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Abstract An on-column approach for protein entrapment
was developed to immobilize alpha1-acid glycoprotein
(AGP) for drug-protein binding studies based on high-
performance affinity chromatography. Soluble AGP was
physically entrapped by using microcolumns that contained
hydrazide-activated porous silica and by employing mildly
oxidized glycogen as a capping agent. Three on-column en-
trapment methods were evaluated and compared to a previous
slurry-based entrapment method. The final selected method
was used to prepare 1.0 cm × 2.1 mm I.D. affinity
microcolumns that contained up to 21 (±4) μg AGP and that
could be used over the course of more than 150 sample appli-
cations. Frontal analysis and zonal elution studies were per-
formed on these affinity microcolumns to examine the binding
of various drugs with the entrapped AGP. Site-selective com-
petition studies were also conducted for these drugs. The re-
sults showed good agreement with previous observations for
these drug-protein systems and with binding constants that
have been reported in the literature. The entrapment method
developed in this study should be useful for future work in the
area of personalized medicine and in the high-throughput
screening of drug interactions with AGP or other proteins.
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Introduction

The pharmacokinetics (i.e., absorption, distribution, metabo-
lism, and excretion) and pharmacodynamics (i.e., biochemical
and physiological effects) of many drugs are influenced by
interactions of these drugs with serum proteins [1–5]. One
protein that is involved in such interactions is alpha1-acid
glycoprotein (AGP) [2, 6–8]. AGP, which has a normal con-
centration in serum of 0.5–1.0 g/L [6–8], is a major binding
agent for many drugs in the blood stream [7, 8]. For instance,
AGP is the principal transport protein for numerous basic and
neutral drugs [7, 9–17]. Examples of these drugs are lidocaine
[9, 10], verapamil [11], imipramine [12], propranolol [11, 13],
and carbamazepine [16]. AGP also binds some acidic drugs
(e.g., warfarin) [16, 18].

The interactions of drugs with AGP have previously been
studied with methods such as ultrafiltration [19], equilibrium
dialysis [20–22], liquid chromatography (e.g., the Hummel-
Dreyer method) [23], circular dichroism [24], surface plasmon
resonance spectroscopy [25], and capillary electrophoresis
[26]. High-performance affinity chromatography (HPAC) is
another technique that has been used to study the binding of
drugs with AGP [27–30]. This latter method uses columns
that contain immobilized AGP to examine binding by this
protein to applied drugs or target solutes [27–30].
Advantages noted for HPAC in this type of drug-protein bind-
ing study have included its speed, precision, ease of automa-
tion, ability to be combined with various detectors, need for
only a relatively small amount of a drug or protein, and capa-
bility of using the same immobilized protein preparation for
many samples or binding experiments [2, 5].

Past work in HPAC has typically involved the use of cova-
lent immobilization to place AGP and other proteins (e.g.,
human serum albumin or HSA) in columns for use in drug
binding studies and in applications such as chiral separations
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[2, 5, 25, 29, 31, 32]. For example, HPAC columns have been
made through the adsorption of oxidized AGP to
diethylaminoethyl silica, followed by crosslinking of the oxi-
dized AGP [32]. AGP has also been covalently immobilized
through thiol groups to carboxymethyldextran supports [25].
For these particular supports, poor correlation has been noted
when comparing the binding behavior of drugs with these
AGP columns and the behavior seen for soluble AGP [25,
31]. More recently, good correlation with the binding proper-
ties of soluble AGP has been obtained in HPAC by coupling
mildly oxidized AGP to hydrazide-activated silica [29].
However, this approach does require some initial modification
of the carbohydrates residues on AGP (i.e., oxidation) before
immobilization can occur [29].

Entrapment has been explored in some studies as an alter-
native to covalent couplingmethods for proteins. For instance,
hydrogels and sol–gel encapsulation have been used to immo-
bilize large biomolecules like enzymes or antibodies for ap-
plications such as protein-based photonic devices, biosensors,
and chromatographic columns [2, 33–35]. In these reports, the
biomolecule is physically entrapped during the formation of
the support. Entrapment can result in a high activity for the
immobilized biomolecule by avoiding problems such as im-
proper orientation, steric hindrance, and multi-site attachment
that can occur during covalent immobilization [36–38]. In
addition, no modification of the protein is required before its
immobilization. However, many of the materials that are cur-
rently used for entrapment are not suitable for use under the
pressure or flow conditions that are often present in HPLC
systems [36, 38]. Also, these entrapment methods can lead
to slow mass transfer as an applied analyte attempts to interact
with a biomolecule that may be held deep within the support
[39].

An alternative method has recently been reported that
makes use of glycogen-capped and hydrazide-activated
silica to entrap proteins (see Fig. 1). This method has
been utilized in a slurry-based format with HPLC-grade

silica to entrap HSA and to create supports and columns
that are suitable for use in HPAC [2, 36, 40]. It has also
been demonstrated that this slurry-based method can be
adapted for work with AGP [36, 38]. This approach
retains the ability of entrapment to provide an
immobilized protein in a soluble and active form, while
also overcoming the slow mass transfer effects and flow
or pressure limitations that are often present when using
hydrogels or sol–gel entrapment [2, 36, 38–40].
However, the extent of immobilization for proteins in
this slurry-based method is limited by the overall solu-
tion volume, since only those proteins that are present
within the pores or near the surface of the support will
be entrapped during this process [38]. This feature also
places some practical limits on this approach in terms of
the total amount of protein that is required for
entrapment.

In this study, an on-column method for entrapment
will be explored as an alternative and more efficient
means for preparing AGP microcolumns (i.e., columns
with volumes in the mid-to-low microliter range) [41].
These AGP microcolumns will then be examined for
use in HPAC and drug binding studies. Various formats
for on-column entrapment will be considered and com-
pared with each other, as well as with the previous
slurry-based method. The resulting AGP microcolumns
will be evaluated in terms of their protein content and
by using both frontal analysis and zonal competition
exper iments to examine the b inding of these
microcolumns with various drugs that are known to
interact with AGP. These drugs will include proprano-
lol (a basic drug; pKa, 9.6), carbamazepine (i.e., a
Bneutral^ drug; pKa, 7) [3, 17], and warfarin (an acidic
drug; pKa, 5) [3]. The potential advantages and limita-
tions of this entrapment approach will then be consid-
ered, as well as the possible extension of this method
to other drug-protein systems.

Fig. 1 General scheme for
protein entrapment based on the
use of hydrazide-activated silica
and oxidized glycogen as a cap-
ping agent
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Materials and methods

Reagents

The glycogen (from bovine liver, type IX; total glucose
≥85 %; catalog no. G0885), AGP (from pooled human serum,
lyophilized; ≥99 % pure; catalog no. G9885), carbamazepine,
R-propranolol, S-propranolol, and R-warfarin were purchased
from Sigma-Aldrich (St. Louis, MO, USA). The Nucleosil Si-
300 silica (particle size, 7 μm; pore size, 300 Å) was from
Macherey-Nagel (Düren, Germany). All buffers and aqueous
solutions were prepared using water from a Nanopure system
(Barnstead, Dubuque, IA, USA) and were filtered using
0.20-μm nylon filters from Millipore (Billerica, MA, USA).

Apparatus

The chromatographic studies were carried out on a Jasco 2000
HPLC system (Easton, MD, USA) that contained a DG-2080-
53 three solvent degasser, two PU-2080 isocratic pumps, an
AS-2057 autosampler equipped with a 100-μL sample loop
(operated in the partial loop injection mode), and a UV-2075
absorbance detector. The microcolumns were kept at 37 °C by
using a Jasco CO-2060 column oven. A Rheodyne Advantage
PF six-port switching valve (Cotati, CA, USA) was used for
alternating passage of the drug and buffer solutions through
the microcolumns during the frontal analysis studies. The sys-
tem components were controlled by a Jasco LC-Net II/ADC
system and EZChrom Elite software v3.2.1 (Scientific
Software, Pleasanton, CA, USA). The breakthrough times
for the frontal analysis data and the central peak moments
for the zonal elution data were determined by using PeakFit
4.12 (SeaSolve Software, San Jose, CA, USA). Linear and
nonlinear regressions were conducted by using DataFit
8.1.69 (Oakdale Engineering, PA, USA).

The microcolumns were packed by using a Prep 24 pump
from ChromTech (Apple Valley, MN, USA). The on-column
immobilization method employed a Harvard Apparatus PHD
ULTRA syringe pump (Holliston, MA, USA). Glycogen pu-
rification was accomplished by using a Vivaspin 6 ultrafiltra-
tion spin column (30 kDa molecular weight cutoff; Sartorious
Stedim, Goettingen, Germany) and a 5702RH temperature-
controlled centrifuge (Eppendorf, New York, NY, USA) that
contained a fixed-angle centrifuge rotor from VWR (West
Chester, PA, USA).

Microcolumn preparation and on-column entrapment

Diol-bonded silica was prepared from Nucleosil Si-300 and
converted into a hydrazide-activated form according to a pre-
viously establishedmethod [42]. The hydrazide-activated sup-
port was downward slurry packed at 4000 psi (28 MPa) into
1.0 cm × 2.1 mm I.D. stainless steel microcolumns using pH

7.4, 0.067 M potassium phosphate buffer as the packing solu-
tion. These microcolumns were stored in the same buffer at
4 °C both prior to their use for immobilization and after the
entrapment of AGP.

The initial conditions used for AGP entrapment were
adapted from the slurry-based procedure that is described in
refs. [36, 40] for AGP and HSA. Three approaches were de-
veloped and tested for the on-column entrapment of AGP;
further details on each approach are provided in the BResults
and discussion.^ In the final selected method for on-column
entrapment, 400 μL of a 20-mg/mL AGP solution (prepared
in pH 5.0, 0.10 M potassium phosphate) was first introduced
into a microcolumn by a syringe pump at an infusion rate of
50 μL/min. The same pump was then used to draw this solu-
tion back through the microcolumn at 50 μL/min. This cycle
of infusion/drawing of the AGP solution was repeated for a
total of 4 h at room temperature. The AGP solution was then
changed to a mixture of 1.76 mg/mL glycogen and 20 mg/mL
AGP in pH 5.0, 0.10 M potassium phosphate. This mixture
was circulated through the microcolumn by using the same
cycle of infusion and solution drawing (i.e., 400 μL passed
through the microcolumn at 50 μL/min) which was repeated
over the course of 24 h at room temperature. A 400-μL portion
of 0.3 mg/mL oxalic dihydrazide in pH 5.0, 0.10M potassium
phosphate was then applied for 1 h to the microcolumn in the
same manner. Control microcolumns containing hydrazide-
activated silica were prepared in the same fashion by using
only pH 5.0, 0.10 M potassium phosphate (i.e., in place of the
AGP solution) or the same solution with oxidized glycogen
present during microcolumn preparation.

Chromatographic studies

The chromatographic experiments were performed at 37 °C
using pH 7.4, 0.067 M potassium phosphate buffer as the
mobile phase. All drug and solute solutions were prepared in
this mobile phase and filtered through 0.20 μm nylon filters,
followed by a 15-min degassing step, prior to use. The solu-
tions and samples of carbamazepine and S-propranolol were
used within 2 weeks of preparation, and the solutions of war-
farin were used within 1 week [28, 43].When not in use, these
solutions were stored in the dark at 4 °C. The following de-
tection wavelengths were employed in the chromatographic
experiments: 280 nm, carbamazepine; 225 nm, S- or R-pro-
pranolol; 308 nm, R-warfarin; and 205 nm, sodium nitrate.

Frontal analysis was carried out at 0.10 mL/min by first
equilibrating an AGP microcolumn with pH 7.4, 0.067 M
phosphate buffer. The mobile phase was then switched to a
solution containing a known concentration of carbamazepine
in the same buffer. These solutions included up to 11 concen-
trations of carbamazepine that ranged from 0.1 to 25 μM.
Each drug solution was continuously applied to the AGP
microcolumn until a breakthrough curve with a level plateau
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was produced. The retained drug was then eluted and the
microcolumn was regenerated by switching back to the pH
7.4, 0.067 M phosphate buffer. This process was repeated
three times at each drug concentration. The central location
of each breakthrough curve was determined by using a
Savitzky-Golay first derivative algorithm for smoothing,
followed by fitting the first derivative to an exponentially
modified Gaussian (EMG) curve. Identical studies were per-
formed on a control microcolumn to correct for any nonspe-
cific binding of carbamazepine to the support, in a manner
similar to that described for carbamazepine and other drugs
on columns containing covalently immobilized AGP [27–30].

Zonal elution studies were also performed on the AGP
microcolumns. These experiments were carried out using flow
rates of 0.50 mL/min or less and 5 μL injections of samples
containing 5 μM for each drug or solute. The measured reten-
tion factors showed no significant variations as the conditions
were altered over the given range of flow rates or as the sam-
ple concentration was decreased, as has been noted in prior
work with other HPAC columns containing AGP or HSA [29,
40]. The central moment of each peak obtained from the zonal
elution studies was determined by using a fit to an EMG
curve. The retention factor (k) of an injected solute in the zonal
elution experiments was calculated by using the relationship
k = (tR − tM) / tM, where tR was the retention time (i.e., the
central moment) for the solute and tM was the column void
time [2, 5].

In the zonal elution-based competition studies, the mobile
phase was pH 7.4, 0.067 M phosphate buffer that contained
various concentrations of a competing agent. These studies
involved 5 μL injections of 5 μM carbamazepine in the pres-
ence of mobile phases containing 0–20 μM S-propranolol.
Zonal elution was also used to examine the overall binding
of several drugs with AGP. In these experiments, the mobile
phase was pH 7.4, 0.067 M phosphate buffer into which 5 μL
injections were made of samples containing 5 μM carbamaz-
epine, R-propranolol, S-propranolol, or R-warfarin. The void
time of each microcolumn was determined by making 5 μL
injections of 20 μM sodium nitrate (i.e., a solute which has
been shown to be an effective marker for the nonretained
volume on comparable AGP columns) [38]. The extra-
column void time was determined in a similar manner by
making injections of sodium nitrate when a zero-volume
union was used in place of the microcolumn.

Results and discussion

Strategies considered for on-column entrapment

Three strategies were initially developed and tested for use in
the on-column entrapment of AGP. Each of these methods
employed the same three basic steps. First, a pH 5.0 solution

containing AGP was passed through a microcolumn contain-
ing hydrazide-activated silica to allow some AGP to enter the
pores of the support. This step was followed by application of
a pH 5.0 solution containing a mixture of oxidized glycogen
and AGP to the microcolumn to entrap the AGP in the support
through the coupling of the oxidized glycogen with the sup-
port’s hydrazide groups. A pH 5.0 solution of oxalic
dihydrazide was then passed through the microcolumn to react
with any aldehyde groups on the support that remained from
the synthesis of the hydrazide-activated silica or that were still
present on the bound and oxidized glycogen.

In the first on-column entrapment method (i.e., method 1),
5 mL of a pH 5.0 solution containing 4.35 mg/mL AGP was
applied to the microcolumn through circulation of the AGP
solution through the microcolumn in a single direction for 4 h
and at 0.1 mL/min by using an HPLC pump. This approach is
illustrated in Fig. 2a. A 5-mL portion of a pH 5.0 solution
containing 1.76 mg/mL glycogen and 4.35 mg/mL AGP was
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Fig. 2 On-column entrapment of AGP by using (a) method 1, (b)
method 2, or (c) method 3. Further details on each method can be
found in the text
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then passed for 24 h through the microcolumn at 0.1 mL/min,
followed by application of 10 mL of a pH 5.0 solution con-
taining 0.3 mg/mL oxalic dihydrazide for 1 h at 0.1 mL/min.

The next approach that was considered (i.e., method 2)
utilized an automated switching valve and a sample loop to
reduce the solution volumes that were needed for entrapment.
This method is illustrated in Fig. 2b. In this procedure, 1 mL of
a pH 5.0 solution containing 12 mg/mL AGP was introduced
into the microcolumn by using a sample loop that was con-
nected to an electronically controlled six-port valve. This
valve was used to change the direction of the solution going
through the microcolumn, which was altered every 5–10 s for
4 h. Next, 1 mL of a pH 5.0 solution containing 1.76 mg/mL
glycogen and 12 mg/mL AGP was introduced and circulated
through the microcolumn in the same fashion for 24 h. This
was followed by the application of 1 mL of a pH 5.0 solution
containing of 0.3 mg/mL oxalic dihydrazide, which was car-
ried out in the same manner for 1 h.

The third on-column entrapment method (i.e., method 3)
used a syringe pump to deliver the reagent solutions. This
method, which is shown in Fig. 2c, made it possible to further
reduce the solution volumes that were needed for entrapment.
The syringe pump was used with a programmable sequence
that allowed the repeated infusion and drawing of a small
volume of solution through the microcolumn at a set flow rate.
In this case, 400 μL of a pH 5.0 solution containing 20mg/mL
AGP was first introduced into the microcolumn at 50 μL/min.
The same pump was then used to draw this solution back
through the microcolumn at the same flow rate. This process
of infusion/drawing of the solution was repeated over the
course of 4 h. The solution that was being passed through
the microcolumn was then changed to a pH 5.0 mixture of
1.76 mg/mL glycogen and 20 mg/mL AGP, which was circu-
lated through the microcolumn using the same cycle of
infusion/drawing over 24 h. A 400-μL portion of a pH 5.0
solution containing 0.3 mg/mL oxalic dihydrazide was then
passed through the microcolumn in the same manner for 1 h.

Comparison of on-column entrapment methods

Each of the on-column entrapment methods for AGP was
evaluated and compared with the other techniques, as well
as with the slurry-based entrapment method [38]. The results
are summarized in Table 1. The relative amount of AGP that
was entrapped in each type of microcolumnwas estimated and
compared by measuring the retention factors for S-proprano-
lol, a drug that is known to bind with AGP with an affinity in
the range of 0.63–4.2 × 106 M−1 at pH 7.4 and 37 °C [11, 13,
29]. The retention factors for S-propranolol on control
microcolumns that did not contain AGP were also determined
to correct for nonspecific binding of this drug to the support.

The difference in the total retention measured for S-pro-
pranolol on an AGP microcolumn and the retention observed

on the corresponding control microcolumn gave a specific
retention factor (k) that was directly proportional to the
amount of active protein in the AGP microcolumn. This is
illustrated by the general expression in Eq. (1) [41].

k ¼ KamL

VM
ð1Þ

In this equation, Ka represents the association equilibrium
constant for an injected drug with an immobilized binding
agent such as AGP, mL is the total moles of binding sites for
the drug on the immobilized agent, and VM is the void column
volume. Equation (1) describes a situation in which there is
only one type of interaction site for the drug with the
immobilized protein or binding agent. In the case where
multi-site binding is present, Eq. (2) gives a similar relation-
ship that relates k to mL and the apparent association equilib-
rium constant (or global affinity constant, nKa′) for the inter-
action between the drug and immobilized binding agent [41].

k ¼ Ka1n1 þ Ka2n2 þ⋯þ Kannnþð ÞmL

VM
¼ nK

0
amL

VM
ð2Þ

In Eq. (2), the terms Ka1 through Kan are the association
equilibrium constants for the drug or injected target at each of
its individual binding sites in the column, while n1 through nn
represent the relative number of each site per binding agent or
protein.

As is shown in Table 1, all of the on-column entrapment
methods gave higher specific retention factors for S-propran-
olol than the slurry-based entrapment method [38]. This in-
crease in retention ranged from 2.5-fold to over 10-fold and
depended on both the type of method that was used for on-
column entrapment and the concentration/solution volume of
AGP that was used for this process. For example, method 2
used the same volume of the AGP solution as the slurry-based
method and only a slightly (1.2-fold) higher concentration and
mass of AGP; however, method 2 resulted in a support that
had a 2.5-fold higher specific retention for S-propranolol. It is
believed that this improvement was due to an increase in the
ratio of the support’s pore volume versus the total reaction
volume for the on-column method. This increase would have
resulted in the pore volume of the support (or the stagnant
mobile phase volume in the column) making up a larger por-
tion of the total reaction volume, leading to more effective
utilization of the soluble AGP for entrapment.

Even larger improvements in the retention for S-proprano-
lol were seen for the other on-column entrapment methods.
When compared to the slurry-based method, method 1 used a
56 % lower concentration of AGP and a 5-fold higher AGP
solution volume or an overall 2.18-fold higher mass of AGP;
however, method 3 also produced about a 3-fold increase in
the specific retention for S-propranolol. The best overall result
was obtained in method 3, which used a 2-fold higher
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concentration of AGP and a 60% lower AGP solution volume
(or a 20 % lower mass of AGP) than the slurry-based method,
while also giving an increase of 10.3-fold in the specific re-
tention for S-propranolol. In each of the on-column methods,
the observed increase in specific retention was a reflection of
the increase in the amount of active AGP that was present in
the microcolumns, as is indicated by Eqs. (1)–(2). In this par-
ticular case, the amount of entrapped AGPwas estimated to be
in the range of 1.2–5.2 × 10−10 mol for methods 1–3 when
using 1.0 cm × 2.1 mm I.D. microcolumns.

Table 1 also compares some other features of these entrap-
ment methods. For instance, the most efficient use of the sol-
uble AGP occurred in method 3, which utilized the smallest
amount of AGP for entrapment but resulted in the largest
amount of entrapped AGP. This method also required the
smallest volume of the AGP solution for use in entrapment.
Method 2 gave the second highest level of immobilization
efficiency, followed by method 1 and the slurry-based method
(Note: the column prepared by method 1 had slightly more
entrapped AGP and gave greater drug retention than that ob-
tained by method 2, which was probably due to the much
greater amount of AGP that was used for entrapment in meth-
od 1 versus method 2). The differences in the solution vol-
umes that were needed were a result of the way in which the
reagent solutions were applied to the microcolumns. The use
of an HPLC pump to apply and cycle these solutions through

the microcolumn required the largest solution volume for the
entrapment process, while the use of a slurry, switching valve
or syringe pump needed much smaller solution volumes.
Method 3was chosen for use in all further studies in this report
due to the relatively high retention and protein content it pro-
duced, as well as the fairly small volume of the AGP and
reagent solut ions that i t needed for entrapment .
Microcolumns that were prepared by this approach could be
made with a variation of 15% or less in the column-to-column
protein content [44]. This method also resulted in good stabil-
ity for the entrapped AGP and reproducible retention factors,
with a variation of less than <3 % being noted for S-propran-
olol over the course of more than 150 sample applications and
approximately 6 months of operation.

Evaluation of AGP microcolumns by frontal analysis

Microcolumns that were prepared by method 3 were exam-
ined in more detail by frontal analysis to evaluate their binding
to carbamazepine, another model drug with known binding to
AGP [30]. Figure 3a provides some typical breakthrough
curves that were generated for this drug at 0.10 mL/min.
Breakthrough times were obtained within 8–11 min under
these conditions, and stable plateaus were produced within
9–12 min at these particular drug concentrations. At

Table 1 Comparison of AGP supports and microcolumns prepared by several entrapment methods

Entrapment methoda

On-column method 1 On-column method 2 On-column method 3 Slurry-based method [38]

Concentration of AGP used for entrapment (mg/mL) 4.35 12.0 20.0 10.0

Amount of AGP used for entrapment (mg) 21.8 12.0 8.0 10.0

Volume of AGP solution used for entrapment (mL) 5.0 1.0 0.4 1.0

Amount of silica used for entrapment (mg) 15.6 15.6 15.6 90

Effective reaction volumeb 12.5 μL 12.5 μL 12.5 μL 2.5 mL

Specific retention factor of S-propranololc 9.9 (±0.8) 7.9 (±0.2) 33 (±1) 3.2 (±0.4)d

Estimated amount of active AGP (×10−10 mol)c, e 1.6 (±0.3) 1.2 (±0.2) 5.2 (±1.0) 0.5 (±0.1)

a All of these supports were prepared using HPLC-grade silica with a particle size of 7 μm and a pore size of 300 Å. The size of each final microcolumn
was 1.0 cm × 2.1 mm I.D.
b The column void volume was used as the reaction volume for methods 1–3, because the reaction took place within the column. The reaction volume
shown for the slurry-based method was the total volume of the silica slurry, AGP solution, and oxidized glycogen solution
c The values shown in parentheses represent a range of ±1 SD, as based on triplicate measurements made at pH 7.4 and 37 °C and a flow rate of 0.10 mL/
min for methods 1–3 or at 0.50 mL/min for the slurry-based method. A correction for the nonspecific binding by S-propranolol to the support was made
by using retention data collected from a control column; this correction was 62 % of the total retention seen on the entrapped AGP columns prepared
using methods 1 and 2 and 26 % on the column made using method 3
d This is the result that was obtained when using a 5:1 ratio of oxalic dihydrazide versus aldehyde groups during the synthesis of the hydrazide-activated
silica, which were the same conditions used in this current study
e The value given for method 3 is the moles of active AGP that were measured for method 3 by using frontal analysis and carbamazepine as an applied
solute, as described in the main body of the text. The values for the other methods are calculated based on the moles of active AGP in method 3 and the
ratio of the specific retention factor for each other method versus method 3. Frontal analysis based on S-propranolol for the column made by method 3
gave an mL value of 3.0 (±0.7) × 10−10 mol. Use of this second mL value would lower the estimated amount of active AGP in each of the columns by
42 %, but the results would follow the same relative order for their AGP content as shown above
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0.50 mL/min, equivalent curves could be generated with pla-
teaus that appeared within 1.8–2.4 min.

The moles of the applied drug (mLapp) that were required to
reach the mean position for each breakthrough curve at a giv-
en concentration of the drug [D] were used to generate binding
isotherms for carbamazepine on the microcolumns. One way
the data for carbamazepine were analyzed was by preparing a
double-reciprocal plot of 1/mLapp versus 1 / [D], as illustrated
in Fig. 4. A linear response is expected in this type of plot for a
system in which the drug binds reversibly to the column at
only one type of site, as is demonstrated in Eq. (3).

1

mLapp
¼ 1

mL Ka D½ � þ
1

mL
ð3Þ

The slope and intercept of this line can then be used to
obtain both the association equilibrium constant (Ka) and
moles of binding sites (mL) for this interaction [5, 45].

Figure 4a shows a double-reciprocal plot that was prepared
according to Eq. (3) for carbamazepine on the control
microcolumn. This plot gave linear behavior with a corre-
lation coefficient of 0.999. Such behavior indicated that
carbamazepine had some nonspecific interactions with the
support, which could be described by a single-site binding
model. This binding was found to have a Ka value of 9.8
(±5.1) × 102 M−1 and a value for mL of 8.0 (±4.0) × 10−7 mol.
When a similar double-reciprocal plot was prepared for carba-
mazepine on the AGP microcolumn, deviations from linearity
were seen at high drug concentrations or low values of 1/[D], as
is shown in Fig. 4b. This behavior suggested that carbamaze-
pine had at least two types of binding sites on the AGP
microcolumn (e.g., one involving nonspecific binding
with the support, as noted on the control microcolumn,
and the other involving interactions with AGP) [30, 46].
The same type of behavior has been seen in previous
frontal analysis studies that have been conducted with
carbamazepine on columns containing covalently
immobilized AGP and a similar support material [30].
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A two-site model and nonlinear regression were next
employed to examine the binding of carbamazepine to the
AGP microcolumn [30]. This was accomplished by fitting
the data to Eq. (4) [30, 46].

mLapp ¼ mL1 Ka1 D½ �
1þ Ka1 D½ � þ

mL2 Ka2 D½ �
1þ Ka2 D½ � ð4Þ

In this expression, the termsKa1 andmL1 are the association
equilibrium constant and moles of the first type of binding
site, while Ka2 and mL2 are the corresponding terms for the
second type of binding site [46]. Figure 3b shows the resulting
plot of mLapp versus [D] for carbamazepine on the AGP
microcolumn and the fit of these results to Eq. (4). This fit
was obtained by using the previously measured association
equilibrium constant for carbamazepine on the control
microcolumn as Ka2, and with the values mL2, Ka1, and mL1

being determined from the best-fit line in Fig. 3b. The
resulting plot had a correlation coefficient of 0.999 (n = 11)
and gave a random distribution of the residuals for the indi-
vidual data points.

The value of Ka1 that was determined from Fig. 3b for the
binding of carbamazepine with the entrapped AGP was 1.6
(±0.4) × 105 M−1 at pH 7.4 and 37 °C. This result was statis-
tically equivalent, at the 95 % confidence level, to an associ-
ation equilibrium constant of 1.0 (±0.1) × 105 M−1 for carba-
mazepine hat has been reported at the same pH and tempera-
ture for a highly active form of covalently immobilized AGP
[30]. The estimated value for Ka1 was also within the general
range of 104–105 M−1 that has been observed in several prior
binding studies that have used carbamazepine and soluble
AGP [16, 30, 47].

The amount of active and entrapped AGP that was present
in the microcolumn was also determined from Eq. (4) and the
fit of this equation to Fig. 3b. This fit gave a value for mL1 of
5.2 (±1.0) × 10−10 mol, which represented the moles of AGP
that could bind to carbamazepine in the microcolumn. This

amount corresponded to 21 (±4)μg of AGP, as calculated by
using an average molar mass of 41 kDa for this protein [48].

Zonal elution studies examining the overall binding
of drugs with AGP

The next group of studies investigated the use of an entrapped
AGP microcolumn to screen the overall binding of several
drugs to AGP and to estimate the binding constants for these
compounds. This work was carried out by using R-proprano-
lol, S-propranolol, and R-warfarin as model drugs that are
known to bind to AGP [11, 13]. Results were obtained for
each drug in a relatively short time and using only retention
factor measurements. For instance, R-warfarin, a compound
with an approximate association equilibrium constant of 2.1
(±0.3) × 106 M−1 for AGP at 37 °C and pH 7.0 [23], eluted
within 1.8–2.0 min from the AGPmicrocolumn at 0.5 mL/min
and within 7–8 min at 0.1 mL/min. A similar range of reten-
tion times was seen for the other drugs that are listed in Table
2. As a result, even triplicate experiments over a wide range of
flow rates could be carried out in a short amount of time with
this approach.

The specific retention factors that were determined for each
of the model drugs on the AGP microcolumn are listed in
Table 2. The overall retention factors that were measured on
the AGP microcolumn and control microcolumn gave relative
variations of only ±2–7% over flow rates ranging from 0.05 to
0.5 mL/min. The resulting specific retention factors that were
calculated from this data also had good precisions, with typi-
cal variations of ±13–14 %. Based on these specific retention
factors, each of the injected drugs could be easily ranked in
terms of their overall binding strength to AGP. For instance, S-
propranolol had the highest specific retention factor and stron-
gest binding to AGP, followed by R-propranolol and R-war-
farin. The order of elution for the propranolol enantiomers
agreed with what has been noted under the same mobile phase

Table 2 Binding constants
measured for various drugs by
zonal elution on columns
containing entrapped AGP

Drug Specific retention factora Estimated Ka or nKa′ (M
−1) Literature values (M−1)b

S-Propranolol 38.9 (±5.5) 1.6 (±0.5) × 106 1.4 (±0.7) × 106 [27]

4.2 (±0.3) × 106 [29]

1.04 (±0.09) × 106 [49]

R-Propranolol 30.0 (±4.0) 1.2 (±0.4) × 106 1.1 (±0.6) × 106 [27]

2.7 (±0.2) × 106 [29]

0.8 (±0.2) × 106 [49]

R-Warfarin 25.6 (±3.5) 1.0 (±0.3) × 106 2.1 (±0.3) × 106 [23]

a Each value in parentheses represents a range of ±1 SD, as based on triplicate measurements (n = 3). The specific
retention factor was obtained by taking the difference between the overall retention factor on an entrapped protein
column and the retention factor due to nonspecific interactions for the same solute on the control column, with the
latter values accounting for 6.5–7.4 % of the total retention for warfarin and 65–71 % for propranolol
bMost of the literature values were determined at pH 7.4 and 37 °C [27, 29, 49]. The value from ref. [23] was
measured at pH 7.0 and 37 °C
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conditions when using columns that contained highly active
and covalently immobilized AGP [27, 29].

It was possible with this same data to estimate the associ-
ation equilibrium constants or global affinities for the interac-
tions of these drugs with AGP. This was accomplished by
using Eqs. (1)–(2) along with the specific retention factors that
were measured for the drugs, the void volume of the
microcolumn, and the amount of AGP that was present (e.g.,
5.2 (±1.0) × 10−10 mol, as estimated from the previous frontal
analysis studies with carbamazepine and by assuming the
same amount of AGP was accessible to each drug) [29]. The
results that were obtained by this approach are summarized in
Table 2. The binding constants of 1.6 (±0.5) × 106M−1 and 1.2
(±0.4) × 106 M−1 that were determined for S-propranolol and
R-propranolol, respectively, gave good agreement with values
of 1.04–4.2 × 106 M−1 and 0.8–2.7 × 106 M−1 that have been
reported for the same drugs with AGP at pH 7.4 and 37 °C
[23, 27, 29, 49]. The value of 1.0 (±0.3) × 106 M−1 that was
obtained here for R-warfarin in pH 7.4, 0.067 M potassium
phosphate buffer at 37 °C was also consistent with a binding
constant of 2.1 (±0.3) × 106 that has been reported for the
same system in pH 7.0, 0.010 M citrate phosphate buffer at
37 °C [23].

Zonal elution competition studies using AGP
microcolumns

Another application that was examined for the AGP
microcolumns was their use in competition studies. Such stud-
ies were carried out by using carbamazepine as a competing
agent while a small amount of S-propranolol was injected onto
an AGP microcolumn. Such experiments can be used to de-
termine if the injected probe compound (e.g., S-propranolol)
shares a common binding site with the competing agent that is
in the mobile phase (e.g., carbamazepine) [2, 30].

It was found in these studies that an increase in the concen-
tration of carbamazepine in the mobile phase produced a de-
crease in the retention of S-propranolol, as is demonstrated in
Fig. 5a. The observed change in the retention factor (k) for
S-propranolol as the concentration of carbamazepine was var-
ied was fit to Eq. (5) [2].

1

k
¼ KaIVM I½ �

KaAmL
þ VM

KaAmL
ð5Þ

In this equation,KaA andKaI represent the association equi-
librium constants for the injected probe (A) and competing
agent (I). The term [I] is the molar concentration of the com-
peting agent in the mobile phase, and mL is the moles of
common binding sites for the probe and competing agent in
the column. Equation (5) predicts that a plot of 1/k versus [I]
should give a linear relationship with a positive slope for a
system in which the injected probe has only one type of

binding site in the column and there is direct competition of
the probe with the competing agent at this site. In this situa-
tion, it is possible to use the slope and intercept of the best-fit
line to obtain the association equilibrium constant for
the competing agent, KaI, at the site of competition be-
tween A and I [2].

Figure 5b shows the results that were acquired when a plot
of 1/kS-Propranolol versus [carbamazepine] was fit to Eq. (5).
Linear behavior with a positive slope was observed in this
graph, with a correlation coefficient of 0.999 (n = 10) and only
random variations being seen in the residuals for the individ-
ual data points about the best-fit response. This result con-
firmed the presence of direct competition between carbamaz-
epine and S-propranolol on the entrapped AGP microcolumn,
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Fig. 5 Competition studies based on zonal elution on a 1 cm × 2.1 mm
I.D. microcolumn containing entrapped AGP for the competition of 5 μL
injected samples of S-propranolol in the presence of mobile phases
containing a known concentration of carbamazepine. The plots in (a)
show some typical chromatograms that were obtained in these
experiments for mobile phases that contained 0.0, 7.7, 10.0, or 20.0 μM
carbamazepine. The plot in (b) is the linear fit that was obtained when
such data were analyzed according to Eq. (5). The dashed line in (a) is the
approximate location of the central moment for the peak of S-propranolol
in the absence of any carbamazepine in the mobile phase. Each point in
(b) represents the average of triplicate measurements. The error bars in
(b) represent a range of ±1 SD and had relative precisions that ranged
from ±0.2 to 7.1 %. The correlation coefficient in (b) was 0.999 (n = 10)
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in agreement with previous observations that have been made
on columns containing active and covalently immobilized
AGP [30].

The best-fit of Eq. (5) to Fig. 5b was used to deter-
mine the association equilibrium constant for carbamaz-
epine at its site of competition with S-propranolol. This
gave a KaI value of 1.01 (±0.02) × 105 M−1 for carba-
mazepine, which was equivalent (at the 95 % confi-
dence level) with an association equilibrium constant
of 1.0 (±0.1) × 105 M−1 that has been measured for car-
bamazepine with AGP at the same pH and temperature
in a previous study [30]. This result was also compara-
ble, and consistent at the 98 % confidence level, with
the binding constant of 1.6 (±0.4) × 105 M−1 that was
measured earlier in this current study when using frontal
analysis to examine the binding of carbamazepine with
a microcolumn containing entrapped AGP.

Conclusions

This work examined various approaches for the on-
column entrapment of AGP for use in affinity
microcolumns and drug-protein binding studies. The
conditions used in the final selected method required
only 400 μL of an AGP solution for entrapment and
gave over a 10-fold improvement in final protein con-
tent when compared to a previous slurry-based entrap-
ment technique [36, 38]. The on-column entrapment
method was used to prepare 1.0 cm × 2.1 mm I.D. af-
finity microcolumns that contained up to 21 (±4) μg
AGP and that could be used over the course of more
than 150 sample applications.

Frontal analysis and zonal elution studies were per-
formed on these affinity microcolumns to examine their
use in such applications as binding studies and the high-
throughput screening of drug-protein interactions. These
results were typically obtained in a matter of minutes
and, in the case of the zonal elution experiments, could
be conducted by using only simple retention factor mea-
surements. In addition, the binding constants that were
obtained with the AGP microcolumns for drugs such as
carbamazepine, R- or S-propranolol, and R-warfarin
showed good agreement with previous observations for
these drug-protein systems and with binding constants
that have been reported in the literature [16, 23, 27,
29, 30, 47, 49]. The AGP microcolumns were also used
in zonal elution-based competition studies between car-
bamazepine and S-propranolol, again giving good agree-
ment with prior behavior noted in the literature [30].

The on-column entrapment method that was devel-
oped and tested in this report is a general one that
could be extended to other soluble proteins [36, 40].

Columns that are prepared by this approach should be
useful in studies based on frontal analysis, zonal elu-
tion, or related methods to examine the interactions of
other drugs or solutes with entrapped proteins [2].
Possible future applications for this method include the
preparation of affinity microcolumns that contain specif-
ic preparations of modified proteins or with proteins
that have been isolated from individual biological sam-
ples [36, 40, 50, 51]. This type of tool should be valu-
able in fields such as personalized medicine and in de-
tailed studies of how the modification of a protein can
alter its ability to bind to drugs or other solutes.
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