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Abstract

In the circulatory system, many drugs are reversibly bound to serum proteins such as human 

serum albumin (HSA) and alpha1-acid glycoprotein (AGP), resulting in both free and protein-

bound fractions for these drugs. This report examined the use of microcolumns containing 

immobilized AGP for the measurement of free drug fractions by ultrafast affinity extraction and a 

two-dimensional affinity system. Several drugs known to bind AGP were used as models to 

develop and evaluate this approach. Factors considered during the creation of this method 

included the retention of the drugs on the microcolumns, the injection flow rate, the microcolumn 

size, and the times at which a second AGP column was placed on-line with the microcolumn. The 

final system had residence times of only 110–830 ms during sample passage through the AGP 

microcolumns and allowed free drug fractions to be determined within 10–20 min when using 

only 3–10 µL of sample per injection. This method was used to measure the free fractions of the 

model drugs at typical therapeutic levels in serum, giving good agreement with the results 

obtained by ultrafiltration. This approach was also used to estimate the binding constants for each 

drug with AGP in serum, even for drugs that had significant interactions with both AGP and HSA 

in such samples. These results indicated that AGP microcolumns could be used with ultrafast 

affinity extraction to measure free drug fractions in a label-free manner and to study the binding of 

drugs with AGP in complex samples such as serum.
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1. Introduction

The binding of drugs to serum proteins, such as human serum albumin (HSA) and α1-acid 

glycoprotein (AGP), is important in determining the transport, excretion, and metabolism of 

many pharmaceutical agents in the body [1–3]. This reversible binding results in the 
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presence of two forms for these drugs in blood: a free fraction and a protein-bound fraction 

[4–6]. The free fraction is believed to represent the active form for many drugs, as it is this 

form that usually crosses cell membranes or binds to receptors [4–6]. This feature has led to 

great interest in the development of improved tools for measuring free drug fractions and for 

studying drug–protein interactions in clinical and pharmaceutical samples.

Conventional methods that have been employed for measuring the free fractions of drugs 

have included equilibrium dialysis and ultrafiltration; however, these methods usually 

require long analysis times and relatively large sample volumes [2,7,8]. It is also possible in 

these methods for errors to be introduced into the final result through the adsorption of drugs 

or sample components onto the membranes that are used in these techniques [2,7,8]. Other 

methods such as ultracentrifugation, surface plasmon resonance spectroscopy, and HPLC 

have also been employed for free fraction analysis [7–10]. However, many of these methods 

are difficult to use directly with complex biological samples such as serum [7].

Recently, techniques based on high-performance affinity chromatography (HPAC) and 

ultrafast affinity extraction have been developed for the measurement of free drug and free 

hormone fractions [4–6,11–17]. The advantages of this approach include its short analysis 

times, good precision, ease of automation, and the ability to work with various detectors and 

small amount of solutes and proteins [18,19]. Figure 1 shows a general scheme that can be 

used to isolate and measure the free fraction of a drug by using ultrafast affinity extraction 

as part of a two-dimensional HPAC system. In this method, a protein and a drug are mixed 

together and allowed to reach equilibrium prior to their injection onto an affinity 

microcolumn that contains a binding agent for the drug. This microcolumn is used under 

conditions in which the drug-protein complex and excess protein will elute as a non-retained 

peak, while a portion of the free drug fraction will be retained and separated from these 

other components. This separation makes use of the relatively strong and selective binding 

of affinity microcolumns for their targets and is typically carried out at column residence 

times for the non-retained peak of less than one second to avoid release of the protein-bound 

form of the drug in the sample [4–6,11–17]. For complex samples such as serum, which may 

contain a large excess of protein versus the drug, a second affinity column can be placed on-

line with the affinity microcolumn after most of the non-retained components have eluted, 

thus making it possible to further resolve these components from the free drug fraction [6].

HSA is one protein that has been used as an immobilized binding agent in prior work with 

ultrafast affinity extraction [4,6,13–15]. HSA is the most abundant protein in serum, with a 

normal concentration of 30–50 g/L (i.e., 450–750 µM) [20], and acts as a transport protein 

for many drugs, fatty acids, and low mass hormones [7,20]. The use of HSA as a binding 

agent in ultrafast affinity extraction is based on the ability of this protein to bind reversibly 

to many acidic and neutral drugs, as well as some basic drugs (e.g., diazepam), with 

moderate-to-high affinities (e.g., 103–106 M−1) [4,6,13–15]. However, drugs that have lower 

affinities for HSA, or that do not bind at all with this protein, will require a different agent 

for their capture during ultrafast affinity extraction. Human AGP is one possible alternative 

binding agent for such drugs. AGP has a molecular weight of 41 kDa and a typical serum 

level of 0.5–1.0 mg/mL (12–24 µM) [1,21]. AGP is able to bind and transport numerous 
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basic or neutral drugs in blood with moderate-to-high affinities [7,22], making it an 

attractive alternative to HSA for ultrafast affinity extraction.

In this study, a two-dimensional affinity system based on ultrafast affinity extraction and 

immobilized AGP will be developed for use in measuring the free fractions for various 

drugs that are known to bind to AGP. These drugs will be analyzed in serum at typical 

therapeutic concentrations. Several experimental conditions will be considered and 

optimized for these free fraction measurements. These conditions will include the size of the 

AGP columns that are employed, the flow rates that are used for sample injection, and the 

time at which a second affinity column is placed on-line with the AGP microcolumn. The 

final system will be used to measure the free fractions of the drugs in serum, as well as to 

estimate the binding constants for these drugs with soluble AGP. The interactions of the 

drugs with both AGP and HSA in serum will also be considered during this latter set of 

studies. The results will be compared with those measured by ultrafiltration and with 

literature values.

From these experiments, it should be possible to determine the potential advantages or 

limitations of using AGP microcolumns and ultrafast affinity extraction for free drug 

fraction measurements. The data that are obtained in this study will also provide insight as to 

how two-dimensional HPAC can be used to directly obtain information on drug-protein 

binding in biological samples. It should further be possible, based on the observations made 

in this work, to extend the same approach in the future to alternative binding systems and to 

the measurement of free drug fractions for clinical studies or pharmaceutical research [4–

6,11–16].

2. Theory

The reaction shown in Eq. (1) describes a system with 1:1 reversible and saturable binding 

for a protein such as AGP (A) with a drug (D). In this reaction, ka and kd represent the 

second-order association rate constant and first-order dissociation rate constant, respectively, 

for the interaction of D with A.

(1)

The association equilibrium constant for this system (Ka,A, where Ka,A equals the ratio 

ka/kd) can be determined from the measured free fraction (F) of D at equilibrium by using 

Eq. (2) [14,15].

(2)

In Eq. (2), [D]0 and [A]0 are the initial concentrations of drug D and protein A in the 

original sample. If D and A have more complex interactions, such as those involving 

multiple independent binding sites or mixed-mode binding, the value that is obtained by Eq. 

(2) would instead represent the global affinity of D for A (K’a,A) under the given conditions 

of the experiment, rather than an equilibrium constant for a single type of site [14,15].
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A more complex situation occurs when the sample contains multiple proteins that can 

interact with the drug of interest. For instance, in serum some drugs may bind to both AGP 

and HSA. It is usually necessary to consider the role played by HSA in such a system even 

for drugs that have their highest affinity for AGP. This is the case because of the relatively 

high concentration of HSA in serum, which can lead to significant drug interactions even 

with compounds that have only a moderate affinity for this protein [6,15]. The reaction in 

Eq. (3) can be used to describe a system in which two proteins, A and H (e.g., AGP and 

HSA), can each form a 1:1 reversible complex with D.

(3)

The free fraction of the drug in this situation can be described by using Eq. (4),

(4)

where the concentrations of complexes of the drug with the two proteins at equilibrium are 

given by [D-A]eq and [D-H]eq.

The term [D-H]eq in Eq. (4) can be obtained by using Eq. (5) and the measured value of F at 

equilibrium, if the value of Ka,H is known along with the initial concentrations of the drug 

and protein H in the sample (i.e., [D]0 and [H]0).

(5)

The value of [D-A]eq can then be found by using Eq. (6), as can be derived from Eq. (4).

(6)

It is then possible to obtain the value of Ka,A by substituting Eqs. (5) and (6) into Eq. (4), 

which results in the expression shown in Eq. (7).

(7)

In this report, Eq. (7) will be used to estimate the association equilibrium constants or global 

affinities for various drugs with AGP (i.e., Ka,A or K′a,A) in samples that contain known 

concentrations of HSA and in systems where the value of Ka,H for a drug is known from 

prior studies.
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3. Materials and methods

3.1. Reagents

The carbamazepine (≥ 98% pure), disopyramide (racemic mixture, ≥ 98%), lidocaine (≥ 

98%), warfarin (racemic mixture, ≥ 98%), AGP (from pooled human plasma, ≥ 99%, 

product no. G9885, lot SLBG6410V), HSA (from pooled human serum, Cohn fraction V, 

essentially fatty acid free, ≥ 96%, product no. A1887, lot 068K7538V), and human serum 

(from pooled male AB plasma, sterile-filtered, product no. H4522; serum sample 1, lot 

SLBB5164V; serum sample 2, lot SLBJ3904V) were from Sigma-Aldrich (St. Louis, MO, 

USA). Propafenone (racemic mixture, ≥ 98%) was purchased from Santa Cruz 

Biotechnology (Dallas, Texas, USA). The Nucleosil Si-300 (7 µm particle diameter, 300 Å 

pore size) was obtained from Macherey Nagel (Düren, Germany). All other chemicals were 

of the purest grades available. All aqueous solutions were prepared using water from a Milli-

Q Advantage A10 system (Millipore, Billerica, MA, USA) and were passed through 

Osmonics 0.22 µm nylon filters from Fisher Scientific (Pittsburgh, PA, USA).

3.2. Apparatus

The microcolumns and columns were packed using an HPLC slurry packer from 

ChromTech (Apple Valley, MN, USA). The chromatographic system consisted of a 

DG-2080-53 degasser, a PU-2080 Plus pump, an AS-2057 Plus autosampler, a CO-2067 

Plus column oven, and a UV-2075 absorbance detector from Jasco (Easton, MD, USA). A 

six-port LabPro valve (Rheodyne, Cotati, CA, USA) was used in the two-dimensional 

HPAC system to place the two affinity columns in series. The chromatographic system was 

controlled by using ChromNAV v1.18.04 software and LCNet from Jasco. The 

chromatograms were analyzed by using PeakFit 4.12 (Jandel Scientific, Rafael, CA, USA) 

and an exponentially-modified Gaussian (EMG) fit. Ultrafiltration was carried out by using 

a 5702 RH centrifuge with temperature control (Eppendorf, Hamburg, Germany).

3.3. AGP column and microcolumn preparation

The stationary phase consisted of AGP that was immobilized to Nucleosil Si-300 silica. The 

immobilization of AGP was conducted according to the method described in Ref. [23]. In 

this method, the silica was first converted into a diol-bonded form [24]. This was followed 

by oxidization of the diol groups with periodic acid to create aldehyde groups, which were 

then reacted with oxalic dihydrazide to form hydrazide-activated silica [25]. The AGP that 

was used for immobilization was oxidized under mild conditions with periodic acid to form 

aldehyde groups in the carbohydrate chains of this glycoprotein; the oxidized AGP was then 

mixed with the hydrazide-activated silica and allowed to react at 4°C for up to 7 days [23].

The amount of immobilized AGP was determined by comparing the final and initial 

concentrations of AGP in the reaction slurry, as obtained by measuring the absorbance of the 

remaining soluble protein at 280 nm. This assay gave a protein content of 22 (± 4) mg AGP 

per gram of silica, which was a level comparable to that reported previously for similar AGP 

supports when using the same immobilization method [23].
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3.4. Chromatographic studies

The AGP support was placed into 2.1 mm i.d. stainless steel columns with lengths of 2, 5 or 

10 mm. These columns were packed at 3000–4000 psi (i.e., 21–28 MPa) using pH 7.4, 0.067 

M potassium phosphate buffer as the packing solution. These columns and the remaining 

support were stored at 4°C in the same pH 7.4 buffer when not in use.

A pH 7.4, 0.067 M potassium phosphate buffer was employed as the mobile phase for the 

chromatographic studies, as well as for preparing all of the drug and drug/protein solutions 

that were used in these experiments. The concentrations in the injected samples were 

representative of the typical therapeutic levels for the drugs in serum (e.g., 8–51 µM for 

carbamazepine, 6–24 µM for disopyramide, 4–26 µM for lidocaine, 1–9 µM for 

propafenone, and 3–13 µM for warfarin) [26]. The concentrations of AGP and HSA that 

were used in the drug/protein mixtures were representative of the normal physiological 

levels of these proteins (i.e., 12–24 µM for AGP, and 450–750 µM for HSA) [1,20,21].

The drug solutions were mixed with AGP and HSA or human serum and allowed to incubate 

at 37°C for at least 30 min before these mixtures were analyzed or injected onto the 

chromatographic system. An injection volume of 3 µL was used for the samples containing 

carbamazepine or lidocaine, and an injection volume of 10 µL was used for disopyramide, 

propafenone or warfarin. All of the samples and standards were injected in triplicate under 

each set of experimental conditions. The AGP columns were found to provide stable 

retention and peak resolution for at least 100 sample injections when they were used within 

3 months of preparation, in agreement with observations made in a previous report 

employing similar AGP supports [23].

The injection flow rates and valve switching times that were used in the two-dimensional 

affinity system were evaluated as described in Sections 4.2–4.3. The AGP microcolumn in 

this system had the following dimensions: 5 mm × 2.1 mm i.d. for carbamazepine or 

lidocaine and 2 mm × 2.1 mm i.d. for disopyramide, propafenone or warfarin. The final 

injection flow rates that were used with these microcolumns for carbamazepine, 

disopyramide, lidocaine, propafenone and warfarin were 3.00, 1.25, 1.00, 2.50, and 3.00 

mL/min, respectively. The dimensions of the second AGP column in the system were as 

follows: 10 mm × 2.1 mm i.d. for lidocaine or carbamazepine, and 5 mm × 2.1 mm i.d. for 

disopyramide, propafenone or warfarin. This second column was placed on-line with the 

AGP microcolumn at 0.30, 1.60, 1.00, 2.40 or 2.60 min after the injection of samples 

containing carbamazepine, disopyramide, lidocaine, propafenone or warfarin, respectively. 

After the second column had been placed on-line with the first, the flow rate was 

immediately changed to 0.50 mL/min for carbamazepine, disopyramide or lidocaine, and to 

0.75 mL/min for propafenone and warfarin. The wavelengths that were used for detection 

were as follows: carbamazepine, 285 nm; disopyramide, 262 nm; lidocaine, 208 nm; 

propafenone, 250 nm; and warfarin, 308 nm.

The apparent free drug fraction in each sample was determined by comparing the free drug 

peak for a sample with the peak that was obtained for injection of the drug alone and at the 

same total concentration of the drug. A series of standard solutions for each drug, with 

concentrations in the range of 5–50 µM, were prepared in the pH 7.4, 0.067 M phosphate 
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buffer and injected onto the system under the same conditions as utilized for the samples. 

Calibration curves were constructed based on the peak areas for the standards and used to 

determine the free or total drug concentrations in the serum samples and aqueous drug 

samples, respectively. The free drug fraction in a sample was calculated by dividing the 

measured free concentration by the total drug concentration.

3.5. Ultrafiltration studies

Ultrafiltration was employed as a reference method for the determination of free drug 

fractions. These experiments were conducted according to procedures described in Ref. [15]. 

All the ultrafiltration devices were first washed with both water and pH 7.4, 0.067 M 

potassium phosphate buffer for three times at 1500 × g for 5 min. After the last wash with 

the pH 7.4 buffer, the devices were emptied and spun at 1500 × g for 15 min to remove any 

remaining buffer. A 1 mL portion of the drug solution or drug-spiked serum was then placed 

into an ultrafiltration device and spun at 1500 × g and 37°C for times ranging from 2–10 

min, depending on the type of drug that was in the solution or sample. Typically, the 

collected volume of the filtrate was no more than 0.5 mL to make it possible to achieve an 

accurate free fraction measurement [15].

Chromatographic studies were carried out on the collected filtrates by using a 10 mm × 2.1 

mm i.d. AGP column for carbamazepine or lidocaine, and a 5 mm × 2.1 mm i.d. AGP 

column for disopyramide, propafenone or warfarin. These columns were prepared by using 

the same AGP support as was employed in the two-dimensional affinity system. A 10 µL 

portion of each sample was injected onto the AGP column at 0.5 mL/min for 

carbamazepine, disopyramide, lidocaine or propafenone, and at 0.75 mL/min for warfarin. 

The mobile phase and the detection conditions were the same as employed for the two-

dimensional affinity system. A series of standard drug solutions were prepared and injected 

onto the AGP column under the same conditions as utilized for the serum samples. The free 

fraction for each drug was calculated in the same manner as described in Section 3.4 for the 

studies based on ultrafast affinity extraction.

4. Results and discussion

4.1. Selection of model compounds

Several drugs with a variety of affinities for AGP (see structures provided in the 

Supplementary Material) were employed as models to investigate the use of immobilized 

AGP and ultrafast affinity extraction for the analysis of free drug fractions in serum. One of 

these drugs was carbamazepine, which is an anticonvulsant drug with a moderate affinity for 

AGP and a reported binding constant for this protein of 104–105 M−1 [27]. Three other 

drugs that were considered were disopyramide, lidocaine and propafenone, which are class I 

antiarrhythmic drugs with relatively high affinities for AGP that range from 105–106 M−1 

[28–31]. One additional drug that was used as a model was warfarin, which is an 

anticoagulant that has an affinity of 2.3 × 105 M−1 for AGP [22,32,33].

These model drugs differed not only in their binding strengths for AGP but also in their 

therapeutic ranges and affinities for HSA. For instance, the therapeutic concentrations of 
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these drugs in human serum spanned from 1–9 µM for propafenone to 8–51 µM for 

carbamazepine [26]. Four of the model drugs (i.e., carbamazepine, disopyramide, lidocaine 

and propafenone) have much weaker binding to HSA than to AGP, with reported affinities 

of approximately ~103 M−1 for HSA [30,34–37]. These compounds were used to investigate 

the ability of AGP microcolumns to measure the free fractions for drugs that would be 

difficult to examine by using an HSA microcolumn. Warfarin, the remaining model drug, 

has strong binding to HSA, with an affinity of over 105 M−1 for this interaction [6,13,14]. 

This feature made warfarin useful in examining the ability of ultrafast affinity extraction to 

study a system in which a drug has significant binding to both AGP and HSA.

4.2. Optimization of conditions for ultrafast affinity extraction

The first set of studies looked at the conditions needed to measure the free fraction for each 

model drug when utilizing an AGP microcolumn. During this process, a short residence time 

in the AGP microcolumn was needed so that dissociation of drug-protein complexes in the 

sample could be minimized during ultrafast affinity extraction [14,15]. As will be shown 

later in this section, a residence time in the general range of 110–830 ms was required to 

minimize these dissociation effects for the model drugs employed in this study. Both the 

injection flow rate and column size were varied to achieve suitably short column residence 

times for this step.

Figure 2 provides examples of studies in which the injection flow rate and column size were 

varied during ultrafast affinity extraction. In these experiments, the apparent free fractions of 

each drug were measured at various injection flow rates for samples containing 10 µM of the 

drug and 20 µM AGP. This drug concentration was within or near the therapeutic range for 

each of the model compounds [26], and the protein concentration was within the normal 

physiological levels for AGP [1,21]. AGP microcolumns with a length of 5 mm and an inner 

diameter of 2.1 mm were used for the free fraction analysis of carbamazepine and lidocaine, 

which have affinities for AGP in the range of 104–105 M−1 [27]. Shorter 2 mm × 2.1 mm 

i.d. AGP microcolumns were employed for the other three drugs, which all had higher 

affinities for AGP (i.e., 105–106 M−1) [29,31,33] and greater retention with this immobilized 

protein. Based on the measured protein content of the support (i.e., 22 mg AGP per gram of 

silica), such microcolumns would have contained between 1.6 and 4.1 nmol AGP. This 

amount of immobilized AGP was more than sufficient for the samples that were utilized in 

this study, where the amount of drug that was applied per injection represented only 0.7–

6.1% of the total column binding capacity. In addition, the extraction efficiency for all of the 

model drugs was estimated to be at least 95% under the flow rate conditions that were 

employed in this report.

Each drug that was examined in Figure 2 gave a decrease in its apparent free fraction as the 

flow rate was increased from low-to-moderate values, with this free fraction then reaching a 

constant value at higher flow rates. For instance, as the injection flow rate for 

carbamazepine was increased to 3.00 mL/min or higher on a 5 mm × 2.1 mm i.d. AGP 

microcolumn (i.e., a column residence time of 277 ms or less), a consistent free fraction for 

this drug was obtained. At lower flow rates, the apparent free fraction for carbamazepine 

increased, as would be expected due to dissociation of this drug from proteins in the sample 
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when using longer column residence times [14,15]. Based on this information, an injection 

flow rate of 3.00 mL/min was used during ultrafast affinity extraction in all further 

measurements that were made for the free fraction of carbamazepine.

Similar studies were carried out with disopyramide, propafenone and warfarin on 2 mm × 

2.1 mm i.d. AGP microcolumns and with lidocaine on a 5 mm × 2.1 mm i.d. AGP 

microcolumn. As is shown in Figure 2, these drugs gave consistent free fractions at flow 

rates that were greater than or equal to 1.25, 2.50, 3.00 or 1.00 mL/min, respectively. This 

meant that the maximum allowed column residence times for these drugs under these 

conditions and during ultrafast affinity extraction were 266, 133, 111 and 831 ms, 

respectively. This range of column residence times was consistent with results that have 

been obtained in prior work with HSA microcolumns and for drug-protein interactions that 

have similar affinities to the model systems employed in this current report [13–15].

Figure 3(a) shows some chromatograms that were obtained for a mixture of carbamazepine 

and physiological levels of AGP plus HSA or a sample of carbamazepine alone when 

injected onto a 5 mm × 2.1 mm i.d. AGP microcolumn. The large, non-retained peak that 

was observed immediately after injection of the drug/protein mixture was due to the drug-

protein complex and excess protein in the sample. Under the conditions that were used in 

Figure 3(a), this peak appeared within 2 s of sample injection and had a peak maximum at 4 

s, with the retained peak due to the captured free fraction of carbamazepine beginning to 

appear at 10 s and eluting with a maximum at about 20 s. However, as is shown in this 

example, some overlap in these non-retained and retained peaks did occur when using only 

the AGP microcolumn to look at the free fraction of carbamazepine in such samples.

Figure 3(b) shows similar chromatograms that were obtained for warfarin and a mixture of 

this drug with physiological levels of AGP and HSA that were injected onto a shorter 2 mm 

× 2.1 mm i.d. AGP microcolumn. For these results, the non-retained peak appeared within 2 

s of sample injection, with a peak maximum at 5 s, and the retained peak began to elute at 

2.1 min, with a maximum at about 2.6 min. In this case there was no significant overlap 

between the non-retained and retained peaks for warfarin. This was due to the stronger 

retention of warfarin on the AGP microcolumn when compared to the results for 

carbamazepine in Figure 3(a). All of the other drugs examined in this study had intermediate 

levels of retention and peak overlap. The non-retained peaks for these other drugs appeared 

within 5 s of sample injection, with maxima for the non-retained peak occurring in less than 

10 s, and the retained peaks for these drugs eluted from the AGP microcolumn within 1.2–

2.0 min.

4.3. Selection of conditions for two-dimensional affinity system

Due to the overlap in the non-retained and retained peaks that was noted on the AGP 

microcolumns for carbamazepine and some of the other model drugs, a second AGP column 

was added to the system to improve the extent of this separation. In the case of 

carbamazepine, this two-dimensional affinity system was evaluated and optimized by 

measuring the apparent free fractions for this drug when the AGP microcolumn was placed 

on-line with a 10 mm × 2.1 mm i.d. AGP column at various times following sample 

injection. The results are shown in Figure 4, in which chromatograms with a peak maximum 
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at 5.0–5.2 min after sample injection were obtained for carbamazepine on the two-

dimensional affinity system. Similar chromatograms were observed for disopyramide, 

lidocaine, propafenone or warfarin. For these drugs, the peak maxima occurred at 14.7–15.1, 

9.7–10.5, 15.4–16.4 or 17.8–19.0 min, respectively, under the final conditions that are listed 

in Section 3.4.

Figure 5 demonstrates how the apparent free drug fractions changed as the time that the 

second column was placed on-line with the AGP microcolumn was varied. For 

carbamazepine, the apparent free fraction decreased significantly as the time for this event 

was increased from 0.2 min to 0.3 min, as is shown in Figure 5(a). In the case of warfarin, as 

illustrated in Figure 5(b), the apparent free fraction decreased as the time for the valve 

switching event was increased from 1.8 min to 2.6 min. This decrease in the apparent free 

fraction as the switching time was increased was due to less contamination being present in 

this fraction as a result of dissociation of the original drug-protein complex or other non-

retained sample components. For both carbamazepine and warfarin, the apparent free 

fraction became constant as the presence of the contamination was minimized [15,17].

In Figure 5, the use of a switching time of 0.3 min or longer after sample injection for 

carbamazepine, or of 2.6 min or longer for warfarin, resulted in a consistent apparent free 

fraction. However, the precision of this free fraction measurement tended to become worse 

as the switching time was increased further. This loss of precision occurred as smaller 

amounts of the free drug fraction were allowed to pass onto the second column, resulting in 

greater variability in the measurement of this fraction. The same effect has been observed in 

the use of HSA microcolumns in a two-dimensional system for ultrafast affinity extraction 

[15,17].

As a result of these combined effects, the analysis of carbamazepine or warfarin by the two-

dimensional affinity system with AGP microcolumns was carried out by using a valve 

switching time of 0.30 min or 2.6 min, respectively. These switching times provided free 

fractions that had both good accuracy and reasonably high precision. Similar experiments 

that were conducted with disopyramide, lidocaine and propafenone gave optimal switching 

times of 1.6, 1.0 and 2.4 min. These conditions allowed consistent free fractions to be 

measured for these drugs with relative precisions that ranged from ± 3.1 to 9.8%.

4.4. Measurement of free drug fractions

The next phase of this study sought to measure the free fractions for the model drugs in 

serum and at therapeutic concentrations by using ultrafast affinity extraction and the two-

dimensional affinity system. Two pooled samples of normal human serum (i.e., serum 

samples 1 and 2) were used in these experiments. The levels of HSA in serum samples 1 and 

2 were 511 and 481 µM, respectively, as reported by the supplier of these materials. The 

levels of AGP in the same samples were determined to be 20.0 (± 1.6) and 19.5 (± 2.0) µM, 

as measured by immunoaffinity chromatography (see Supplementary Material). Each drug 

was spiked into these serum samples at two different therapeutic concentrations. These 

samples were then measured by both ultrafast affinity extraction and ultrafiltration, with the 

latter being used as a reference method.
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The free drug fractions that were measured in these samples are summarized in Table 1. 

These measured free fractions ranged from 0.87–0.89% for warfarin to 29–31% for 

lidocaine and represented free drug concentrations in serum that spanned from 0.065 to 6.2 

µM. All of the results obtained by ultrafast affinity extraction gave good agreement with 

those acquired by ultrafiltration. No significant differences were seen in these values at 95% 

confidence level. The absolute difference in these results was 1.8% or less (average, 0.3%) 

and the relative difference was 5.8% or less (average, 1.3%). The experimental results were 

also consistent with those that were predicted based on the known protein content of these 

samples and the previously-reported affinities of these same drugs for AGP and HSA (see 

binding constants given in Table 2 and discussion in the Supplementary Material) [27,29–

37]. The use of these binding constants gave predicted free fractions in the serum samples of 

19.8–20.7% for carbamazepine, 5.8–8.1% for disopyramide, 25–34% for lidocaine, 8.2–

9.1% for propafenone and 0.87–0.89% for warfarin.

Several other features were compared for ultrafast affinity extraction and ultrafiltration 

during these measurements. Both of these approaches gave good and comparable precision 

for the estimated free fractions. The free drug fractions measured by ultrafast affinity 

extraction had an absolute precision of ± 0.01–2.7% and a relative precision of ± 1.1–19.6%, 

while the values determined by ultrafiltration had an absolute precision of ± 0.02–1.2% and 

a relative precision of ± 0.5–14.3%. However, ultrafiltration required a much larger amount 

of sample for this type of analysis (e.g., 1 mL per ultrafiltration step), while the use of 

ultrafast affinity extraction only required 3–10 µL of each sample per injection. Another 

difference in the two methods was that each ultrafiltration membrane was used for only a 

single sample or standard; however, a single AGP microcolumn could be used to process 

over 100 injections of samples and standards.

These two methods also differed in the number of steps and in the time that was needed to 

measure a free drug fraction. The ultrafiltration approach required the combined use of 

separate centrifugation and chromatographic steps to isolate and measure the free drug 

fractions. Ultrafast affinity extraction, on the other hand, allowed these free drug fractions to 

be isolated and measured on a single automated system. For ultrafiltration, approximately 3 

h was needed to determine the free drug fraction in a single sample, although multiple 

samples could be processed simultaneously during the centrifugation part of this process. 

The ultrafast affinity extraction and two-dimensional method examined one sample at a time 

but could provide results within 5–20 min of injection, depending on the drug that was being 

examined.

4.5. Determination of binding constants for drugs with AGP

The free drug fractions that were measured in the serum samples were also used with Eq. (7) 

and the known protein concentrations in these samples to estimate the binding constants for 

each drug with AGP. Table 2 summarizes the binding constants that were obtained. All of 

the binding constants that were estimated by ultrafast affinity extraction agreed at the 95% 

confidence level with the values that were acquired for the same samples when using 

ultrafiltration. The relative difference in these values was less than or equal to 16.6%, and 

the average absolute value for the relative difference was only 4.8%. The binding constants 

Bi et al. Page 11

J Chromatogr A. Author manuscript; available in PMC 2017 February 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that were determined for these drugs with AGP also agreed with literature values that have 

been reported under similar pH and temperature conditions (i.e., 37°C and pH 7.4) [27,29–

31,33].

A comparison of the results for each drug at the various drug/protein concentrations that 

were tested indicated there was no significant change (at the 95% confidence level) in the 

binding constants that were obtained for each drug in the two serum samples. The relative 

precisions of the binding constants for AGP that were determined by ultrafast affinity 

extraction ranged from ± 5.1–19.6% (average, 10.6%) for carbamazepine, disopyramide, 

lidocaine and propafenone, and varied from ± 25.7–40.5% for warfarin (i.e., the drug with 

the lowest measured free fractions). The relative precisions that were obtained by 

ultrafiltration for the same types of measurements ranged from ± 35.4–43.0% for warfarin 

and ± 1.0–15.0% (average, 6.6%) for the other drugs that were examined.

It is interesting to note that good agreement with the literature was obtained when measuring 

binding constants for the drugs with AGP in serum even though HSA, which was also 

binding to these drugs, was present in a 25- to 26-fold mole excess versus AGP. For 

warfarin (i.e., a drug with moderate-to-strong binding to both AGP and HSA), 95% of this 

drug was bound to the HSA in these serum samples and only 4% was bound to AGP. Drugs 

that had much stronger binding to AGP than to HSA (e.g., disopyramide and propafenone) 

gave a situation in which AGP accounted for a higher portion of the bound fraction, with 

78–88% of the total drug being bound to AGP versus 3–14% for HSA. Drugs that had 

moderate affinities for AGP (e.g., carbamazepine and lidocaine) had intermediate 

contributions to their bound fractions due to AGP (25–59% of the total drug) and HSA (15–

54% of the total).

5. Conclusions

This work examined the use of immobilized AGP in ultrafast affinity extraction and a two-

dimensional affinity system for the measurement of free drug fractions in serum. A number 

of model drugs were used in this work, giving free drug fractions in serum that ranged from 

0.87–29%. The free drug fractions that were determined by this method had good precision 

and agreed with the results obtained for the same samples by ultrafiltration. The results were 

also used to estimate the binding constants for the model drugs with AGP. These latter 

measurements were made in the presence of a large excess and physiological level of HSA 

(i.e., a second binding protein for the same drugs) and showed good agreement with 

previous literature values.

This work indicated that AGP microcolumns could be used for ultrafast affinity extraction to 

measure free drug fractions and to directly study the binding of drugs to proteins such as 

AGP that are present in serum or other complex samples. These measurements were made in 

a label-free manner and examined the interactions of drugs and proteins in solution. 

Detection in this particular case was based on absorbance detection, although other types of 

HPLC detection modes could be used in future studies [4–6,11,13–15]. These experiments 

were also conducted under conditions that represented typical therapeutic or physiological 

levels for the drugs and proteins of interest. The two-dimensional affinity method was 
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reasonably fast, providing results within 10–20 min of sample injection, and could be fully 

automated. In addition, this technique required much less time and sample to carry out than 

ultrafiltration, which is a common method for free drug fraction measurements.

It was found in this study that AGP microcolumns could be used to carry out free fraction 

measurements on drugs that have relatively weak binding to HSA. This feature makes this 

approach highly complementary to prior work that has used HSA microcolumns for free 

drug fraction measurements [4–6,11,13–15]. As a result, this work should significantly 

expand the range of pharmaceutical agents that can be examined by ultrafast affinity 

extraction for free fraction analysis and for the determination of binding constants for 

solution-phase drug-protein interactions. Based on the general observations that were made 

during the development of this method, the same technique could be extended in the future 

for use with other binding agents. This approach is now being explored for monitoring drugs 

in clinical samples and in looking at the changes in drug interactions with serum proteins 

during various disease states [4–6,11,13–15]. Continued research should make this approach 

a powerful tool for areas such as personalized medicine and the high-throughput analysis of 

drug-protein binding in biological samples.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Microcolumns containing the protein alpha1-acid glycoprotein (AGP) were 

developed.

• The AGP microcolumns were tested for use in measuring free drug fractions.

• Several model drugs with known binding to AGP were used as model analytes.

• The free fractions measured in serum agreed with the results of ultrafiltration.

• Binding constants for the drugs with AGP were also determined by this 

approach.
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Figure 1. 
General scheme for the separation of the free and protein-bound fractions of a drug and 

measurement of the free drug fraction by using immobilized AGP in an affinity 

microcolumn for ultrafast affinity extraction, followed by an AGP analytical column as part 

of a two-dimensional affinity system.
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Figure 2. 
Effect of the injection flow rate on the apparent free fractions that were measured for 

samples containing 20 µM AGP and 10 µM of carbamazepine (□), disopyramide (Δ), 

lidocaine (◊), propafenone (○) or warfarin (×) when injected at pH 7.4 and 37 °C onto AGP 

microcolumns. The AGP microcolumns were 5 mm × 2.1 mm i.d. for carbamazepine or 

lidocaine and 2 mm × 2.1 mm i.d. for disopyramide, propafenone or warfarin. The injection 

volume was 3 µL for the carbamazepine or lidocaine samples and 10 µL for the samples 

containing disopyramide, propafenone or warfarin. The error bars represent a range of ± 1 

S.D. (n = 3).
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Figure 3. 
Typical chromatograms obtained at 3.0 mL/min during the injection of (a) 3 µL of 15 µM 

carbamazepine/20 µM AGP/481 µM HSA (top) or 15 µM of carbamazepine alone (bottom) 

onto a 5 mm × 2.1 mm i.d. AGP microcolumn, and (b) 10 µL of 7.5 µM warfarin/20 µM 

AGP/481 µM HSA (top) or 7.5 µM of warfarin alone (bottom) onto a 2 mm × 2.1 mm i.d. 

AGP microcolumn. These chromatograms were processed by using the locally weighted 

scatterplot smoothing function of PeakFit 4.12.
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Figure 4. 
Chromatograms obtained on the second AGP column in a two-dimensional affinity system 

for the retained peaks from an AGP microcolumn, as observed when using various times to 

place the second column on-line in this system. These results are for 3 µL injections that 

were made onto the AGP microcolumn of a mixture containing 15 µM carbamazepine/20 

µM AGP/481 µM HSA. The chromatograms shown in this figure were acquired at 0.50 

mL/min on the second AGP column, which had dimensions of 10 mm × 2.1 mm i.d. The x-

axis shows the total time that had elapsed following sample injection onto the system. The 

times shown by the peaks are the times at which the second column was placed on-line with 

the AGP microcolumn.
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Figure 5. 
Effect of changing the time at which the second AGP column was placed on-line (i.e., the 

valve switching time) on the apparent free fractions that were measured for samples 

containing (a) 15 µM carbamazepine/20 µM AGP/481 µM HSA or (b) 7.5 µM warfarin/20 

µM AGP/481 µM HSA. The times on the x-axis represent the interval that had elapsed from 

sample injection to placement of the second affinity column on-line with the AGP 
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microcolumn. Other experimental conditions were the same as described in the text. The 

error bars represent a range of ± 1 standard error of the mean (n = 3).
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Table 1

Free fractions measured by ultrafast affinity extraction and ultrafiltration for various drugs in serum at 

therapeutic concentrations

Drug and serum samplea
Measured free drug fractionb

Ultrafast affinity extraction Ultrafiltration

Carbamazepine: 30 µM drug + serum 1 20.8 (± 0.8)% 20.5 (± 0.4)%

15 µM drug + serum 2 20.0 (± 0.5)% 20.1 (± 0.1)%

Disopyramide: 15 µM drug + serum 1 8.1 (± 0.6)% 8.0 (± 0.7)%

7.5 µM drug + serum 2 5.6 (± 1.1)% 5.6 (± 0.8)%

Lidocaine: 15 µM drug + serum 1 29.1 (± 2.7)% 30.9 (± 1.2)%

7.5 µM drug + serum 2 27.8 (± 2.3)% 28.4 (± 0.7)%

Propafenone: 7.5 µM drug + serum 2 9.0 (± 0.8)% 9.0 (± 0.6)%

5 µM drug + serum 2 8.1 (± 0.8)% 8.0 (± 0.7)%

Warfarin: 15 µM drug + serum 2 0.89 (± 0.01) % 0.88 (± 0.02) %

7.5 µM drug + serum 2 0.87 (± 0.02) % 0.87 (± 0.02) %

a
The human serum samples 1 and 2 had HSA contents of 34 and 32 g/L (i.e., 511 and 481 µM), and AGP contents of 20.0 (± 1.6) and 19.5 (± 2.0) 

µM, respectively.

b
The free drug fractions were all measured at pH 7.4 and 37 °C. The values in parentheses represent a range of ± 1 S.D. (n = 3).
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Table 2

Association equilibrium constants, or global affinities, measured by ultrafast affinity extraction and 

ultrafiltration for various drugs with AGP in human serum

Drug and serum samplea
Association equilibrium constant or global affinity for drug with AGP (M−1)b

Ultrafast affinity extraction Ultrafiltration Literature [Ref.]c

Carbamazepine: 30 µM drug + serum 1 0.95 (± 0.11) × 105 1.02 (± 0.05) × 105 1.0 (± 0.1) × 105 [27]

15 µM drug + serum 2 0.99 (± 0.05) × 105 0.98 (± 0.01) × 105

Disopyramide: 15 µM drug + serum 1 1.00 (± 0.08) × 106 1.01 (± 0.09) × 106 1.0 × 106 [29]

7.5 µM drug + serum 2 1.07 (± 0.21) × 106 1.07 (± 0.16) × 106

Lidocaine: 15 µM drug + serum 1 1.59 (± 0.19) × 105 1.37 (± 0.07) × 105 1.1–1.7 × 105 [30]

7.5 µM drug + serum 2 1.37 (± 0.13) × 105 1.31 (± 0.04) × 105

Propafenone: 7.5 µM drug + serum 2 6.62 (± 0.60) × 105 6.62 (± 0.42) × 105 6.5 × 105 [31]

5 µM + serum 2 6.57 (± 0.66) × 105 6.65 (± 0.55) × 105

Warfarin: 15 µM drug + serum 2 2.64 (± 1.07) × 105 2.65 (± 1.14) × 105 2.3 × 105 [33]

7.5 µM drug + serum 2 2.26 (± 0.58) × 105 2.71 (± 0.96) × 105

a
The human serum samples 1 and 2 had HSA contents of 34 and 32 g/L (i.e., 511 and 481 µM), and AGP contents of 20.0 (± 1.6) and 19.5 (± 2.0) 

µM, respectively.

b
These binding constants were measured at pH 7.4 and 37 °C. The values in parentheses represent a range of ± 1 S.D., as based on error 

propagation using the measured free fractions in Table 1. The values that were determined by ultrafast affinity extraction and ultrafiltration for 
AGP, as given by Ka,A in Eq. (7), made use of the following association equilibrium constants for the same drugs with HSA, as represented by 

Ka,H in Eq. (7): carbamazepine, 5.3 × 103 M−1 [36]; disopyramide, 4.6 × 103 M−1 [35,37], lidocaine, 1.14 × 103 M−1 [30], propafenone, 2 × 

103 M−1 [34], and warfarin, 2.3 × 105 M−1 [32].

c
Most of these literature values were measured at pH 7.4 and 37 °C. The only exception was the value for disopyramide, which was obtained at pH 

7.4 and 4 °C.
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