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The binding of diflunisal to hydroxypropyl-p-cyclodextrin
(HPBCD), bovine serum albumin (BSA), human serum albumin
(HSA), normal human plasma, and mixed solutions of HPBCD/
protein was studied at 25°C, pH 7.4, by potentiometry using an
electrode selective to diflunisal. The experimental data for diflunisal/
HPBCD fit well to the 1:1 binding model. The binding of diflunisal
with each of the studied proteins was compatible with a model hav-
ing two independent classes of binding sites. The binding of di-
flunisal in mixed solutions HPBCD/BSA, HPBCD/HSA, and
HPBCD/plasma increased considerably when the HPBCD concen-
tration was increased. The binding behavior of the two biomolecules
in the mixed solutions of HPBCD/BSA or HPRBCD/HSA was de-
scribed with an ‘‘additive’’ model formulated on the basis of the
estimates of the binding parameters of diflunisal derived from the
separate experiments with each one of the binders tested. The lower
than theoretical binding observed in HPBCD/plasma solutions was
ascribed to the competitive displacement of diflunisal from the
HPBCD cavity by plasma cholesterol.

KEY WORDS: hydroxypropyl-B-cyclodextrin; diflunisal; protein
binding; ion-selective electrodes.
INTRODUCTION

Cyclodextrins have been studied as complexing agents
of many drug substances. Over the last several years, hy-

droxypropyl-8-cyclodextrin (HPBCD) has been studied as a-

useful cyclodextrin derivative for the solubilization and sta-
bilization of various drugs (1-3). More recently, there has
been interest in the use of HPRCD as a drug carrier in par-
enteral formulations (3-5), since it presents lower toxicity
than natural cyclodextrins (3). In this context, the effects of
HPBCD on the dissolution and transport of lipids and the
plasma levels of cholesterol have been examined (6—8).
Concerns have been raised with respect to the potential
effects of the parenterally used cyclodextrins on the dispo-
sition and pharmacokinetics of drugs (6,9-11). Under in vivo
conditions cyclodextrins should not be regarded as simple
inert carriers for drugs (11). Thus, the interaction of cyclo-
dextrins with plasma proteins and protein drugs was the sub-
ject in recent studies (2,5,12,13). Consequently, studies are
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needed to clarify the interaction of drugs with the plasma
proteins in the presence of cyclodextrins.

Only two previous studies (6,11) described the effect of
cyclodextrins on the protein binding of spironolactone,
naproxen, and flurbiprofen. These studies, utilizing ultrafil-
tration, were based on single-point measurements for the
estimation of the extent of binding, and they do not provide
the entire binding profile of drug in the presence of both
binders, i.e., protein and cyclodextrin. Moreover, the esti-
mates of the free fraction of drug contained also the fraction
complexed to cyclodextrin (6,11).

The present study analyzes the effect of HPBCD on the
binding of the nonsteroidal antiinflammatory drug diflunisal
[5-(2,4-difluorophenyl)salicylic acid] to bovine serum albu-
min (BSA), human serum albumin (HSA), and plasma. Di-
flunisal was used as a model drug because of its high plasma
protein binding (14). The binding of diflunisal to HPRCD,
BSA, HSA, plasma, and mixed solutions of HPBCD/protein
was continuously monitored potentiometrically (15~19) by
means of a diflunisal ion-selective electrode (ISE). In the
experiments with mixed solutions, the overall binding of di-
flunisal ion to both binders (HPBCD/protein) was estimated.
The diflunisal ISE of the PVC type was constructed in our
laboratory for the purposes of the present study.

MATERIALS AND METHODS

Reagents

All solutions were prepared in deionized water. Di-
flunisal was obtained from Sigma (St. Louis, MO) and used
without any further purification. 2-Hydroxypropyl-B-cyclo-
dextrin (average molar degree of substitution, 6.3) was ob-
tained from Aldrich (Steinheim, Germany). Bovine serum
albumin fraction V, human serum albumin fraction V, 2-ni-
trophenyl octyl ether, and tetraheptylammonium bromide
were obtained from Fluka (Buchs, Switzerland): "Polyvinyl
chloride (PVC) of high molecular weight was obtained from
Janssen Chimica (Beerse, Belgium). All other chemicals
used were of analytical grade.

Phosphate Buffer, 0.100 M, pH 7.4. This was prepared
using sodium dihydrogen phosphate and adjusting the pH
with an 18 M NaOH stock solution.

Diflunisal, 0.0100 M Stock Solution. This was prepared
in phosphate buffer.

HPBCD Stock Solution. This solution was 0.0080 M
with respect to HPBCD in phosphate buffer.

Diflunisall HPBCD Mixed Working Solution. This solu-
tion was 0.0100 M with respect to diflunisal in the HPBCD
stock solution.

BSA and HSA Solutions. These solutions were 22.5 g/L
with respect to BSA or HSA in phosphate buffer and were
prepared daily.

Diflunisal/BSA and Diflunisal/lHSA Mixed Working So-
lutions. These solutions were 0.0100 M with respect to di-
flunisal in the BSA or HSA solutions.

Plasma Preparation. Human plasma from six drug-free
healthy volunteers was collected and divided into 15-mL-
volume glass vials, which were frozen at —25°C. Prepared
plasma was used on the same day after dilution 1:1 with
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phosphate buffer. The total plasma protein concentration
was determined by the biuret reaction and was found to be
72 g/L.

Diflunisal/Plasma Mixed Working Solution. This solu-
tion was 0.0100 M with respect to diflunisal in plasma diluted
1:1 with phosphate buffer, 0.100 M, pH 7.4.

HPBCD/BSA, HPBCD/HSA, and HPBCD/Plasma
Mixed Solutions. These solutions contained 1.00, 5.00, 8.00,
and 10.00 mM HPBCD in 22.5 g/ BSA or HSA or 1:1 di-
luted plasma.

Diflunisall HPBCDI/BSA, DiflunisallHPBCD/HSA, and
Diflunisall HPBCD/Plasma Mixed Working Solutions. These
solutions were 0.0100 M with respect to diflunisal in the
HPBRCD/BSA, HPBCD/HSA, or HPBCD/plasma mixed so-
lutions.

Electrode Construction

The diflunisal ISE was of the PVC-membrane type (20).
It consists of an electrode body [a conventional pH glass
electrode (Cambridge Instrument Co.), the end of which has
been cut off] and an electroactive PVC membrane attached
to the end of the electrode body through a small silicone
tube-cap filled with the internal reference solution. The elec-
troactive PVC membrane was constructed by entrapping the
corresponding liquid ion exchanger in a PVC matrix accord-
ing to the method of Craggs et al. (20). The liquid ion ex-
changer for the diflunisal ISE was its ion pair with tetrahep-
tylammonium cation in 2-nitrophenyl octyl ether (2-NPOE)
at a concentration of =0.01 M and was prepared as follows:
SmL of a 0.010 M tetraheptylammonium bromide solution in
2-NPOE was shaken six times with the 0.0100 M diflunisal
solution in order to exchange Br~ with diflunisal ion, and
every time the aqueous phase was separated by centrifuga-
tion and decanted. The organic phase was then dried with
anhydrous sodium sulfate to remove any water traces. A
small amount of this ion exchanger was used for the prepa-
ration of the PVC membrane. The internal reference solution
was 0.0100 M with respect to diflunisal in 0.0100 3 sodium
chloride, saturated with silver chloride. After its construc-
tion, the indicator electrode was conditioned for 24 hr before
use by immersing in a stirred solution of 0.0100 M diflunisal
solution.

Apparatuses

The system used for the potentiometric measurements
consists of an Orion Model SA720 pH/ISE meter, with a
readability of 0.1 mV, connected to an LKB Bromma Sin-
gle Chart Recorder Model 2210. The emf values were mea-
sured against a Ag/AgCl reference electrode (Orion single
junction, Model 900100, filled with Orion reference electrode
filling solution 90-00-01) and recorded on a Brother M-1109
printer. All measurements were carried out in a 30-mL dou-
ble-walled glass cell, thermostated at a temperature of 25 =
0.5°C with an Edmund Buhler 7400 Tubingen Type UKT30
water bath, with constant magnetic stirring of solutions.

Procedures

Calibration Curve of the Diflunisal ISE. Five milliliters
of the phosphate buffer was pipetted into the measurement
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cell, the pair of electrodes was immersed in it, and after the
potential was stabilized (=0.1 mV), various aliquots of the
0.0100 M diflunisal stock solution were added (concentration
range, 1 X 107°%-6 x 10~3 M). The emf values were re-
corded and measured after stabilization (£0.1 mV), follow-
ing each addition. The potential values E were plotted
against —logC (pC) to obtain the calibration curve (response
curve) using a least-squares fitting program. Corrections for
the changes in volume after addition were performed by this
program.

Binding Experiments. Five milliliters of the HPRCD,
BSA, HSA, plasma, HPBCD/BSA, HPRBCD/HSA, or
HPBCD/plasma solutions were pipetted into the measure-
ment cell, and the pair of electrodes was immersed in it.
After the potential was stabilized (+0.1 mV), small amounts
of the corresponding mixed working solutions were added.
The emf values were recorded to check stabilization and
measured after each addition. All experiments were run in
triplicate.

Data Analysis. The binding parameters for the interac-
tion of diflunisal with HPBCD, BSA, HSA, and plasma were
calculated using the Scatchard model (21), which describes
the binding of a substrate having m independent classes of
binding sites on a ligand. The ith class contains n; equal
binding sites, which are characterized by the same binding
constant K(M ~'). The mathematical expression of the gen-
eralized Scatchard model is described by the equation

m
B=21+K,~FL’ W

where B and F are the molar concentrations of the bound and
free species of the substrate (diflunisal), respectively, and L,
is the total molar ligand (HPBCD or protein) concentration.
For each addition, F was calculated from the calibration
curve and B from the equation B = T — F, where T is the
total molar concentration of the substrate. The binding pa-
rameters were estimated by a computer program (15) per-
forming nonlinear least-squares fitting of the Scatchard
model to the experimental data (electrode potential E and T
values were the dependent and independent variables, re-
spectively).

Diflunisal binding to plasma required the use of a mod-
ified version of the generalized Scatchard model, as the mo-
lar concentration of the protein is not known (17,22). In this
version, B and F are expressed as micrograms per milliliters,
and L, as grams per liter:

B 2"’: NKF L o
1 + (KF/1000 MW)

i=1

where N; is the binding capacity of the ith class of binding
sites expressed as moles per gram, and MW is the molecular
weight of diflunisal.

RESULTS AND DISCUSSION

Electrode Characteristics

The diflunisal ISE shows a near-Nernstian response in
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the concentration range of 2 X 107°-6 x 1073 M. The slope
at 25°C was 58-61 mV/decade (r > 0.9997) and the detection
limit was 5 x 1076 M.

The attached electrode membrane was found to have an
operative life of about 2 months, after which a new one was
attached to the silicone tube-cap. The slope of the electrode
remained relatively constant and the potential for the same
aqueous solution varied =2 mV during its operative life. The
response time was very short (the potential was stabilized in
about 1-2 sec after each addition). The electrode presented
no drift in the HPBCD and protein solutions or the 1:1 di-
luted plasma and was therefore adequate for precise binding
measurements. The electrode potential was practically sta-
ble in the pH range 7-12 (pK, of diflunisal = 3.0).

Binding Studies

A typical Scatchard plot for the binding of diflunisal ion
to HPBCD at 25°C is shown in Fig. 1. The linearity of this
plot is indicative of 1:1 complexation. This is also substan-
tiated by the ideal x intercept found, 1.002 = 0.003, which
corresponds to the value of n in Eq. (1) for one class of
binding sites, i.e., the cyclodextrin cavity. The binding con-
stant obtained from the slope of the regression line in Fig. 1
was found to be 5564 = 36 M ! (for three titration experi-
ments, the between-run standard deviation was 4%). This
value is within the range of previously reported (11) complex
stability constants of the structurally similar naproxen and
flurbiprofen with HPBCD.

The nonlinear character of the Scatchard plots in Fig. 2
for the binding of diflunisal to BSA, HSA, and 1:1 diluted
plasma at 25°C indicates the presence of more than one class
of binding sites for diflunisal on the proteins studied. In all
cases, computer analysis of data revealed two classes of
binding sites. The estimates of the binding parameters are
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Fig. 1. Typical Scatchard plot for the diflunisal/HPRCD association
at 25°C in phosphate buffer, pH 7.4. The theoretical Scatchard curve
is drawn over the experimental points.
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Fig. 2. Typical Scatchard plots for the binding of diflunisal to [a]
BSA, [b] HSA, and [c] human plasma at 25°C. BSA and HSA con-
centration, 22.5 g/L, in phosphate buffer, pH 7.4. Plasma diluted 1:1

with phosphate buffer pH 7.4. The theoretical Scatchard curves are
drawn over the experimental points.

listed in Table 1. It is interesting to note the similarity in the
values of the diflunisal binding parameters to all binders ex-
amined. In all cases a high-affinity binding constant in the
range 10-12 x 10* M~! and a low association constant
~2-3 X 10> M~ ! were observed.

Our results indicate that diflunisal is highly bound to
plasma, and HSA binding accounts for the overall binding.
Besides, the binding data with the diluted plasma show that
99% of diflunisal is bound to plasma proteins in the range of
70-300 pg/mL. For this concentration range, a similar extent
of binding has been reported in the literature (14). The mea-

Table I. Estimates® for the Binding Parameters of Diflunisal to
BSA,? HSA,? and Plasma®

Binding
parameter BSA HSA Plasma

n, 4.30 (0.12) 3.44 (0.08) —

n, 12.31 (0.15) 7.92 (0.11) —
10°N; (mol/g) 6.54 (0.19) 5.15(0.12) 5.23 (0.11)
10°N, (mol/g) 18.35 (0.22) 12.03 (0.17) 10.99 (0.22)
107K, (M~ 12.21 (0.59) 12.63 (0.58) 9.68 (0.43)
107K, (M™1) 0.30 (0.01) 0.30 (0.02) 0.18 (0.01)
SD,.¢ 1.0 0.8 0.9

¢ Calculated at 25°C; within-run standard deviations of estimates in
parentheses; between-run relative standard deviations (n = 3)
range from 3 to 10% for all parameters estimated. \

® BSA and HSA concentration was 2.25% in 0.1 M phosphate
buffer, pH 7.4, and was kept constant during the experiment.

¢ Plasma was diluted 1:1 with 0.1 M phosphate buffer, pH 7.4.

9 Standard deviation of the sum of squared residuals utilizing either
Eq. (1) (BSA, HSA) or Eq. (2) (BSA, HSA, plasma).
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surements under the detection limit of the ion-selective elec-
trode in the presence of proteins were based on the expan-
sion of the least linear concentration limit, which is caused
by the proteins (23,24). Thus, the minimum free drug con-
centration measured in the binding experiments with BSA,
HSA, and plasma was 5 x 10~7 M. However, the use of the
diflunisal ion-selective electrode for binding experiments in
pharmacokinetic studies is not recommended, since (i) its
detection limit is very close to the free concentrations en-
countered in vivo and (ii) the expanded detection limit pre-
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supposes knowledge of the binding parameters of diflunisal-
plasma interaction.

The binding data for the binding of diflunisal to BSA,
HSA, and plasma in the presence of various HPBCD con-
centrations are shown in Fig. 3. In all cases the free concen-
tration of diflunisal ion decreased as the concentration of
HPBCD increased. The effect is very significant at the higher
HPBRCD concentrations utilized. It is noteworthy that in a
previous study (6) the binding of spironolactone was de-
creased when the B-cyclodextrin concentration was in-
creased in mixed B-cyclodextrin/BSA solutions. Similar re-
sults, i.e., an increase in the free fraction with an increased
HPBCD concentration, were also reported (11) by the same
research group for the effect of HPBCD on the binding of
naproxen and flurbiprofen to plasma. These results (6,11) are
not in contrast with our observations if one takes into ac-
count that ultrafiltration was employed in the binding stud-
ies. This means that the fraction of drug bound to cyclodex-
trins that was filterable through the Amicon membranes was
accounted for as free drug (6).

To analyze further the binding behavior of the two bind-
ers in the mixed solutions of HPBCD/protein, theoretical
free (F) versus total (7) diflunisal ion concentration profiles
were constructed using the estimates of the binding param-
eters derived from the experiments with each individual
binder. HPBCD and each of the studied proteins were as-
sumed to act independently and an ‘‘additive’’ model was
developed on the basis of Eq. (3):

B =B, +B, (€)

i.e., the total bound concentration, B, is the sum of the con-
centrations bound to HPBCD (B_) and the protein (B,,). Pre-
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Fig. 3. Binding of diflunisal to BSA, HSA, and plasma in the absence and presence of various concentrations of HPRCD. Plots of free (F)
vs total (7) drug concentration: (A) in 2.25% BSA in [1] the absence and the presence of [2] 0.005 M, [3] 0.008 M, and [4] 0.010 M HPRCD;
(B) in 2.25% HSA in [1] the absence and {2] the presence of 0.01 M HPBCD; (C) in plasma diluted 1:1 with phosphate buffer, pH 7.4, in [1]
the absence and the presence of [2] 0.005 M and (3] 0.010 M HPBCD. Solid lines represent the predicted free-total drug profiles for the
corresponding HPBCD concentration. The inset magnifies the region of the y-axis origin.
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dicted values for B, and B, in experiments with BSA or HSA
were calculated from Eq. (1); theoretical predictions for B,
in experiments with plasma were based on Eq. (2). The es-
timates listed in Table I were assigned to the parameters n;,
N;,, and K, in Eqs. (1) and (2). The bound drug concentration,
B, was replaced by T — F in Eq. (3); the solution of Eq. (3)
in terms of F was accomplished iteratively, utilizing the
MINSQ computer program.

The binding of diflunisal to the mixed HPBCD/BSA and
HPBCD/HSA solutions in all cases studied is very nicely
predicted by the theoretical model (Figs. 3A and B). There-
fore, the hypothesis of the model considered, i.e., additivity
in the binding behavior of the two binders, HPBCD/BSA and
HPBCD/HSA, is verified. This means that there is no signif-
icant interaction between the two biomolecules in solution.
Thus, any significant conformational change for HPBCD and
protein affecting their binding properties should be ruled out.
Similar results have recently been reported for the system
HPBCD/interleukin-2 (2). Based on derivative spectroscopy
data, no conformational changes of interleukin-2 in the pres-
ence of HPBCD were observed (2).

The theoretical curves for the binding of diflunisal ion to
the mixed HPBCD/plasma solutions differ considerably from
the experimental data (Fig. 3C). The extent of binding pre-
dicted was higher than that found experimentally. The theo-
retical model overestimates the extent of binding and this
overestimation becomes more patent at the lower HPBCD
concentration used. A plausible explanation for these results
can be based on the competitive displacement of diflunisal
from the HPBCD cavity by plasma constituents. Frijlink et
al. (6,11) have provided evidence for the displacement of
naproxen and flurbiprofen from HPBCD by plasma choles-
terol. The same mechanism can be postulated for diflunisal,
which is structurally relevant to flurbiprofen. Both com-
pounds are substituted biphenyls, while the association con-
stant for diftunisal/HPBCD is much lower than that for flur-
biprofen/HPBCD (11). Two important experimental observa-
tions derived from Fig. 3C should also be pointed out. First,
the theoretical overestimation of binding is manifested
mainly at the higher total drug concentrations utilized. Ob-
viously, at the lower drug concentrations examined, the ef-
fect of HPBCD cannot be detected due to the extensive bind-
ing (>98%) to the plasma proteins (see inset of Fig. 3C).
Second, the theoretical overestimation of binding becomes
negligible at the higher HPBCD concentration (Fig. 3C). It is
reasonable to argue that at this high HPBCD concentration
(0.01 M), the effect of the competitive displacement of cho-
lesterol is minimized since the HPBCD molecules are in suf-
ficient excess and therefore capable of binding both di-
flunisal and cholesterol.

Proper interpretation of the binding data obtained with
the two methodologies employed, namely, ultrafiltration
(6,11) and potentiometry, can be useful in understanding the
effect of cyclodextrins on the drug action as well as the
disposition of drugs. It is known that the pharmacological
effect at the receptor sites in extravascular tissues is depen-
dent on the unbound concentration of drug in plasma.
HPBCD is able to cross the vascular endothelium, and there-
fore the fraction of drug bound to HPBCD can reach the
interstitial spaces. In other words, HPBCD should be viewed
as an efficient carrier of the drug to membranes, and there-
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fore ultrafiltration studies are appropriate to provide binding
estimates when disposition to interstitial fluid is considered.
Potentiometry, unlike ultrafiltration, where complexed drug
is measured as free drug, measures unbound and uncom-
plexed drug. Accordingly, potentiometry is the method of
choice for providing binding estimates when disposition to
the intracellular fluid and/or pharmacological effect is exam-
ined, since the cyclodextrin molecules are not able to per-
meate the cell membranes. The overall binding, i.e., to cy-
clodextrin and protein, will facilitate interpretation of the
effect of cyclodextrins on the disposition of drugs. It should
be noted that discrepancies between the bound fraction of
flurbiprofen estimated with ultrafiltration and tissue concen-
trations were observed (11).

In summary, the technique of ion-selective electrodes
provides a powerful tool for studying the binding of drugs to
proteins in the presence of cyclodextrins. In addition, the
use of potentiometry can facilitate evaluation of the benefi-
cial effect of HPBCD as a solubilizing and stabilizing excip-
ient for protein drugs (2,13). Finally, protein instability in
aqueous solutions in the presence or absence of cyclodex-
trin(s) can be assessed with direct potentiometry since the
binding profile of a drug or a probe is a true reflection of the
three-dimensional protein structure.
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