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Abstract 

Ultrafast affinity extraction (UAE) has recently been developed and employed for 

measuring non-bound (or free) fractions and binding or rate constants for drugs and other targets 

with soluble binding agents such as serum proteins. This study examined the long-term stability 

of 10 mm × 2.1 mm i.d. affinity microcolumns when used in UAE at both low and high flow rates 

(e.g., 0.5 and 3.5 mL/min) over an extended series of injections. This stability was investigated by 

using immobilized human serum albumin (HSA) and samples containing the drug warfarin with 

or without soluble HSA as a model system. The free warfarin fractions measured at 0.5 mL/min 

in the presence of soluble HSA were stable up to 150 injections and changed by < 10% at 3.5 

mL/min. The association equilibrium constant for warfarin with HSA that was estimated by UAE 

at 3.5 mL/min had no significant change over 50 injections and a change of up to only ~18-22% 

over 100-150 injections. The dissociation rate constant for warfarin from HSA was found by 

combining UAE results at 0.5 and 3.5 mL/min and employing a new two-point approach, with no 

significant changes in this value being seen even after 200 injections. The effects of extended 

microcolumn use on the retention time, peak width, and peak asymmetry for warfarin, and on the 

backpressure of the microcolumn, were also considered. These results indicated that UAE and 

HSA microcolumns could be used to provide consistent values for free solute fractions, binding 

constants, and rate constants over a large series of injections. These results should be useful in 

future work by providing guidelines for the assessment, further development, and use of UAE in 

characterizing interactions involving other drugs and binding agents in solution-based samples. 

  

Keywords: Ultrafast affinity extraction; Affinity microcolumn; Drug-protein binding; Free drug 

fraction; Human serum albumin; Warfarin  
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1.  Introduction 

   Ultrafast affinity extraction (UAE) is a form of high-performance affinity chromatography 

that has recently been used to measure the non-bound (free) fractions of drugs and hormones in 

aqueous solutions and biological matrices [1–10].  This method has also been used to determine 

equilibrium and rate constants for the interactions of drugs and hormones with soluble binding 

proteins [1,3,9,10].  In UAE, a mixture in solution containing the solute of interest and a binding 

agent is injected onto an affinity microcolumn (i.e., a column with a volume in the mid-to-low 

microliter range); this microcolumn is designed to contain an immobilized agent that can quickly 

and selectively capture the solute in its free form [1-10]. The result is a separation of the free vs 

bound forms of the solute in the sample, as is illustrated in Figure 1 [4–10]. 

UAE has been employed in prior work with a variety of proteins and solutes. For example, 

this method has been used to investigate the binding of human serum albumin (HSA) with drugs 

that are anticoagulants, antihypertensives, antiarrhythmics, antidiabetics, and antipsychotics 

[7,8,10].  UAE has been utilized in the same manner to examine the interactions of α1-acid 

glycoprotein (AGP) with various drugs, which have included antihypertensives, antiarrhythmics, 

anticoagulants, anticonvulsants, β-blockers, antipsychotics, antidepressants, kinase inhibitors, and 

anesthetics [4-6].  This approach has also been used to examine binding by HSA, or related 

proteins, and sex-hormone binding globulin with the hormone testosterone [1,3]. 

 There are two sets of conditions under which UAE can be performed. If UAE is carried 

out at a relatively high flow rate and at a short column residence time for the non-retained sample 

components, it is possible to retain the free form of a solute without having significant release of 

the same target from its soluble binding agent [1–10].  These conditions make it possible to 

measure the true free fraction of the solute that was present at equilibrium with the binding agent 

in the original sample [1–10].  The same data can be used to determine the equilibrium constant(s) 
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for the interaction of the target solute with the soluble binding agent [1–10].  As an alternative, the 

use of a lower flow rate and longer column residence time can allow dissociation of the solute 

from the binding agent as this mixture passes through the microcolumn. These latter conditions 

will increase the amount of originally-bound solute that is captured and provide data on the 

dissociation rate of this solute from the soluble binding agent [1,3,7,9,10].  Some advantages of 

using UAE for these applications include its ability to work with systems that have low-to-strong 

affinities, its capability of measuring a free solute fraction in minutes, and its need for only a small 

volume of sample for each study (i.e., low µL range) [1–10]. 

One item that has not been examined in detail in prior work is the long-term stability of 

affinity microcolumns during UAE [1,3,9,10].  Such information is needed to assess how changes 

in this stability and microcolumn behavior may affect the measurement of solute free fractions and 

equilibrium or rate constants by this approach. This stability will be evaluated in this work by 

using HSA as both the immobilized binding agent and the soluble protein in injected samples.  

HSA is a major transport protein that binds to a variety of drugs, hormones, and fatty acids [11–

17], leading to the creation of both protein-bound and free forms of these solutes.  HSA has been 

used in UAE as a capture agent in microcolumns for many drugs and some hormones [1,2,7–10].  

The model solute that will be used in this work is warfarin, a common anticoagulating agent with 

well-characterized binding to HSA (e.g., as examined in prior chromatographic studies and some 

reports using UAE) [9,10,18].  The stability of affinity microcolumns that are used to examine this 

model system will be assessed over an extended series of injections and at representative low and 

high flow rates that have been used in prior UAE studies [1,3,9,10].  The results should provide 

valuable information in extending affinity microcolumns and UAE to the measurement of free 

fractions, equilibrium constants, and rate constants for other solutes or binding agents. 
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2.  Experimental 

2.1.  Reagents 

   The HSA (Cohn fraction V, essentially fatty acid-free, ≥ 96% pure), racemic warfarin (≥ 

98%), and sodium nitrate (≥ 99%) were purchased from Sigma (St. Louis, MO, USA). Nucleosil 

Si-300 (7 μm particle diameter, 300 Å pore size) was obtained from Macherey Nagel (Dűren, 

Germany).  All buffers and aqueous solutions were prepared using water from a Milli-Q system 

(Barnstead, Dubuque, IA, USA) and filtered using Osmonics 0.22 μM nylon filters obtained from 

Fisher Scientific (Pittsburgh, PA, USA). The reagents employed for the micro bicinchoninic acid 

(BCA) protein assay were from Pierce (Rockford, IL, USA).  

2.2.  Apparatus 

The microcolumns were packed using a Prep 24 pump from ChromTech (Apple Valley, 

MN, USA). The chromatographic system consisted of a PU-2080 Plus pump, an AS-2057 

autosampler, and a UV-2075 absorbance detector from Jasco (Easton, MD, USA), along with a 

six-port LabPro valve (Rheodyne, Cotati, CA, USA). A Jasco X-LC 3167CO column oven was 

used to maintain a temperature of 37.0 (± 0.1) °C during all experiments. ChromNAV v1.18.04 

software and LCNet from Jasco were used to control the system. Chromatograms were analyzed 

and fitted using the progressive, linear, and exponentially-modified Gaussian (EMG) functions of 

PeakFit v4.12 software (Jandel Scientific, San Rafael, CA, USA). Data analysis was carried out 

using Excel for Office 365 (Microsoft, Redmond, WA, USA).  

2.3.  Methods  

The stationary phase, which consisted of HSA immobilized to Nucleosil Si-300 diol-

bonded silica, was prepared by the Schiff base method [9,19].  A control support was made in the 
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same way but without adding HSA during the immobilization step [9,19].  The protein content of 

the HSA support was determined by using a micro BCA assay that employed HSA as the standard 

and the control support as the blank.  This assay gave an HSA content of 81.0 (± 4.0) mg HSA/g 

silica; the reproducibility of preparing such a support, as evaluated using the protein content of 

this support and two prior batches, was estimated to be ± 9% (1 R.S.D.). The HSA support was 

placed into several 10 mm long and 2.1 mm inner diameter (i.d.) stainless-steel microcolumns; 

three HSA microcolumns were prepared in this manner and used at a given flow rate or set of flow 

rates. The microcolumns were downward slurry-packed at 4000 psi (28 MPa) utilizing pH 7.4, 

0.067 M potassium phosphate buffer as the packing solution; the average variation in packing the 

three microcolumns, as evaluated by comparing their initial retention for warfarin (i.e., measured 

according to methods given in the next paragraph) was ± 10% (range, ± 2.5-17%). The 

microcolumns and supports were stored at 4.0 °C when they were not being used. 

A pH 7.4, 0.067 M potassium phosphate buffer was employed for the preparation of 

solutions and acted as the mobile phase for applying and eluting sample components during the 

chromatographic studies. The mobile phase was degassed for 25-30 min before use. Free fraction 

analysis by UAE was performed by injecting 20 µL samples containing 10 µM warfarin without 

HSA or a mixture of 10 µM warfarin plus 20 µM HSA. These injections were made in replicate 

(n = 5) onto HSA microcolumns at flow rates ranging from 0.5 mL/min to 4.0 mL/min. The 

samples were preheated to 37.0 (± 0.1) °C for 30-60 min in the autosampler; the microcolumn was 

equilibrated with the mobile phase at the same temperature using a column oven. The detection 

wavelength for warfarin was 308 nm. The column void time was determined at each flow rate by 

making 20 µL injections of 10 µM sodium nitrate, which was monitored at 205 nm. The behavior 

of a microcolumn over a large series of injections was typically monitored at 50 injection intervals, 
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with results being combined for a set of five sequential injections. The free fraction was calculated 

by dividing the baseline-corrected retained peak area of warfarin for the warfarin-HSA mixture by 

the peak area of this drug in samples containing the same total amount of warfarin but no HSA 

[2,7–10].  Other parameters that were calculated or measured during this process (e.g., equilibrium 

constants, rate constants, and retention times or retention factors) are described in Section 3.  

 

3. Results and discussion 

3.1.  General effect of flow rate on free fraction measurements by UAE 

Figure 2 shows the general effect on the measured free fraction for warfarin in UAE as the 

flow rate used for sample injection was changed over the course of a moderate number of injections 

(i.e., a total of 70 injections over the set of flow rates and replicates used in this example). This 

effect was examined by using samples that contained mixtures of warfarin and soluble HSA vs 

solutions that contained warfarin alone, which was used as a reference. The term Ft (as given on 

the y-axis of Figure 2) was used to represent the apparent free fraction for the captured solute (i.e., 

warfarin) as different amounts of time were allowed in the microcolumn for dissociation of 

warfarin from its binding agent in the sample. The residence time for non-retained components in 

the microcolumn (t) was determined from the microcolumn void volume and the injection flow 

rate [7,9,10].  

As is illustrated in Figure 2, the relative size of the free fraction that was measured by UAE 

depends, to some extent, on the flow rate at which the sample was injected. In this example, the 

injection of a warfarin-HSA mixture (vs a warfarin standard) at a moderate-to-low flow rate (< 3.0 

mL/min) gave an apparent free fraction for warfarin that increased with a decrease in flow rate. 

This occurred because the relatively long sample residence times present at these flow rates (i.e., 

>550 ms up to 3.3 s) allowed partial dissociation of warfarin from the complex of this drug with 
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HSA. This effect led to an increase in the observed value for Ft, as noted in previous studies  

[7,9,10].  However, the measured free fraction for warfarin approached a constant value once this 

dissociation was minimized. In this example, this condition occurred at a flow rate of 3.0 mL/min 

or higher (i.e., when the residence time decreased below ~550 ms).  

The results obtained at short residence times in UAE are known to provide conditions that 

allow minimal dissociation of a solute from its complex with a binding agent in a sample (e.g., 

warfarin-HSA); such conditions, in turn, can allow the measured free fraction of the solute at 

equilibrium (F0) to be used to estimate the affinity for the solute with the binding agent [1,2,7–10].  

For instance, eq. (1) shows how the association equilibrium constant (Ka) can be obtained from 

the value of F0 for a solute and binding agent that have a 1:1 interaction,  

Ka  =  
1−F0 

F0([P]−[D]+[D]F0) 
         (1) 

where [D] and [P] are the total concentrations of the solute and binding agent (e.g., a drug and 

protein) in the injected sample [9,10].   

For the data shown in Figure 2, an estimate of Ka for warfarin with soluble HSA was 

obtained by using free fraction measurements that were made at a flow rate of 3.0 mL/min or 

higher. It was found that free fractions for warfarin that were measured over this range (i.e., from 

3.0 to 4.0 mL/min in Figure 2) gave values that were equivalent at the 95% confidence level 

(Student’s t-test). The average value obtained for F0 over this upper range of flow rates, when 

expressed as a percent, was 25.2 (± 3.2)%.  The value of Ka that was determined from this result 

and by using eq. (1) was 2.4 (± 0.5) × 105 M-1 at pH 7.4 and 37 ⁰C. This equilibrium constant was 

within the range of previous values obtained by various techniques at the same temperature and 

pH (1.6 × 105 – 2.6 × 105 M-1) [9,10,20,21]. 
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   The data acquired at a lower flow rate or over a range of flow rates in UAE can be used to 

examine the rate of dissociation of a solute from its binding agent. This can be done by using eq. 

(2), where kd is the dissociation rate constant of the solute from the binding agent, and other terms 

are the same as defined earlier in this report [7,9,10]. 

                                       ln
1

(1−F𝑡)
 =  kd 𝑡 − ln(1 − Fo)                                                 (2) 

A plot that was prepared according to eq. (2) and for the system examined in this report is given 

in the inset of Figure 2. A linear response was obtained with a correlation coefficient of 0.998 (n 

= 7) and a slope that provided a kd value of 0.59 (± 0.02) s-1 [7,9,10].  This dissociation rate constant 

was within the overall range of previously-reported kd values for HSA and warfarin at pH 7.4 and 

37 ⁰C (i.e., 0.35 – 0.8 s-1) [9,10,22,23]. 

   

3.2. Change in solute peak area and measured free fraction over long-term microcolumn use 

   The next set of studies examined the stability of HSA microcolumns when used over many 

cycles of sample injections in UAE for either equilibrium or kinetic measurements. Flow rates of 

3.5 mL/min and 0.5 mL/min were selected as representing typical sample injection conditions and 

residence times that have been used in UAE for estimating association equilibrium constants and 

dissociation rate constants, respectively. For instance, the column residence time of 475 msec at 

3.5 mL/min that was present for the microcolumns used in this report was in the range of 100-950 

ms that has been used in UAE with other drug/protein systems for estimating Ka or F0 [7,9,10].  

The column residence time of 3.3 s at 0.5 mL/min for the microcolumns employed here was in the 

general range of times that has been used in prior work for examining the dissociation kinetics of 

drugs and solutes with HSA or other serum proteins (e.g., 1.7-6.7 s) [7,9,10]. 
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Figure 3 shows how the amount of warfarin captured by HSA microcolumns changed as 

the number of sample injections and corresponding volume of applied mobile phase (i.e., pH 7.4, 

0.067 M phosphate buffer) increased. These data were obtained for samples containing only 

warfarin or warfarin in the presence of soluble HSA, as shown in Figures 3(a) and 3(b), 

respectively. The results that were acquired at 0.5 mL/min indicated good stability for a 

microcolumn over at least 150 injections, or 2.1 L of applied mobile phase (i.e., >60,000 times the 

void volume of the HSA microcolumn). At this flow rate, there was no significant change at the 

95% confidence level, based on a Student’s t-test, in the area of captured warfarin for most injected 

samples containing warfarin plus HSA; the single exception was an 8% decrease after 200 

injections at 0.5 mL/min.  There was also no significant change, at the 95% confidence level, in 

the peak area of the captured solute for samples containing only warfarin over up to 200 injections 

and 2.8 L of applied buffer (~81,000 microcolumn volumes). 

 A larger change in area for the captured warfarin, both in the presence and absence of 

soluble HSA, was seen when an HSA microcolumn was used at 3.5 mL/min. In this case, the peak 

area had a decrease of 34-35% after 50 injections and the application of 1.1 L (~32,000 

microcolumn volumes) of the mobile phase. The extent of this change increased slightly over the 

next 100 injections, giving a decrease of 40-45% from the original value, and over a total of 200 

injections gave a net decrease of 59-69% from the original value. These changes were all 

significant at the 95% confidence level. 

Figure 3(c) shows the change in the free fraction of warfarin that was measured at the two 

selected flow rates and as a function of the applied volume of mobile phase. The free fraction 

obtained at 0.5 mL/min did not show any significant change over 150 injections, with a decrease 

of only ~8%, over 200 injections and 2.8 L of applied buffer. At 3.5 mL/min, the area of captured 



11 
 

warfarin in the absence or presence of soluble HSA resulted in a change of less than 10% in the 

measured free fraction after 150 injections and 3.3 L of applied buffer, as well as a modest decrease 

of ~24% after 200 injections and 4.4 L of applied mobile phase. These results indicated that UAE 

could provide reasonably stable free fraction measurements even at high flow rates. This occurred 

because long-term changes in the microcolumn tended to create similar relative changes in the 

amount of captured solute whether it was in the absence or presence of the soluble binding agent. 

 

3.3. Change in estimates of equilibrium or rate constants over long-term microcolumn use 

The data in Figure 3 were next used to examine how estimates of the association 

equilibrium constant, Ka, or dissociation rate constant, kd, varied upon long-term use of a 

microcolumn in UAE. The results are shown in Figure 4. The estimates that were obtained for Ka 

in Figure 4(a) were generated by using eq. (1) and the data acquired at 3.5 mL/min. The relative 

standard deviations for the Ka values, as determined through error propagation (see derivation and 

equations provided in the Supplementary Material) and precisions given in Figure 3, were in the 

range of ± 4-19% (average precision, ± 10%). No significant change at the 95% confidence level 

was seen in the estimated value of Ka over at least the first 50 sample injections. After 100-150 

injection cycles there was a ~18-22% increase in the value of Ka, which was significant at the 95% 

confidence level, and after 200 injections the apparent value of Ka rose by 69% vs the initial result 

obtained with a new microcolumn. In each case, a decrease in the measured free fraction for 

warfarin, as shown in Figure 3(c), resulted in an increase in the estimate that was acquired for Ka.  

The change that might be acceptable in such measurements will depend on the precision 

that is present and degree of accuracy that is desired for the estimate of Ka. For instance, at the 

levels of precision that are present in Figure 4(a), an experiment that is designed to obtain a 

maximum deviation in the measured value for Ka of 10% or less would ideally require a 
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microcolumn that has been used for 50 injections or less at high flow rates (e.g., 3.0-4.0 mL/min 

in this current study). Similarly, an experiment with an allowed deviation 20% or less in an 

estimate for Ka could be obtained by using a microcolumn over up to 150 injection cycles under 

the same flow rate conditions. 

The estimates that were obtained for the dissociation rate constant kd in Figure 4 were 

found by revising eq. (2) for use in a two-point method. This new, simplified approach was then 

employed with the results provided at both 0.5 and 3.5 mL/min in Figure 3. This method used free 

fractions for warfarin that were measured at low and high flow rates within the linear range of the 

response for eq. (2) (e.g., as shown within the inset of Figure 2). An advantage of the two-point 

method was that, because it could use data acquired at only two representative flow rates, it allowed 

much shorter analysis times and higher sample throughput than the multi-point method that has 

previously been utilized with eq. (2) [7,9,10].   

Eq. (3) shows the modified form of eq. (2) that was used in the two-point method, 

                                          kd =
ln(1 [1−F𝑡1]⁄ ) − ln(1 [1−F𝑡2]⁄ )

𝑡1− 𝑡2
                                                    (3) 

where F𝑡1
is the apparent free fraction observed for the solute (i.e., warfarin) in the presence of a 

soluble binding agent (HSA) and at the lower flow rate examined in the linear range of eq. (2) 

(e.g., 0.5 mL/min in this study). The term F𝑡2
is the solute’s free fraction that is observed at a higher 

flow rate in the same range (e.g., 3.5 mL/min). The terms 𝑡1 and 𝑡2 are the residence times of the 

non-retained components in the microcolumn at the same set of flow rates. 

Figure 4(b) shows the values of kd that were obtained by the two-point approach. The 

precisions of these values were determined through error propagation (see Supplementary Material 

for equation and details) and were in the range of ± 11-16% (average, ± 13%). It was found that 

there was only a small apparent change of ~3-7% in the estimated value of kd over 50-150 
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injections, followed by a small apparent drop of ~9% after 200 injections. However, none of these 

small changes in kd were statistically significant at the 95% confidence interval. The greater 

consistency in the estimates for kd vs Ka was probably due to the use of data from multiple flow 

rates to obtain kd, instead of a single flow rate for determining Ka, which more effectively 

compensated for changes in microcolumn behavior over time.  

3.4. Evaluation of other potential measures of microcolumn stability in UAE 

Several other potential ways of monitoring microcolumn stability were evaluated for use 

in UAE. One such measure was the retention time for the retained peak of the captured solute. 

Some representative chromatograms that were obtained in this study are provided in Figure 5(a). 

At low flow rates (e.g., 0.5 mL/min), there was sufficient resolution to get a partial separation of 

the two chiral forms of R/S-warfarin, while at higher flow rates these two forms gave a single broad 

peak. However, in both situations it was possible to use the average retention time (i.e., central 

moment) of the elution profile(s) for the two forms to monitor and look for any change in retention 

over extended periods of microcolumn use. 

Figure 5(b) shows how the retention time for warfarin varied during the extended use of 

HSA microcolumns at 0.5 and 3.5 mL/min. The relative precisions for these retention 

measurements were in the range of ± 0.6-4% at both 0.5 mL/min (average, ± 1.2%) and 3.5 mL/min 

(average, ± 1.9%). A decrease in retention time was seen over extended use of HSA microcolumns 

at both these flow rates, but with a larger change occurring at 3.5 mL/min. For instance, a 21-42% 

decrease in retention time was seen for warfarin in the presence or absence of soluble HSA at 3.5 

mL/min and over 150 injections (3.3 L applied buffer), while the same number of injections (and 

2.1 L applied buffer) at 0.5 mL/min gave a 7-17% decrease in retention time. 
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Further experiments were conducted to determine the reasons for this loss in retention. For 

instance, it was known from previous simulations that the shift in retention seen in Figure 5(b) 

followed the trend expected for a gradual loss of active, immobilized binding agent within the 

microcolumn [24]. One possible source of this shift was loss of the immobilized binding agent 

from the support. However, the measured protein content for supports that had been removed from 

the microcolumns after extended use did not show any detectable changes in this content under 

the conditions employed in this study (data not shown). The immobilized binding agent may also 

have been lost over time due to slow dissolution of the support. The presence of this effect was 

confirmed by an increase in the void volume of 15% or more at 0.50 or 3.5 mL/min over the course 

of 200 injections on control microcolumns. Some ways this dissolution of the silica-based support 

could be reduced in the future is by including a guard/saturator column in the system or by 

employing an alternative buffer to potassium phosphate as the mobile phase [8,25,26].  

The shift in retention time seen at 3.5 mL/min showed a good correlation (|r| = 0.963-

0.976, n = 5) with the decrease in warfarin peak area under the same conditions (see Supplementary 

Material). A connection between these parameters was expected because both the retention 

properties and capture efficiency of a microcolumn are related to the amount of active, 

immobilized binding agent [24,27]. The small changes seen for retention times and relative peak 

areas at 0.5 mL/min had no apparent correlation (|r| = 0.338-0.601 for n = 5). The changes in 

retention time shown in Figure 5 occurred even under conditions where consistent free fractions 

and values for Ka or kd were obtained (Section 3.2-3.3). Hence, monitoring the retention time, or 

peak area, of a solute could be an early indicator of changes in microcolumn behavior; however, 

it was also found that only a small or modest change in these factors did not prevent a microcolumn 
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from being employed over long periods of use for free fraction measurements and equilibrium or 

kinetic studies. 

Other parameters that were considered for evaluating microcolumn stability included the 

column backpressure, the width of the retained peak, and asymmetry of this peak (see 

Supplementary Material). The microcolumns used in this study had stable backpressures in the 

range of 1.1-1.9 MPa (160-276 psi) at 0.5 mL/min and 8.8-10.5 MPa (1276-1523 psi) at 3.5 

mL/min. The width of the retained peak was evaluated by using the number of theoretical plates 

(N), as obtained by using the peak width at half maximum [28].  The value of N showed a net, 

overall small decrease of 6-13% at 0.5 mL/min and 5-21% at 3.5 mL/min over the course of 200 

injections, with most of these changes being significant at the 95% confidence interval. The shape 

of the retained peak was examined by using the asymmetry factor that was measured at 10% of 

the peak height (AS10) [29].  In general, no significant changes in this value were seen (at the 95% 

confidence level) under any of the tested conditions up to 150 injections. Even after 200 injections 

a slight change (16%, significant at the 95% confidence level) was only seen at 0.5 mL/min for 

the sample containing warfarin plus soluble HSA. Thus, even though backpressure, N, and AS10 

may play a role as general indicators of system performance, they were not as useful as the free 

fraction, Ka, kd, and retention time for evaluating microcolumn stability in UAE. 

 

4. Conclusion 

This report examined the stability of affinity microcolumns during their use in UAE for 

measuring free solute fractions, equilibrium constants, and rate constants over an extended series 

of sample injections and at both low and high flow rates. This study used 10 mm × 2.1 mm i.d. 

affinity microcolumns containing immobilized HSA and samples containing the drug warfarin 

with or without soluble HSA present. Stable free fractions for warfarin were obtained over at least 
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150 injections at both low and high flow rates (i.e., 0.5 and 3.5 mL/min), and only a small-to-

moderate decrease (~8-24%) was seen after 200 injections. The association equilibrium constant 

for warfarin with HSA, as estimated by using free fractions measured at 3.5 mL/min, was found 

to be consistent and have no significant changes over 50 injections and only a modest change (~18-

22%) after 100-150 injections. A new and simplified two-point method, based on data collected at 

both 0.5 and 3.5 mL/min, was employed for determining the dissociation rate constant for warfarin 

from HSA; no significant change in estimates of this dissociation rate constant were seen even 

after 200 injections. These results represent the first time that the potential variations in these 

values have been measured and compared during the extended use of affinity microcolumns in 

UAE. 

Several chromatographic parameters were examined during these studies as potential 

measures of microcolumn stability. The retention time for captured warfarin was found to decrease 

over a large series of injections made at both 0.5 and 3.5 mL/min, including conditions under 

which consistent values were obtained for the measured free fractions and binding or rate 

constants. This change in retention was mostly likely linked to a slow loss of the support, as 

suggested by prior simulation studies [24] and void time measurements of the microcolumns. The 

backpressure of the microcolumns and the width or symmetry of the retained peaks for the captured 

warfarin were also examined; however, these parameters either showed only small variations in 

their values or no significant changes over the course of the UAE studies.  

The results obtained in this study should be useful in future work with UAE and affinity 

microcolumns by providing guidelines for the assessment, further development, and use of these 

tools for measuring free solute fractions and in examining solution-phase interactions. For 

example, these results indicate that affinity microcolumns can be used in UAE to provide 
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consistent values for equilibrium constants and rate constants even over a large series of sample 

injections. In addition, the trends seen in this work show what types of deviations may be expected 

in these values and provide ways to detect changes in microcolumn performance (e.g., by 

monitoring retention factors, void times, and peak areas), as can be employed to monitor and avoid 

these effects. Potential sources for changes in these microcolumn properties (e.g., loss of the 

binding agent and/or support) were also investigated, as can be used to aid in minimizing these 

effects. Future studies can apply these results in the extension of UAE to alternative systems, such 

as the binding of other drugs or hormones with additional serum proteins or soluble binding agents 

[30]. 

 

5. Declaration of competing interest 

The authors declare that the research was conducted in the absence of any commercial or financial 

relationships that could be construed as a potential conflict of interest. 

 

6. Acknowledgment 

This work was supported, in part, by the National Science Foundation under grant CMI 2108881 

and by the National Institutes of Health under grant R01 DK069629. 

 

References 

[1] X. Zheng, C. Bi, M. Brooks, D.S. Hage, Analysis of hormone-protein binding in solution 

by ultrafast affinity extraction: interactions of testosterone with human serum albumin and 

sex hormone binding globulin, Anal. Chem. 87 (2015) 11187–11194. 

[2] X. Zheng, R. Matsuda, D.S. Hage, Analysis of free drug fractions by ultrafast affinity 

extraction: interactions of sulfonylurea drugs with normal or glycated human serum 

albumin, J. Chromatogr. A 1371 (2014) 82–89. 



18 
 

[3] M.P. Czub, B.S. Venkataramany, K.A. Majorek, K.B. Handing, P.J. Porebski, S.R. Beeram, 

K. Suh, A.G. Woolfork, D.S. Hage, I.G. Shabalin, W. Minor, Testosterone meets albumin 

- the molecular mechanism of sex hormone transport by serum albumins, Chem. Sci. 10 

(2019) 1607–1618. 

[4] S.R. Beeram, C. Zhang, K. Suh, W.A. Clarke, D.S. Hage, Characterization of drug binding 

with alpha1-acid glycoprotein in clinical samples using ultrafast affinity extraction, J. 

Chromatogr. A 1649 (2021) 462240. 

[5] C. Bi, X. Zheng, D.S. Hage, Analysis of free drug fractions in serum by ultrafast affinity 

extraction and two-dimensional affinity chromatography using α1-acid glycoprotein 

microcolumns, J. Chromatogr. A 1432 (2016) 49–57. 

[6] S. Beeram, C. Bi, X. Zheng, D.S. Hage, Chromatographic studies of drug interactions with 

alpha1-acid glycoprotein by ultrafast affinity extraction and peak profiling, J. Chromatogr. 

A 1497 (2017) 92–101. 

[7] B. Yang, X. Zheng, D.S. Hage, Binding studies based on ultrafast affinity extraction and 

single- or two-column systems: interactions of second- and third-generation sulfonylurea 

drugs with normal or glycated human serum albumin, J. Chromatogr. B 1102–1103 (2018) 

8–16. 

[8] X. Zheng, M. Podariu, R. Matsuda, D.S. Hage, Analysis of free drug fractions in human 

serum by ultrafast affinity extraction and two-dimensional affinity chromatography, Anal. 

Bioanal. Chem. 408 (2016) 131–140. 

[9] S.R. Beeram, X. Zheng, K. Suh, D.S. Hage, Characterization of solution-phase drug-protein 

interactions by ultrafast affinity extraction, Methods 146 (2018) 46–57. 

[10] X. Zheng, Z. Li, M.I. Podariu, D.S. Hage, Determination of rate constants and equilibrium 



19 
 

constants for solution-phase drug-protein interactions by ultrafast affinity extraction, Anal. 

Chem. 86 (2014) 6454–6460. 

[11] D.C. Carter, X. He, S.H. Munson, P.D. Twigg, M. Kim, M.B. Broom, T.Y. Miller, Three-

dimensional structure of human serum albumin, Science 244 (1989) 1195–1198. 

[12] U. Kragh-Hansen, Relations between high-affinity binding sites of markers for binding 

regions on human serum albumin, Biochem. J. 225 (1985) 629–638. 

[13] U. Krach-Hansen, V.T.G. Chuang, M. Otagiri, Practical aspects of the ligand-binding and 

enzymatic properties of human serum albumin, Biol. Pharm. Bull. 25 (2002) 695–704. 

[14] D.S. Hage, M. Bian, R. Burks, E. Karle, C. Ohnmacht, C. Wa, Bioaffinity chromatography, 

in: D.S. Hage (Ed.), Handbook of Affinity Chromatography, 2nd ed., CRC Press, Boca 

Raton, FL, 2005: pp. 101–126. 

[15] K. Yamasaki, V.T.G. Chuang, T. Maruyama, M. Otagiri, Albumin-drug interaction and its 

clinical implication, Biochim. Biophys. Acta 1830 (2013) 5435–5443. 

[16] D. Sleep, J. Cameron, L.R. Evans, Albumin as a versatile platform for drug half-life 

extension, Biochim. Biophys. Acta 1830 (2013) 5526–5534. 

[17] G. Rabbani, S.N. Ahn, Structure, enzymatic activities, glycation and therapeutic potential 

of human serum albumin: a natural cargo, Int. J. Biol. Macromol. 123 (2019) 979–990. 

[18] A.C. Moser, C. Kingsbury, D.S. Hage, Stability of warfarin solutions for drug-protein 

binding measurements: spectroscopic and chromatographic studies, J. Pharm. Biomed. 

Anal. 41 (2006) 1101–1109. 

[19] H.S. Kim, D.S. Hage, Immobilization methods for affinity chromatography, in: D.S. Hage 

(Ed.), Handbook of Affinity Chromatography, 2nd ed., CRC Press, Boca Raton, FL, 2005: 

pp. 36–78. 



20 
 

[20] R.A. O’Reilly, Interaction of the anticoagulant drug warfarin and its metabolites with 

human plasma albumin, J. Clin. Invest. 48 (1969) 193–202. 

[21] B. Loun, D.S. Hage, Chiral separation mechanisms in protein-based HPLC columns. 1. 

Thermodynamic studies of (R)- and (S)-warfarin binding to immobilized human serum 

albumin, Anal. Chem. 66 (1994) 3814–3822. 

[22] M.J. Yoo, D.S. Hage, Use of peak decay analysis and affinity microcolumns containing 

silica monoliths for rapid determination of drug-protein dissociation rates, J. Chromatogr. 

A 1218 (2011) 2072–2078. 

[23] J. Chen, J.E. Schiel, D.S. Hage, Noncompetitive peak decay analysis of drug-protein 

dissociation by high-performance affinity chromatography, J. Sep. Sci. 32 (2009) 1632–

1641. 

[24] R. Mallik, M.J. Yoo, C.J. Briscoe, D.S. Hage, Analysis of drug-protein binding by ultrafast 

affinity chromatography using immobilized human serum albumin, J. Chromatogr. A 1217 

(2010) 2796-2803.  

[25] H.A. Claessens, M.A. van Straten, Review on the chemical and thermal stability of 

stationary phases for reversed-phase liquid chromatography, J. Chromatogr. A 1060 (2004) 

23-41. 

[26] J.J. Kirkland, J.W. Henderson, J.J. DeStefano, M.A. van Straten, H.A. Claessens, Stability 

of silica-based, endcapped columns with pH 7 and 11 mobile phases for reversed-phase 

high-performance liquid chromatography, J. Chromatogr. A 762 (1997) 97-112. 

[27] D.S. Hage, R.R. Walters, Non-linear elution effects in split-peak chromatography. I. 

Computer simulations for the cases of irreversible diffusion- and adsorption-limited 

kinetics, J. Chromatogr. 436 (1988) 111-135. 



21 
 

[28] P. Ravisankar, S. Anusha, K. Supriya, U.A. Kumar, Fundamental chromatographic 

parameters, Int. J. Pharm. Sci. Rev. Res. 55 (2019) 46–50. 

[29] J.P. Foley, J.G. Dorsey, Equations for calculation of chromatographic figures of merit for 

ideal and skewed peaks, Anal. Chem. 55 (1983) 730–737. 

[30] D.S. Hage, J.A. Anguizola, A.J. Jackson, R. Matsuda, E. Papastavros, E. Pfaunmiller, Z. 

Tong, J. Vargas-Badilla, M.J. Yoo, X. Zheng, Chromatographic analysis of drug 

interactions in the serum proteome, Anal. Methods 3 (2011) 1449-1460.   

 

  



22 
 

Figure Legends 

Figure 1. General scheme for measuring free solute or drug fractions by ultrafast affinity 

extraction. Terms: Ka, association equilibrium constant (or “binding constant”); kd, 

dissociation rate constant. 

Figure 2.  Effect of injection flow rate on the apparent free fraction (Ft, solid line) and column 

residence (t, dotted line) for 20 µL injections of 10 µM warfarin plus 20 µM HSA 

(vs samples containing 10 µM warfarin alone) on a 10 mm × 2.1 mm i.d. HSA 

microcolumn at pH 7.4 and 37.0 °C for flow rates ranging from 0.5 to 4.0 mL/min. 

The residence time was calculated by using the column void volume and the flow 

rate. The inset shows the results that were obtained when the same data were plotted 

according to eq. (2). The error bars represent a range of ± 1 S.D. (n = 3-5) and in 

some cases were comparable to the size of the data symbols. 

Figure 3. Effect of increasing the volume of applied mobile phase or number of sample 

injections on the relative peak areas measured for captured warfarin when using 

UAE and HSA microcolumns in (a) the absence and (b) presence of soluble HSA 

and at 0.5 mL/min (solid line) or 3.5 mL/min (dotted line). The plots in (c) show 

the relative free fractions that were obtained for warfarin in the presence of soluble 

HSA when combining the results in (a) and (b) at the two tested flow rates. The 

inset in (c) shows the relationship between the number of injections and the volume 

of applied mobile phase. All values on the y-axes were normalized to a value of 1.0 

for the results that were initially acquired for the given samples on a new affinity 

microcolumn. These data were obtained for 20 µL injections of 10 µM warfarin or 

10 µM warfarin plus 20 µM HSA made onto 10 mm × 2.1 mm i.d. HSA 
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microcolumns at pH 7.4 and 37.0 °C. The error bars represent a range of ± 1 S.D. 

for five sequential injections and in some cases were comparable to the size of the 

data symbols. 

Figure 4. Relative change in the estimates made for the (a) association equilibrium constant, 

Ka and (b) the dissociation rate constant, kd, for warfarin with soluble HSA with an 

increase in the number of injections that were made onto HSA microcolumns for 

HSA. These results are based on eqs. (1-2) and the data provided in Figure 3(c) at 

(a) 3.5 mL/min and (b) a combination of the results at 0.5 and 3.5 mL/min. All y-

axis values are normalized to a value of 1.0 for the Ka or kd values that initially 

acquired on a new HSA microcolumn. The error bars represent a range of ± 1 S.D., 

as obtained for five sequential injections; in some cases, these bars were 

comparable to the size of the data symbols. The horizontal dashed lines are 

provided for reference and show the levels at which the measured results deviate 

from the original values by ± 10% or ± 20%, as well as the point at which a result 

would be identical to the initial value. 

Figure 5. (a) Chromatograms obtained for 20 µL samples of 10 µM warfarin (black lines) or 

a mixture of 10 µM warfarin and 20 µM soluble HSA (gray lines) injected onto 10 

mm × 2.1 mm i.d. HSA microcolumns at pH 7.4, 37.0 °C, and (top) 0.5 mL/min or 

(bottom) 3.5 mL/min. (b) Change in the average retention time measured for R/S-

warfarin under the conditions given in (a) and over various volumes of applied 

buffer for samples containing (top) only warfarin or (bottom) warfarin plus soluble 

HSA and at 0.5 mL/min (solid line) or 3.5 mL/min (dashed line). The error bars in 
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(b) represent a range of ± 1 S.D. for five sequential injections and in some cases 

were comparable to the size of the data symbols.  
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Supplementary Material 

 

Error propagation during estimation of an association equilibrium constant by UAE  

Eq. (1) in the main body of this paper shows how the association equilibrium constant (Ka) 

can be obtained in ultrafast affinity extraction (UAE) from the value of original free fraction (F0) 

for a solute and binding agent with a 1:1 interaction, where is [D] and [P] are the total 

concentrations of the solute and binding agent (or drug and protein, in this case) that were in the 

original sample [1,2].  The standard deviation of Ka (𝑆Ka
) can be found through error propagation 

by first taking the derivative of Ka with respect to F0 as shown in eq. (1S) and then substituting the 

derivative in the error propagation formula given in eq. (2S). 

                         
δKa

δF0

=
(− F0)([P]−[D]+[D](F0))−(1−F0)([P]−[D]+[D](2F0))

(F0([P]−[D]+[D]F0))2                                 (1S) 

 

                                            𝑆Ka
= √(

δKa

δF0

)
2

(𝑆F0
)

2
                                                          (2S) 

In this equation, 𝑆F0
is the standard deviation that is obtained experimentally for F0. 

 

Error propagation during estimation of a dissociation rate constant by UAE  

As stated in the main body of this paper, data that are acquired at low-to-moderate flow 

rates in UAE can be used to examine the dissociation rate of a solute from its binding agent in a 

sample. One way this can be accomplished is by using eq. (2) in the main body of the text, where 

kd is the dissociation rate constant for solute with the binding agent, Ft is the apparent free fraction 

of a target solute in presence of a soluble binding agent at residence time t for non-retained 

components in the microcolumn, and other terms are the same as defined previously [1–3].  In this 

relationship, the standard deviation of the term ln
1

(1−F𝑡)
 , as represented by 𝑆

ln
1

(1−F𝑡)
, can be found 

through error propagation by using (3S).  
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                                                 𝑆
ln

1

(1−F𝑡)
= (

1

(1−F𝑡)
) (𝑆F𝑡

)                                               (3S)  

In this equation, 𝑆F𝑡
 is the standard deviation that is obtained experimentally for Ft. 

 

Error propagation in the two-point method for determining a dissociation rate constant 

The dissociation rate constant (kd) shown for warfarin with soluble human serum albumin 

(HSA) in Figure 4(b) were estimated by using UAE and a two-point method. This approach 

employed free fractions for warfarin that were measured at low and high flow rates and within the 

linear range in response obtained over a broader set of flow rates. The relationship that was used 

for this approach is given by eq. (3) in the main body of the text. In this equation, the term 

F𝑡1
represents the apparent free fraction observed for the solute in the presence of soluble binding 

agent at the first flow rate in the range examined, while F𝑡2
represents the free fraction observed at 

the second and higher flow rate. The terms 𝑡1 and 𝑡2 are the residence times of the non-retained 

sample components in the microcolumn at the same set of flow rates. 

The precision of the estimate for kd that is obtained by the two-point method can be 

represented by the standard deviation term (𝑆kd
), as can be found through error propagation by 

using eq. (4S). 

           𝑆kd
=  √((1 [(𝑡1 − 𝑡2)(1 − F𝑡1

)]⁄ )
2

(𝑆F𝑡1
)

2

+ (1 [(𝑡1 − 𝑡2)(1 − F𝑡2
)]⁄ )

2
(𝑆F𝑡2

)
2

)                  (4S) 

In this equation, 𝑆F𝑡1
and 𝑆F𝑡2

are the standard deviations that are obtained experimentally for F𝑡1
and 

F𝑡2
, with all other terms being the same as described for eq. (3). 
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Change in backpressure during using of a microcolumn in UAE 

Figure S1 shows the backpressures that were measured for 10 mm × 2.1 mm i.d. HSA 

microcolumns during their extended use in UAE studies. The backpressure went from an initial 

value of 1.1 MPa to a final value of 1.9 MPa at 0.5 mL/min over 200 injections (i.e., 2.8 L of 

applied buffer). The backpressure at 3.5 mL/min went from 8.8 MPa to 10.5 MPa over 200 

injections (4.4 L of applied buffer). 

 

Effect on efficiency and peak asymmetry during use of a microcolumn in UAE 

Figure S2 shows how the measured efficiency of 10 mm × 2.1 mm i.d. HSA microcolumns 

and the asymmetry of their retained peaks were affected during the extended use of such 

microcolumns in UAE. The efficiency is represented here by the number of theoretical plates (N) 

[4,5], as measured here by using the retention times and peak widths for warfarin that was captured 

from samples containing warfarin only or warfarin plus soluble HSA.  The asymmetry of these 

peaks were measured by using the asymmetry factor that was measured at 10% of their total height 

(AS10) [4].  The general trends that were observed are summarized in the main body of the paper. 

 

Change in retention time vs retained peak area during extended use of UAE microcolumns 

Figure S3 shows the relationship between the retention time that was measured for a 

captured solute (warfarin) and the retained peak area for this solute, as obtained during the 

extended use of 10 mm × 2.1 mm i.d. HSA microcolumns in UAE. The best-fit line for each 

combination of sample and flow rate is provided, as well as the absolute value of the correlation 

coefficient for the fit. These results are discussed and summarized in the main body of the paper.  
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Figure S1. Change in backpressure of 10 mm × 2.1 mm i.d. HSA microcolumns with an 

increase in the volume of applied pH 7.4, 0.067 M phosphate buffer at 37.0 ⁰C and 

0.5 mL/min (solid line) or 3.5 mL/min (dotted line). Other conditions are given in 

the main body of the text. 

 

  

0

2

4

6

8

10

0 1000 2000 3000 4000

C
o

lu
m

n
 B

ac
kp

re
ss

u
re

 (
M

P
a)

Volume of applied buffer (mL of pH 7.4, 0.067 M phosphate)

0.5 mL/min

3.5 mL/min



35 
 

 

 

 

Figure S2. Effect of extended use of HSA microcolumns in UAE on peak asymmetry, as 

measured by the asymmetry factor at 10% peak height (AS10) (a-b), and system 

efficiency, as measured by the number of theoretical plates (N) (c-d). These results 

were obtained fort the indicated flow rates and samples on 10 mm × 2.1 mm i.d. 

HSA microcolumns at pH 7.4 and 37.0 °C. Other conditions are provided in the 

main body of the text. The error bars represent a range of ± 1 S.D. (n = 5) and in 

some cases, were comparable to the size of the data symbols. 
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Figure S3. Relation between retention time and retained peak area for captured warfarin at 0.5 

(a-b) or 3.5 mL/min (c-d) and samples containing only warfarin or warfarin plus 

soluble HSA. The best-fit lines and absolute values for each fit are shown within 

the plots. These results were obtained for 20 µL sample injections made over up to 

200 total injections on 10 mm × 2.1 mm i.d. HSA microcolumns. Other conditions 

are provided in the main body of the text. 
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