-electrostatic
interactions between drug and polymer molecules played a
significant role in complex formation.

CONCLUSIONS

In this study ITM has been employed to elucidate the
mechanism of interaction between a model polymer (PAA) and
a model cationic drug (procaine HCI). The heat released data
for interaction in KClI solutions of varying concentrations were
determined and the binding isotherms fitted to a one class
binding model to establish the relevant thermodynamic
parameters.
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The interaction of PAA with procaine HCI was shown to
be salt dependent, with K,,, decreasing with increasing salt
concentrations. The linear variation of AG,,, with AS_,; indi-
cated that their interaction was entropically driven. At pH 2.8
and pH 11, where only one of the interacting species was
ionised, no appreciable interaction was observed, while the
heat released outputs at pH 8, where both species are ionised,
indicated an appreciable interaction. It was, therefore, necessary
for both species to be ionised and hence electrostatic forces
were essential for complex formation. However, dissection of
the total observed free energy indicated that the contribution
of non-electrostatic attractions to the interaction of PAA with
procaine HCI was greater than those for electrostatic attractions.
Hence, we conclude in this study that, although electrostatic
attractions are necessary for initiating complex formation
between PA A and procaine HCI, it is the non-electrostatic forces
which played a dominant role in stabilising the complex
between this drug and polymer. Analysis of binding isotherms
and the slope of —d(In K,;)/a(In[M*]) revealed that one pro-
caine HCl molecule bound to one monomer (or carboxylic
group) of PAA. This was further confirmed by the experimen-
tally calculated N values which varied around 30, while the
calculated theoretical value was 28. Finally, superimposable
heat released profiles for PAA dissolved in 10 mM KCl and
injected into 10 mM and that injected into 14 mM KCI aqueous
solution confirmed that the heat outputs measured were not due
to the condensation of monovalent ions on PAA but rather to
the dilution of M+ cations condensed on PAA as well as mainly
to non-electrostatic interactions between this polymer and pro-
caine HCL

ITM therefore proved a powerful technique in providing
comprehensive information on the interaction mechanism
between a polymer and drug.
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