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a b s t r a c t

Carbamazepine and imipramine are drugs that have significant binding to human serum albumin (HSA),
the most abundant serum protein in blood and a common transport protein for many drugs in the body.
Information on the kinetics of these drug interactions with HSA would be valuable in understanding
the pharmacokinetic behavior of these drugs and could provide data that might lead to the creation
of improved assays for these analytes in biological samples. In this report, an approach based on peak
profiling was used with high-performance affinity chromatography to measure the dissociation rate
constants for carbamazepine and imipramine with HSA. This approach compared the elution profiles
for each drug and a non-retained species on an HSA column and control column over a board range
rug–protein binding of flow rates. Various approaches for the corrections of non-specific binding between these drugs and
the support were considered and compared in this process. Dissociation rate constants of 1.7 (±0.2) s−1

and 0.67 (±0.04) s−1 at pH 7.4 and 37 ◦C were estimated by this approach for HSA in its interactions with
carbamazepine and imipramine, respectively. These results gave good agreement with rate constants that
have determined by other methods or for similar solute interactions with HSA. The approach described
in this report for kinetic studies is not limited to these particular drugs or HSA but can also be extended

ns.
to other drugs and protei

. Introduction

Human serum albumin (HSA) is the most abundant protein in
erum [1]. This protein has a molar mass of 66.5 kDa and is known
o have reversible binding to a large number of drugs, hormones
nd other small solutes in the circulation. This binding is important
n determining the transport, excretion and metabolism of such
ubstances in the body [1,2]. The kinetics of these interactions can
lso be important in determining the distribution and metabolic
alf-life of drugs [1].

Carbamazepine and imipramine (see Fig. 1) are two drugs that
re known to have significant binding to HSA. Carbamazepine
s used to treat seizures and bipolar disorder and has an affin-

ty for HSA in the range of 103–104 M−1 [3–5], with this binding
ccurring at a single site on HSA (i.e., Sudlow site II) with an associ-
tion equilibrium constant of 5.3 × 103 M−1 at pH 7.4 and 37 ◦C [5].
mipramine is a tricyclic antidepressant [6] that also binds to Sud-

∗ Corresponding author. Tel.: +1 402 472 2744; fax: +1 402 472 9402.
E-mail address: dhage@unlserve.unl.edu (D.S. Hage).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.10.070
© 2010 Elsevier B.V. All rights reserved.

low site II of HSA, but which has an association equilibrium constant
at this site of 1.6 × 105 M−1 [7]. Although the strength of these drug
interactions with HSA has been considered in a number of previous
reports [3–5,7], there is little information on the kinetics of these
interactions. Obtaining such kinetic information could be useful in
providing a better understanding of the behavior of these drugs in
the body [2,8].

There are several techniques that are used to examine the
rates of solute–protein interactions, including surface plasmon
resonance (SPR), stopped flow techniques, filtration assays, and
various chromatographic methods [9–13]. SPR is best suited for
use with systems that have moderate to strong affinities, stopped
flow techniques require solutes or interactions that can be mea-
sured by methods such as fluorescence, and filtration assays have
limited sampling rates [11–13]. Chromatographic techniques based
on high-performance affinity chromatography (HPAC) and band-

broadening measurements, peak decay analysis or the split peak
method have also been reported for kinetic studies; however, these
methods have limitations as well [10,14–20]. Band-broadening
studies work well for systems that have fast association and dis-
sociation kinetics but require the precise measurement of peak

dx.doi.org/10.1016/j.chroma.2010.10.070
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:dhage@unlserve.unl.edu
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2066 Z. Tong et al. / J. Chromatogr. A

v
P
r
b
fl
a
m
s
a
r

h
i
b
i
t
c
f
h
c
m
r
v
i
t
i
i
a
p
t
b
m

solute.
Both Eqs. (2) and (3) are for a model in which there is only one
Fig. 1. Structures of carbamazepine and imipramine.

ariances on multiple columns and at many flow rates [14–20].
eak decay analysis is more suitable for systems with moderate
ates of dissociation if mobile phase mass transfer is negligi-
le, which generally requires work with small columns and high
ow rates [10,20]. The split peak method makes use of peak
rea measurements of a non-retained analyte fraction to deter-
ine association rate constants; this approach works best for

ystems with strong binding and slow dissociation kinetics and
gain typically requires the use of small columns and high flow
ates [17,21].

One variation on the band-broadening method in HPAC that
as been of interest in recent studies of solute–protein binding

s an approach known as peak profiling [9,10,22]. In this method,
and-broadening measurements are made for both the solute of

nterest and a non-retained solute on an affinity column that con-
ains a binding agent. This information is then used along with
hromatographic theory to estimate the dissociation rate constant
or the retained solute as it interacts with the binding agent. It
as been shown in work with model systems that this approach
an be used to examine the interactions of solutes with HSA [22],
aking this method attractive for measuring drug dissociation

ates from this protein. This previous work included a validation
ersus reference techniques for an analyte (i.e., l-tryptophan) that
s similar to carbamazepine in its affinity for HSA and that has
he same binding site on this protein as both carbamazepine and
mipramine [5,7,9,10,16,22]. In this current study, the peak profil-
ng method will be used to examine the binding of carbamazepine
nd imipramine with HSA. It will be shown as part of this work how
eak profiling can be used to correct for the non-specific binding of

hese and other drugs to a chromatographic support, as achieved
y expanding the theory of this approach to include systems with
ulti-site interactions.
1218 (2011) 2065–2071

2. Theory

Eq. (1) shows the reversible reaction model that was used in this
study to describe the binding of a drug or small solute (A) with an
immobilized binding agent or protein (P) [22,23]. In this model, the
association equilibrium constant (Ka) is equal to ratio of the second-
order association rate constant (ka) and the first-order dissociation
rate constant (kd) for the binding of A with P.

A + P
ka
�
kd

AP Ka = ka

kd
(1)

A similar reversible model was used to describe the binding of A
with non-specific sites on a support.

In the peak profiling method, the first and second statistical
moments for an injected analyte are used to determine the reten-
tion time and variance for this solute on a column containing P. The
variance is, in turn, related to the various band-broadening pro-
cesses that occur during passage of A through the column, such as
eddy diffusion, mobile phase mass transfer, stagnant mobile phase
mass transfer, longitudinal diffusion, and stationary phase mass
transfer [22,24].

Most previous work with the peak profiling method has been
carried out by using measurements at a single flow rate under
conditions in which stationary phase mass transfer is the dom-
inant source of band-broadening. Under such conditions, the
measured retention time and variance of the retained analyte,
as well as the elution time and variance of a non-retained
species, can be used with Eq. (2) to estimate the value of the
dissociation rate constant kd for the interaction of A with P
[9,25].

kd,s = 2t2
M(tR − tM)

�2
Rt2

M − �2
Mt2

R

(2)

The terms tR and �2
R in this equation are the retention time and

variance of the peak for the injected analyte, while tM and �2
R

are the void time and variance of the peak for the non-retained
species. This method not only requires that stationary phase
mass transfer be the main source of band-broadening, but Eq.
(2) also assumes that all other sources of band-broadening are
negligible or the same for the retained and non-retained species
[9,10,22].

It has been shown recently that the peak profiling approach can
be used over a broader range of flow rates by using the following
form of Eq. (2) [9,10,22].

HR − HM = 2uk

kd(1 + k)2
= Hk (3)

In this expression, HR is the total plate height measured for ana-
lyte A on a column containing binding agent P, and HM is the total
plate height measured on the same column for a non-retained
solute. The term k is the retention factor for the analyte, u is the
linear velocity of the mobile phase, and Hk is the plate height con-
tribution due to stationary phase mass transfer. According to Eq.
(3), a plot of (HR − HM) versus uk/(1 + k)2 should result in a lin-
ear relationship, with a best-fit slope that will give the value of
kd if all sources of band-broadening other than Hk are negligi-
ble or approximately the same for the analyte and non-retained
type of binding site for the analyte in the column. However, it is pos-
sible to expand these relationships for use with a two-site model,
as shown in Eq. (4) (see derivation provided in the Supplemental
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nformation) [26].

R − HM = uk

(1 + k)2

(
2˛HSA

kd,HSA
+ 2˛n

kd,n

)

= 2ukHSA

kd,HSA(1 + k)2
+ 2ukn

kd,n(1 + k)2
(4)

n this particular set of equations, the two-site model is used to
escribe an analyte with specific binding to HSA (i.e., representing P

n Eq. (1)) as well as non-specific binding by the same analyte to the
upport. The term kd,HSA in this case represents the dissociation rate
onstant for the analyte with HSA. The term kHSA is the retention
actor for the analyte that is due to the interactions of A with HSA,
nd ˛HSA is the fraction of the total retention factor that is due to the
inding of A with HSA. The term kd,n represents the dissociation rate
onstant for A with its non-specific sites, kn is the retention factor
or A that is due to this non-specific binding, and ˛n is the fraction
f the total retention factor that is due to this non-specific binding.
q. (4) again predicts a linear relationship for a plot of (HR − HM)
ersus uk/(1 + k)2 in a two-site system, but the slope of this plot
ill now be influenced by the dissociation rate constants for the

nalyte at its various binding sites as well as the degree of analyte
etention that is created by each of these interactions.

If the second type of interaction in a two-site model is due to
on-specific binding of the analyte to the support, as is illustrated

n Eq. (4), the dissociation rate constant and retention factor for
his interaction can be obtained through independent peak profil-
ng studies for the analyte on a control column. The retention data
btained on the control column can then also be used with the
etention data from a column containing binding agent P (i.e., HSA
n this study) to estimate the values of ˛HSA and ˛n in Eq. (4) [24].
or example, the total retention factor k for an analyte on an HSA
olumn can be described by Eq. (5)

= kHSA + kn = kHSA + (1 − fHSA)kcontrol (5)

n which fHSA is the fraction of the column surface area that is occu-
ied by the immobilized HSA. This latter value can be estimated by
sing the measured protein content of the support and the approx-

mate dimensions of HSA (or P) [27]. The values of ˛n and ˛HSA can
hen be found by using the following expressions.

n = (1 − fHSA)kcontrol

k
(6)

HSA = 1 − ˛n (7)

y using this set of equations, it is possible to use the peak profiling
esults obtained on both an HSA and a control column to correct
or the effects of non-specific binding and to estimate the dissoci-
tion rate constant for the analyte with HSA, as will be illustrated
n Section 4 using carbamazepine and imipramine as examples.

. Experimental

.1. Reagents

The HSA (Cohn fraction V, essentially fatty acid free, ≥96%
ure), carbamazepine and imipramine were obtained from
igma–Aldrich (St. Louis, MO). The Nucleosil Si-300 silica (7 �m
article diameter, 300 Å pore size) was purchased from Macherey
agel (Düren, Germany). Reagents for the bicinchoninic acid (BCA)

rotein assay were from Pierce (Rockford, IL). All other chemi-
als used were reagent-grade or better. All aqueous solutions were
repared with water obtained from a Nanopure water system
Barnstead, Dubuque, IA) and filtered by using Osmonics 0.22 �m
ylon filters from Fisher (Pittsburgh, PA).
1218 (2011) 2065–2071 2067

3.2. Apparatus

The chromatographic system consisted of a LC-10AD pump,
a SPD-10AV UV/Vis detector, and an SCL-10A system controller
(Shimadzu, Columbia, MD). Samples were injected by using a Spec-
traSystem AS3000 autosampler (Thermo separations, Waltham,
MA) equipped with a 5 �L sample loop. All columns and mobile
phases were maintained at a constant temperature of 37.0 (±0.1) ◦C
by using a water jacket from Alltech (Deerfield, IL) and a 9100
circulating water bath from Fisher. The columns were downward
slurry-packed by using an HPLC column slurry packer from All-
tech. Chromatographic data were collected using programs written
in LabView 5.0 or 8.0 (National Instruments, Austin, TX) and were
analyzed using PeakFit 4.12 (Systat Software, San Jose, CA).

3.3. Column preparation

The Nucleosil Si-300 was converted into diol-bonded silica, as
described previously [28]. The diol coverage of the resulting sup-
port was 235 (±20) �mol diol groups (±1S.D.) per gram of silica, as
determined by an iodometric capillary electrophoresis assay [29].
HSA was immobilized onto the diol-bonded silica by using the Schiff
base method [30]. A control support was made from the same batch
of diol-bonded silica by using the Schiff base method but with no
HSA being added during the immobilization step. The final HSA
supports used in this work contained 47 (±3) to 57 (±3) mg HSA/g
of silica, as determined in triplicate by a BCA protein assay using
HSA as the standard and the control support as the blank [31]. The
HSA support and control support were downward slurry-packed at
24–28 MPa (3500–4000 psi) into separate 5 cm × 4.6 mm i.d. stain-
less steel columns using pH 7.4, 0.067 M potassium phosphate
buffer as the packing solution. These columns were stored at 4 ◦C
in pH 7.4, 0.067 M potassium phosphate buffer when not in use.

3.4. Chromatographic experiments

The mobile phase used in this study was pH 7.4, 0.067 M potas-
sium phosphate buffer. The samples each drug or sodium nitrate
(i.e., which was used as a non-retained solute in this study) were
prepared in this mobile phase. All chromatographic studies were
carried out in triplicate. The elution of carbamazepine, imipramine,
and sodium nitrate was monitored at 285 nm, 205 nm, or 205 nm,
respectively. All experiments were performed within one year of
column preparation and each column was used for less than 220
injections. Previous studies have shown that similar HSA columns
are stable and show no significant signs of degradation under these
conditions [16].

The final peak profiling experiments were performed by inject-
ing 30 �M carbamazepine, 25–30 �M sodium nitrate, or 100 �M
imipramine on the HSA column, control column, and a zero volume
spacer/union at flow rates ranging from 1.0 to 4.0 ml/min. These
sample concentrations were selected through studies such as those
described in Section 4.1 and were based on conditions and guide-
lines that have been identified previously as being suitable for use in
peak profiling [22]. The retention time (i.e., first statistical moment)
and variance (second statistical moment) of each chromatographic
peak were obtained by using Peakfit 4.12 with an exponentially
modified Gaussian (EMG) fit and the linear progressive baseline
plus residual options of this program.

4. Results and discussion
4.1. Selection of conditions for peak profiling

Several factors were considered in selecting the conditions for
the peak profiling measurements that were used in this report.
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ig. 2. Effects of sample concentration on (a) the measured retention times and (b)
easured peak variances for carbamazepine on an HSA column at 0.5 ml/min. The

rror bars in these plots represent a range of ±1S.D. for triplicate injections.

or instance, in order to mimic physiological conditions, all peak
rofiling experiments were performed at 37 ◦C and at pH 7.4. The
oncentrations of the injected solutes were also considered. It is
nown from previous work that the concentration of an injected
olute can affect the apparent dissociation rate constant that is
btained by the peak profiling method [9,10,22]. Ideally, this sam-
le concentration should represent linear elution conditions but
hould still provide a sufficient signal for the reliable measure-
ent of an injected solute’s retention time and peak variance

9,10].
The effects of varying the sample concentration of carba-

azepine on the measured retention time and variance for this
olute on an HSA column are shown in Fig. 2. These results were
btained on a 5 cm × 4.6 mm i.d. HSA column at a flow rate of
.5 ml/min, but similar trends would be expected at other flow
ates [9,10,22]. As the sample concentration of carbamazepine was
ncreased, and in particular above 25–30 �M, a decrease in the
pparent retention time and an increase in the peak variance were
een. These changes were expected as non-linear elution conditions
egan to be present at the higher sample concentrations (see Ref.
22] for a further discussion of these effects and guidelines to avoid
hem in peak profiling studies). Similar experiments with sodium
itrate showed no significant change in the measured elution time
r variance for this non-retained solute (data not shown). There was
corresponding increase in the uncertainty of the measured elution

imes and variances for both carbamazepine and sodium nitrate
s the sample concentration was decreased, as illustrated by the

rror bars in Fig. 2. Thus, as a compromise between precision and
ccuracy, 25–30 �M was selected as the sample concentrations that
ere used in all later work for carbamazepine and sodium nitrate.

The next stage of this study explored the use of the single
ow rate method of peak profiling at higher flow rates and lin-
Fig. 3. Typical chromatograms for (a) carbamazepine and (b) sodium nitrate on a
control column at flow rates (bottom-to-top) of 1, 2, 3, and 4 ml/min.

ear velocities to estimate the dissociation rate constant kd. This
was necessary because Eq. (2) requires the use of a flow rate that
is sufficiently high to make stationary phase mass transfer the
dominant process in band-broadening [9,10,22]. However, it was
found in preliminary studies that a sufficiently high flow rate could
not be reached with the given columns to obtain a steady value
for kd by the single flow rate method (data not shown). Instead,
only an upper estimate for kd could be made by this approach,
giving a maximum value of 5.6 (±0.3) s−1 for carbamazepine on
the HSA column. In all further work described in this report, a
method based on Eq. (3), or related expressions, and measure-
ments made at multiple flow rates was instead used to overcome
the need to work at a single high flow rate when determining
kd for the interaction of carbamazepine, and imipramine, with
HSA [9,10,22].

4.2. Peak profiling on the control column

It was noted early in this study that carbamazepine had measur-
able non-specific binding to the support used in the columns, even
when no HSA was present. This type of non-specific binding has
been seen in previous work with carbamazepine on similar mate-
rials and columns [5,32]. Fig. 3 shows some typical chromatograms
that were obtained for carbamazepine and sodium nitrate on the
control column used in this study. The retention factor for car-
bamazepine on this column was determined to be k = 2.45
control
(±0.01), which was found later to represent approximately 36% of
the total retention measured for carbamazepine on the HSA col-
umn after a correction had been made for the surface coverage of
the immobilized protein.
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Fig. 4. Plot prepared according to Eq. (3) for injections of carbamazepine and
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non-specific sites. Such an assumption was made by setting fHSA
approximately equal to zero in Eqs. (5) and (6). This approach was
useful in obtaining an initial lower estimate of kd for the interac-
tion of carbamazepine with HSA. In this case, the value of ˛n in
odium nitrate on the control column. The equation for the best-fit line is
= (0.435 ± 0.043)x − (0.0255 ± 0.0027), with a correlation coefficient of 0.9768

n = 7). The error bars represent a range of ±1S.D. for triplicate injections.

The rate of dissociation for carbamazepine from these non-
pecific interaction sites was determined by carrying out peak
rofiling studies for this drug on the control column. This was done
y injecting both carbamazepine and sodium nitrate on the con-
rol column at flow rates ranging from 1 to 4 ml/min, as shown
n Fig. 4. A plot of (HR − HM) versus uk/(1 + k)2 for this data gave a
ood fit to a linear response, with a correlation coefficient of 0.9768
n = 7) being obtained. When the slope of this plot was examined
ccording to Eq. (3) and a single-site binding model, the dissocia-
ion rate constant for carbamazepine with the support control was
stimated to be kd,n = 4.6 (±0.4 s−1). This value was then used along
ith the measured retention factor of carbamazepine on the same

upport to later correct for the effects of these non-specific inter-
ctions when using peak profiling to examine the dissociation of
arbamazepine from the HSA column (see next section).

.3. Peak profiling on the HSA column

After the dissociation of carbamazepine from the control sup-
ort had been examined, peak profiling studies were next carried
ut for this drug on the HSA column. Typical chromatograms that
ere obtained in these studies are shown in Fig. 5, in which car-

amazepine eluted at about 4.5 min at 1 ml/min and in less than
.5 min at 4 ml/min. The overall retention factor measured for car-
amazepine on the HSA column was 5.12 (±0.01). However, it was
lso known from work in the previous section that part of this total
etention was due to non-specific interactions of carbamazepine
ith the support.

Fig. 6 shows the results when the data for carbamazepine on
he HSA column were analyzed by using a plot of (HR − HM) versus
k/(1 + k)2. A linear fit was obtained with a correlation coefficient of
.9954 (n = 6). It was not possible from this fit alone to distinguish
etween single-site or multi-site interactions because either model
ould predict a linear relationship for this type of plot, as indicated

y Eqs. (3) and (4). If it was assumed that only single-site binding
as present and Eq. (3) was used to examine these results, an appar-

nt dissociation rate constant of 2.6 (±0.3) s−1 would be obtained
rom this plot. However, it was known from the prior experiments
ith the control column that some non-specific interactions were
resent, which would lead to an error in an estimate of kd that was
ased on only a single-site model for the HSA column. The next

hase of this work, as described in Section 4.4, sought to combine
he results for the control column and HSA column to make a cor-
ection for the contribution of these non-specific interactions in the
eak profiling measurements.
Fig. 5. Typical chromatograms for (a) carbamazepine and (b) sodium nitrate on the
HSA column at flow rates (bottom-to-top) of 1, 2, 3, and 4 ml/min.

4.4. Corrections for multi-site interactions

One approach that was to correct for the contribution of the non-
specific interactions was to assume that the contribution of these
sites to the overall retention of carbamazepine was the same on
the control column and HSA column. This assumption neglected
the fact that the immobilization of HSA will block some of these
Fig. 6. Plot prepared according to either Eq. (3) or Eq. (4) for injections of carba-
mazepine and sodium nitrate on the HSA column. The equation for the best-fit line
is y = (0.6351 ± 0.0307)x − (0.0121 ± 0.0011), with a correlation coefficient of 0.9954
(n = 6). The error bars represent a range of ±1S.D. for triplicate injections.
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constant that was then estimated for imipramine with HSA by this
approach was 0.41 (±0.04) s−1. The second approach used to correct
for the non-specific interactions made an adjustment for the fact
that some of the non-specific interactions were blocked in the pres-

Table 1
Estimated dissociation rate constants for carbamazepine and imipramine with HSA
at 37 ◦C and pH 7.4.

Data analysis method Dissociation rate constant, kd (s−1)a

Carbamazepine Imipramine

Single-site model 2.6 (±0.3) 1.28 (±0.01)
Two-site model (no correction for
surface coverage of HSA)

1.4 (±0.1) 0.41 (±0.04)
070 Z. Tong et al. / J. Chromat

q. (6) was found by simply using the ratio of the measured reten-
ion factors for carbamazepine on the control column and the HSA
olumn. This method gave an estimate for ˛n of 0.46 (±0.02) and
corresponding value for ˛HSA of 0.54 (±0.02) based on Eq. (7).

hese fractions were then used in Eq. (4) along with data from
ig. 5, the measured retention factors for carbamazepine on the
SA and control columns, and the dissociation rate constant esti-
ated in Section 4.2 for carbamazepine on the control support.

he result was an estimated dissociation rate constant for carba-
azepine with HSA of 1.4 (±0.1) s−1, a value which now contained a

orrection for non-specific binding but not for the surface coverage
f HSA on the support.

A second, more detailed correction was next made that did
onsider the fact that some of the non-specific interactions were
locked in the presence of immobilized HSA. This correction was
ade by utilizing the measured protein content of the HSA sup-

ort and a cross sectional area for a single HSA molecule of 5600 Å2

1,27]. This information gave a value for ˛HSA of 0.63 (±0.02) and a
evised estimate for ˛n of 0.37 (±0.02). When these numbers were
sed along with the data from Fig. 5, the measured retention fac-
ors for carbamazepine on the HSA and control columns, and the
stimated dissociation rate constant for carbamazepine on the col-
mn support, the corrected kd value for carbamazepine with HSA
as 1.7 (±0.2) s−1. This value was slightly higher (i.e., 18%) than

he value obtained when no correction for the coverage of HSA was
ade and represented the best estimate of the dissociation rate

onstant for carbamazepine with HSA. Based on this value of kd
nd a previously-measured association equilibrium constant of 5.3
±0.8) × 103 M−1 that has been reported under similar experimen-
al conditions for carbamazepine at Sudlow site II (i.e., the single

ajor binding site for carbamazepine on HSA) [5], the correspond-
ng association rate constant for carbamazepine at the same site on
SA was determined to be 9.0 (±1.7) × 103 M−1 s−1.

Although there are no known previous studies that have exam-
ned the dissociation rate of carbamazepine from HSA and there
re no standard methods that could be used to easily examine the
inetics of this interaction, the results obtained in this report do
gree with rate constants that have been measured for other solutes
ith HSA. For example, l-tryptophan is a solute that also binds to

udlow site II of HSA and that has an association equilibrium con-
tant only slightly higher than the value for carbamazepine at this
ite (i.e., 1.1 × 104 M−1 vs. 5.3 × 103 M−1) [5,23]. In the case of l-
ryptophan, dissociation rate constants in the range of 3–6 s−1 have
een reported with HSA when using methods such as stopped flow
uorescence analysis, band-broadening studies and peak profiling
9,16,22]. These results are similar to the final value of 1.7 s−1 that
as estimated in this report for the dissociation of carbamazepine

rom HSA.

.5. Peak profiling studies with imipramine

The general approach used in this study to examine
arbamazepine-HSA dissociation was also explored for use with
mipramine. Like carbamazepine, imipramine was found to have
ppreciable levels of non-specific binding to the support used in
hese studies. The retention factor on the control column was 14.5
±0.3) for imipramine and made up roughly 32% of the total reten-
ion seen for this drug on the HSA columns.

The dissociation rate of these non-specific interactions was
tudied by first carrying out peak profiling experiments for
mipramine on a control column and analyzing these data accord-

ng to Eq. (3). In this case it was found that imipramine gave a
est-fit line with a slope that was statistically equal to zero (i.e.,
slope that agreed with a reference value of zero when compared
t the 95% confidence level). This result indicated that the dissocia-
ion rate constant for the non-specific interactions of this particular
Fig. 7. Plot prepared according to Eq. (3) or (4) for injections of imipramine
and sodium nitrate on the HSA column. The equation for the best-fit line was
y = 1.56(±0.017)x + 0.034(±0.002), with a correlation coefficient of 0.972 (n = 7). The
error bars represent a range of ±1S.D. for triplicate injections.

drug with the support was larger than could be determined directly
when using peak profiling. It was possible, however, to obtain a
lower limit for this dissociation rate constant by using either the
slope of a plot that was prepared according to Eq. (3) or by using
both this slope and its associated precision. These approaches gave
an estimated value for kd,n of at least 130 s−1, which represented
fast dissociation of imipramine from non-specific sites on the sup-
port.

The next set of experiments used peak profiling to determine the
dissociation rate constant for imipramine on an HSA column. The
plot of (HR − HM) vs. uk/(1 + k)2 that was obtained for this drug is
provided in Fig. 7. This plot was found to give good linear behavior,
with a correlation coefficient of 0.972 (n = 7) and only a random dis-
tribution of the residuals about the best-fit line. If it was assumed
that only single-site binding was present and Eq. (3) was used to
examine these results, the apparent dissociation rate constant that
was obtained from the slope of the plot for imipramine on the HSA
column was 1.28 (±0.01) s−1 (see Table 1). However, it was also
known that these interactions included both non-specific binding
by the drug to the support and binding by this drug with HSA. Thus,
corrections for these non-specific interactions were next made by
using the same techniques as described in Section 4.4 for carba-
mazepine.

It was first assumed when correcting for the non-specific inter-
actions that the contribution of non-specific interactions to the
overall retention of imipramine was the same on the control col-
umn and HSA column, or that fHSA was approximately equal to zero
in Eqs. (5) and (6). This method gave values of ˛n = 0.68 (±0.02) and
˛HSA = 0.32 (±0.02) for imipramine. The resulting dissociation rate
Two-site model (with correction
for surface coverage of HSA)

1.7 (±0.2) 0.67 (±0.04)

a The values in parentheses represent a range of ±1S.D., as determined from the
precision of the measured slope in plots prepared according to Eqs. (3)–(4) and by
using error propagation.
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nce of immobilized HSA, as described in the previous section. The
alue of ˛HSA that was estimated by this approach was 0.52 (±0.03)
or imipramine. The dissociation rate constant calculated by this

ethod was 0.67 (±0.04) s−1 for imipramine and represented the
est-estimate that was made for this parameter in this study.

The dissociation rate constant determined in this report for
mipramine with HSA was close to a value of 0.29 (±0.11) s−1 that
as been recently estimated by using a peak decay method with a
imilar HSA support [33]. This dissociation rate constant also agrees
ith estimated kd values of 0.35–0.66 s−1 that have been reported

or warfarin with HSA [15,20,33], a system with a similar affinity to
hat present in the interaction of imipramine with HSA [7]. Based
n a dissociation rate constant of 0.67 (±0.04) s−1 and an associa-
ion equilibrium constant of 1.6 (±1.0) × 105 M−1 for imipramine
t its high affinity site on HSA [7], the corresponding association
ate constant for imipramine with HSA was calculated to be 1.1
±0.7) × 105 M−1 s−1.

. Conclusion

The peak profiling method was used in this study to determine
he dissociation rate constants for the drugs carbamazepine and
mipramine with both immobilized HSA and a control support. This

ork was carried out with a method that used retention times and
eak variances that were acquired over a range of flow rates. It was
hown how this method could be used in a system with multi-site
nteractions and to correct for the effects of non-specific binding in
rug–protein binding studies (see summary of results in Table 1).
he final estimates obtained for the dissociation rate constant of
arbamazepine and imipramine with HSA showed good agreement
ith values reported for HSA with other solutes (i.e., l-tryptophan

r warfarin) or that had been obtained for the same interactions by
ther methods [9,15,16,20,22,33]. This information should lead to
better understanding of how carbamazepine and imipramine are

ransported in the circulation.
The peak profiling method that was described in this work is

ot limited to carbamazepine and imipramine or HSA but should
e suitable for use as a relatively fast and accurate method for
tudying the kinetics of other drug–protein interactions [9,10,22].
or instance, the technique for dealing with multi-site systems
hat was developed in this report could be utilized in situations
ther than those that involve specific binding to a protein and
on-specific binding to a support. The same approach could be
sed to examine the dissociation rates for a solute from both a
pecific, saturable binding site and non-specific, high capacity or
on-saturable regions on a protein. This latter type of study could
e carried out by conducting peak profiling experiments for the

olute in the presence and absence of a mobile phase that con-
ains a sufficient concentration of a site-specific probe that can
e used to saturate and block the specific sites during part of the
tudy. A similar strategy using site-selective probes could be used
o examine the dissociation of a solute from a protein with mul-

[
[

[
[
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tiple binding sites, as might be needed to examine a drug that
binds to both Sudlow sites I and II of HSA. The applications tested
in this study and these other possible uses of this approach indi-
cate that peak profiling should be a valuable tool in the future
study of multi-site interactions in pharmaceutical and biochemical
research.

Acknowledgments

This work was supported by the National Institutes of Health
under grants R01 GM044931 and R01 NS052484. These studies
were conducted in facilities that were renovated under NIH grant
RR015468.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chroma.2010.10.070.

References

[1] T.J. Peters Jr., All About Albumin: Biochemistry. Genetics and Medical Applica-
tions, Academic Press, San Diego, CA, 1995.

[2] F. Herve, S. Urien, E. Albengres, J.C. Duche, J.P. Tillement, Clin. Pharmacokin. 26
(1994) 44.

[3] J.J. MacKichan, E.M. Zola, Br. J. Clin. Pharmacol. 18 (1984) 487.
[4] C.M. Lai, P. Moore, C.Y. Quon, Res. Commun. Mol. Pathol. Pharmacol. 88 (1995)

51.
[5] H.S. Kim, D.S. Hage, J. Chromatogr. B 816 (2005) 57.
[6] S.H. Preskorn, R.C. Dorey, G.S. Jerkovich, Clin. Chem. 34 (1988) 822.
[7] M.J. Yoo, D.S. Hage, J. Chromatogr. B 877 (2009) 1149.
[8] G.A. Ascoli, E. Domenici, C. Bertucci, Chirality 18 (2006) 667.
[9] A.M. Talbert, G.E. Tranter, E. Holmes, P.L. Francis, Anal. Chem. 74 (2002) 446.
10] J.E. Schiel, D.S. Hage, J. Sep. Sci. 32 (2009) 1507.
11] R.L. Rich, Y.S.N. Day, T.A. Morton, D.G. Myszka, Anal. Biochem. 296 (2001) 197.
12] I. Fitos, J. Visy, J. Kardos, Chirality 14 (2002) 442.
13] N. Rietbrock, A. Lassmann, Naunyn-Schmiedeberg’s Arch. Pharmacol. 313

(1980) 269.
14] I.M. Chaiken, Anal. Biochem. 97 (1979) 1.
15] B. Loun, D.S. Hage, Anal. Chem. 68 (1996) 1218.
16] J. Yang, D.S. Hage, J. Chromatogr. A 766 (1997) 15.
17] D.S. Hage, R.R. Walters, H.W. Hethcote, Anal. Chem. 58 (1986) 274.
18] D.J. Anderson, R.R. Walters, J. Chromatogr. 376 (1986) 69.
19] A.J. Muller, P.W. Carr, J. Chromatogr. 284 (1984) 33.
20] J. Chen, J.E. Schiel, D.S. Hage, J. Sep. Sci. 32 (2009) 1632.
21] J. Renard, C. Vidal-Madjar, J. Chromatogr. A 661 (1994) 35.
22] J.E. Schiel, C.M. Ohnmacht, D.S. Hage, Anal. Chem. 81 (2009) 4320.
23] D.S. Hage, J. Chromatogr. B 768 (2002) 3.
24] R.R. Walters, in: I.M. Chaiken (Ed.), Analytical Affinity Chromatography, CRC

Press, Boca Raton, FL, 1987, p. 117.
25] F.C. Denizot, M.A. Delaage, Proc. Natl. Acad. Sci. U.S.A. 72 (1975) 4840.
26] J.E. Schiel, Ph.D. Dissertation, University of Nebraska, Lincoln, 2009.
27] J. Chen, C. Ohnmacht, D.S. Hage, J. Chromatogr. B 809 (2004) 137.
28] P.O. Larsson, Methods Enzymol. 104 (1984) 212.
29] A. Chattopadhyay, D.S. Hage, J. Chromatogr. A 758 (1997) 255.

30] B. Loun, D.S. Hage, Anal. Chem. 66 (1994) 3814.
31] P.K. Smith, R.I. Krohn, G.T. Hermanson, A.K. Mallia, F.H. Gartner, M.D. Proven-

zano, E.K. Fujimoto, N.M. Goeke, B.J. Olson, D.C. Klenk, Anal. Biochem. 150
(1985) 76.

32] H.S. Kim, R. Mallik, D.S. Hage, J. Chromatogr. B 837 (2006) 138.
33] M.J. Yoo, D.S. Hage, J. Chromatogr. A 1218 (2011) 2072.

http://dx.doi.org/10.1016/j.chroma.2010.10.070

	Kinetic studies of drug–protein interactions by using peak profiling and high-performance affinity chromatography: Examina...
	Introduction
	Theory
	Experimental
	Reagents
	Apparatus
	Column preparation
	Chromatographic experiments

	Results and discussion
	Selection of conditions for peak profiling
	Peak profiling on the control column
	Peak profiling on the HSA column
	Corrections for multi-site interactions
	Peak profiling studies with imipramine

	Conclusion
	Acknowledgments
	Supplementary data
	References


