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occurred over the range of 1.7-6.7 s and, again with the exception of chlorpromazine,
followed approximately the same order as seen with the lower time limits for these drugs

and the affinities of these drugs for soluble HSA.

Table 3.1 summarizes the kq values that were obtained in this study. The relative
precision of these dissociation rate constants ranged from £ 3-9%. The measured Ky
values differed by only 7-20% from the literature values that have been reported for

acetohexamide, tolbutamide and racemic verapamil.*>*’

In the case of warfarin, the
results of this study fell within the overall range of all previously-reported values for
racemic warfarin or its enantiomers. °*>*° Although gliclazide and chlorpromazine did
not have prior ky values that have been reported, the dissociation rate constants measured
for these drugs did fit within the range that would be expected for drugs with similar
affinities to HSA.™>*"*42 The same trends were seen for kq values that were measured
by ultrafast affinity extraction when 1) a point at the intercept, and representing the
original sample, was included during analysis of the data by using Equation 3.4; 2) when

Equation 3.4 was used with no such point being included in the data set; or 3) when the

data were examined by using Equation 3.5.

Measurement of association equilibrium constants

It was also possible by using ultrafast affinity extraction to obtain the association
equilibrium constant (K,), or the global affinity constant (nK;’) in the case of a system
with multi-site binding,“* for each drug with soluble HSA. For instance, Equation 3.6

can be used for this purpose by employing the free drug fraction that is measured for a
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Table 3.1 Dissociation rate constants measured for various drugs with soluble HSA

by using ultrafast affinity extraction on HSA microcolumns®

Dissociation rate constant, kg (s™)

Drug Estimate, Equation 3.4° Estimate, Equation 3.5 Literature [Ref ]
Warfarin 0.80 (+ 0.05) 0.72 (+ 0.05) 0.41-2 [9,15,40]
Tolbutamide 0.59 (+ 0.03) 0.58 (+ 0.04) 0.49 (£ 0.15) [15]
Acetohexamide 0.67 (x 0.03) 0.63 (= 0.03) 0.58 (x 0.02) [15]
Verapamil 0.35 (+ 0.02) 0.36 (+ 0.02) 0.38 (+ 0.05) [17]
Gliclazide 0.61 (x 0.02) 0.59 (£ 0.04) Not reported
Chlorpromazine 3.96 (+ 0.13) 3.35 (x 0.30) Not reported

®The kq values were measured at pH 7.4 and at 37 °C. Each of the injected samples
contained 10 uM of the drug and 20 uM HSA. The values in the parentheses represent a
range of + 1 S.D., as determined from the slopes of the best-fit lines constructed

according to Equations 3.4 and 3.5.

"These values were found by using Equation 3.4 when a point at the origin was included

in the data set.

Reproduced with permission from X. Zheng, Z. Li, M.l. Podariu, D.S. Hage, Anal. Chem.

86 (2014) 6454-6460.
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drug/protein mixture at equilibrium (Fg) and under injection conditions that minimize

release of the drug from soluble proteins as the sample passes through the column.?

1-F,

Ka= Fo([Pliot — [Altot+[AltotFo )

(3.6)

In this Equation 3.6, [A]w: and [P are the total concentrations of the drug and soluble
protein in the original sample, respectively. This equation was derived for a drug and
protein interaction that involves 1:1 binding, but the same expression can be used to
estimate the global affinity constant for a multi-site drug-protein interaction under a given

set of concentration conditions. 2323537

The K, (or nKy’) values that were obtained by using direct measurements of Fq are
provided in Table 3.2. These values had precisions of + 7-36% and differed by less than
7% for the drugs with single reference values obtained under similar temperature
conditions. In the case of warfarin, the measured K, fell within the range of previously-
reported values. A second method for estimating K, was carried out that utilized the
value of F( that was obtained from the intercept of a plot made according Equation 3.5
during the determination of dissociation rate constants. This second set of values, which
are also given in Table 3.2, had precisions of + 8-22% and differed from the literature
results by less than 23% or, in the case of warfarin, were similar to the range of

previously-reported values.

A comparison of these two approaches indicates that there are distinct advantages
to each method for measuring the equilibrium constant for a drug-protein interaction. As

the data in Table 3.2 suggest, the approach that uses fast flow rates and ultrafast affinity



Table 3.2.

Drug

Warfarin
Tolbutamide
Acetohexamide
Verapamil
Gliclazide

Chlorpromazine
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Equilibrium constants measured for various drugs with soluble HSA by

using ultrafast affinity extraction on HSA microcolumns?

Association equilibrium constant, K,

or global affinity constant, nKy> (M™)

Estimate, Equation

3.6
2.4 (£ 0.4) x 10°
1.1 (£ 0.4) x 10°
1.8 (£0.5) x 10°
1.5 (+ 0.4) x 10*
8.0 (+0.6) x 10*

6.2 (+0.5) x 10*

Estimate, Equations

3.5and 3.6
1.6 (+0.2) x 10°
0.9 (£ 0.2) x 10°
1.3(x0.1) x10°
1.6 (+0.2) x 10
6.9 (+1.0) x 10*

4.9 (+0.5) x 10

Literature [Ref.]

2.0-5.7 x 10° [18,29,30]
1.1 (£0.1) x 10°[19]°
1.7(£0.1) x 10°[20]°
1.4 (£0.1) x 10*[21]°
7.9 (£ 0.1) x 10*[22]°

6.4 x 10* [23]

*These results were measured at pH 7.4 and at 37°C. The values in parentheses represent

arange of £ 1 S.D., as determined by error propagation.

"The global affinity constants for these drugs were calculated from data in the given

references.

“This value represents the average association equilibrium constant for R- and S-

verapamil at their high affinity site on HSA.

Reproduced with permission from X. Zheng, Z. Li, M.I. Podariu, D.S. Hage, Anal. Chem.

86 (2014) 6454-6460.
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extraction to directly measure Fo can provide the more precise estimate of K, or nK, .
However, this method does require obtaining appropriate flow rate conditions for such a
measurement and is carried out at separate flow rates from those that would be used to
measure a dissociation rate constant. The second approach, in which the value of Fy is
obtained from the intercept of a plot made according to Equation 3.5, provides a slightly
less precise estimate of the equilibrium constant but can be carried out with the same
experiments and conditions as those used to find ky. This makes the latter method
attractive for the simultaneous and rapid determination of both kg and K,. This approach
would also be useful for the estimation of equilibrium constants at column pressures or
peak resolutions that may prevent the use of sufficiently high flow rates for the direct

determination of Fg and K,.

Estimation of association rate constants

It was possible from the measured K, and ky values to also estimate the second-
order association rate constant (k,) for each drug with soluble HSA, as found by using the
relationship ki = kg K. This method provided the actual k, value for a drug-protein system
with 1:1 interactions or the net, apparent value of k, for a system with multi-site
interactions. The average k, for racemic warfarin that was determined by this approach
was 1.7 (+ 0.3) x 10° M™*s™ at pH 7.4 and 37°C, which gave good agreement with prior
values reported for this drug.®***°** The association rate constants for tolbutamide,
acetohexamide and racemic verapamil gave k, values of 6.4 (+ 2.4) x 10* M™*s™ 1.1 (+

0.3) x 10° M?*s™ and 5.4 (+ 1.5) x 10° M s, respectively, which were comparable to
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the results calculated from previously-reported kg and K, or nK,’ values for these
systems.™>*"1%? Gliclazide and chlorpromazine gave k, values of 4.7 (+ 0.5) x 10* M*s™
and 2.1 (+ 0.3) x 10> M™* s, which agreed with the range of values that have been

reported for drugs with comparable affinities and dissociation rates for HSA *>*7442

Conclusions

In this chapter, a new method based on ultrafast affinity extraction and affinity
microcolumns containing immobilized HSA was developed and used to measure both the
rate constants and equilibrium constants for drug-protein interactions involving soluble
HSA. The effects of column size and flow rate were considered in these experiments,
and several approaches for these measurements were examined and compared. The
dissociation rate constants obtained by this approach gave good agreement with previous
rate constants that have been reported for the same drugs or for other solutes with
comparable affinities for HSA. The equilibrium constants determined by this method

also showed good agreement with the literature.

The results indicated that ultrafast affinity extraction can be an effective method
for studying both the kinetics and thermodynamics of a drug-protein interaction in
solution. An important advantage of this method is it can directly examine both the
equilibrium processes and interaction rates that occur between a drug and the soluble
form of a protein, thus avoiding any effects immobilization may have on such
interactions.*** The moderate-to-high flow rates and small columns used in this method

make this technique fast, with analysis times on the order of minutes per sample being
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possible.>?® In addition, this approach is not limited to HSA or the drugs examined in
this study but could be applied to other systems (e.g., the interactions of drugs or small
biomolecules with other soluble proteins or to surface receptors on injected particles).
Possible applications for this method include the high-throughput screening of drug

candidates and the rapid characterization of solute-protein interactions. »#*41724
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CHAPTER 4

Combination of Ultrafast Affinity Extraction and Multi-Dimensional HPAC for the

Analysis of Free Fractions for Chiral Drugs

Portion of this chapter have previously appeared in X. Zheng, M.J. Yoo, D.S. Hage “Analysis of Free
Fractions for Chiral Drugs Using Ultrafast Extraction and Multi-Dimensional High-Performance Affinity

Chromatography ” Analyst 2013, 138, 6262-6265.

Introduction

Many drugs and small solutes exist in multiple forms in biological systems.
Drugs are often reversibly bound to carrier agents such as serum proteins in the
circulatory system, causing these drugs to exist in two forms: a free fraction and bound
fraction."* Because the free drug fraction is generally thought to be the biologically-
active form,>* there has been ongoing interest in the creation of improved tools for
measuring free drug fractions and for studying drug-protein interactions in clinical and
pharmaceutical samples.'*® The methods of equilibrium dialysis and ultrafiltration are
often used for this work but can have long analysis times and large sample requirements
(e.g., equilibrium dialysis) or can introduce errors due to nonspecific adsorption to a

membrane (e.g., ultrafiltration or equilibrium dialysis).°

Chromatographic approaches based on high-performance affinity chromatography
(HPAC) and ultrafast affinity extraction have recently been proposed as an alternative

means for measuring free drug or free hormone fractions.*"® In this type of approach,
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small columns containing immobilized antibodies™*"®

or other binding agents, such as
immobilized transport proteins,® are employed to extract the free form of a target drug or
solute on a time scale that minimizes release of the target from its protein-bound form in
a sample. Potential advantages of this approach include its speed, small sample
requirements, good precision and low detection limits, especially when used with
detection based on chemiluminescence or near-infrared fluorescence.>”® However,
previous systems based on this method have been designed to look at only a specific drug

1,2,7-9

or solute (e.g., warfarin, phenytoin and thyroxine) rather than samples that may

contain multiple or related forms of the same target (e.g., a mixture of drug enantiomers).

This chapter will describe the development of a multi-dimensional HPAC system
that uses ultrafast affinity extraction and chiral chromatography to simultaneously
examine the free forms of drug enantiomers in complex samples (e.g., serum) and to
study the binding of such drugs with proteins. R/S-Warfarin and its binding protein
human serum albumin (HSA) were used as models to develop and evaluate this approach.
Warfarin is an anticoagulant often used as a racemic mixture for the treatment of
thromboembolic diseases, with the R- and S-enantiomers having noticeable differences in
their pharmacokinetics and protein binding properties.**°** HSA (molar mass, 66.5 kDa)
is the main binding protein for warfarin and many other drugs in serum and is known to
have strong interactions with both R- and S-warfarin at a region on this protein known as
Sudlow site 1.1%!?13 The data obtained in this study should provide important information
on interaction between protein and two drug enantiomers, as well as data that can be used

in future work to extend this method to other chiral analytes.
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Experimental

Materials and reagents

The HSA (Cohn fraction V, essentially fatty acid free), human serum (from male
AB plasma, H4522, lot 039K0728; sterile filtered and tested negative for HIV-1/HIV-2,
hepatitis B and hepatitis C), and racemic warfarin (98% pure) were from Sigma (St.
Louis, MO, USA). The reagents for the bicinchoninic acid (BCA) protein assay were
from Pierce (Rockford, IL, USA). The Nucleosil Si-300 silica (7 um particle diameter,
300 A pore size) was purchased from Macherey Nagel (Diiren, Germany). All buffers
and aqueous solutions were prepared using water from a Nanopure system (Barnstead,
Dubuque, IA, USA) and were passed through Osmonics 0.22 um nylon filters from

Fisher (Pittsburgh, PA, USA)

Apparatus

The affinity columns were packed using a Prep 24 preparative pump from
ChromTech (Apple Valley, MN, USA). The chromatographic system consisted of a PU-
2080 Plus HPLC pump from Jasco (Easton, MD, USA), two six-port Lab Pro valves
(Rheodyne, Cotati, CA, USA), and a Shimadzu RF-10AXL fluorescence detector (Kyoto,
Japan). An Alltech water jacket (Deerfield, IL, USA) and an Isotemp 3013D circulating
water bath from Fisher were used to maintain a temperature of 37.0 (x0.1) °C for the
columns during all experiments described in this chapter. The chromatographic data
were collected and processed using in-house programs written in LabView 5.1 (National

Instruments, Austin, TX, USA). The ultrafiltration studies were performed using a
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5702RH centrifuge from Fisher and tubes containing Ultracel YM-T cellulose

membranes (30 kDa cut-off), as obtained from Millipore (Billerica, MA, USA).

Column preparation

The stationary phase used in these studies consisted of HSA that was immobilized
on Nucleosil Si-300 silica by the Schiff base, as performed according to the literature.?
Control supports were prepared in the same manner but with no HSA being added during
the immobilization step. The protein content of the final HSA support was determined in

triplicate by a BCA assay using HSA as the standard and the control support as the blank.

An HPLC column packer was used to place the supports into stainless steel
columns with dimensions of 1 cm x 2.1 mm i.d., or 5 cm x 2.1 mm i.d. The columns
with dimension of 3 mm x 2.1 mm i.d.mm used a frit-in-column design, as described in
Ref. 14. The longer columns were prepared using traditional stainless steel HPLC
housings and end fittings. The packing solution for all of these columns was pH 7.4,

0.067 M potassium phosphate buffer, and the packing pressure was 4000 psi (28 MPa).

Chromatographic studies

Figure 4.1 shows the general separation and analysis strategy that was used in this
study to examine the free fractions of R- and S-warfarin. Ultrafast extraction based on an
immobilized HSA microcolumn was first used to separate the free and protein-bound

fractions of R- and S-warfarin in the presence of a sample that contained soluble HSA. In



Figure 4.1
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General scheme for separation of the free and protein-bound fractions of a
drug and resolution of the enantiomers in free drug fraction through the
use of ultrafast extraction and multi-dimensional HPAC. Reproduced with
permission from X. Zheng, M.J. Yoo, D.S. Hage, Analyst 138 (2013)

6262-6265.
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this process, the protein-bound drug and proteins in the sample were eluted in a non-
retained peak from the microcolumn, while the free drug fraction in the sample was
extracted and retained. This retained free drug fraction was later eluted from the
microcolumn under isocratic conditions and delivered to a second, larger HSA column,
which was utilized as a chiral stationary phase for the separation and measurement of the

captured drug enantiomers.™

To be specific, this work utilized a multi-dimensional system in which a 3 mm x
2.1 mm i.d. HSA microcolumn was used for the extraction of free drug fractions and a 5
cm x 2.1 mm i.d. HSA column was used for chiral separations of the retained free drug
fractions. The sample loading, injection and column switching were controlled by two
separate Rheodyne six port valves (Cotati, CA, USA), as shown in Figure 4.2. The
mobile phase was pH 7.4, 0.067 M potassium phosphate buffer in the free drug
extractions and in the initial chiral separations. All samples containing racemic warfarin
and HSA were prepared in this buffer and incubated for at least 1 h before injection to
allow equilibrium to be established between the free and protein-bound fractions of the
drug in the sample.’

The initial studies examining the free fraction extraction of R- and S-warfarin
used a 1.0 pL sample of 10 puM racemic warfarin or a 10 uM racemic warfarin/20 uM
HSA mixture that was injected onto a 3 mm x 2.1 mm i.d. HSA microcolumn at flow
rates ranging from 0.5 mL/min to 6.0 mL/min. In the final method that was developed in
this study, a 1.0 pL sample injection was made onto the 3 mm x 2.1 mm i.d. HSA
microcolumn at a flow rate of 5.0 mL/min for extraction of the free drug fraction.

Eighteen seconds later, a switching valve was used to transfer the eluting free drug



Figure 4.2
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Valve configurations used in the multi-dimensional HPAC system. The
first valve was used for (a) loading and (b) injecting a sample onto an
HSA microcolumn for a free fraction separation. (c) The second valve was
switched when the protein-bound drug complex and excess protein had
been passed through the HSA microcolumn and the free drug fraction had
just begun to exit this microcolumn. The free drug fraction, or a
representative portion, was then passed on to a second and longer HSA
column for a chiral separation. Reproduced with permission from X.

Zheng, M.J. Yoo, D.S. Hage, Analyst 138 (2013) 6262-6265.
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(a) Sample Loading

| Syringe |

A I Detector I

Column 1 Column 2
(3 mm) (5 cm)

(b) Sample Injection and Free Drug/Protein-Bound Drug Separation

| Syringe |

-Waste

| Column 1 Column 2
(3 mm) (5 cm)

(c) Column Switching/Chiral Separation of Free Drug Fraction

| Syringe I

Column 2
(5 cm)

_| Column 1

(3 mm)
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fraction to a longer 5 cm x 2.1 mm i.d. HSA column for use in a chiral separation at 0.5
mL/min. The aqueous samples used in these latter studies contained 5 M racemic
warfarin or a 5 pM warfarin/10 uM HSA mixture; 30 uM racemic warfarin or 30 uM
warfarin/600 pM HSA, to examine the use of this method at clinically-relevant
concentrations; and a mixture of 30 pM racemic warfarin and human serum (which
contained approximately 600 uM HSA) to study the feasibility of using this system with
human serum samples. The warfarin enantiomers were detected by monitoring their
fluorescence at an excitation wavelength of 310 nm and an emission wavelength of 390
nm. The concentrations of R- and S-warfarin in each sample were determined by

comparing the resulting peak areas to those obtained for warfarin standards.

Ultrafiltration studies

Before sample introduction, each ultrafiltration device was washed three times
with 1 mL water and spun at 1500 x g for 5 min. The devices were then washed three
times in the same manner with 1 mL of pH 7.4, 0.067 M potassium phosphate buffer.
Any remaining buffer in the device was removed by spinning the filtration device at 1500
x g for 15 min. Immediately after these washing and pretreatment steps, a 1 mL sample
containing warfarin or warfarin plus HSA, as prepared in pH 7.4, 0.067 M potassium
phosphate buffer or human serum, was introduced into three ultrafiltration devices and
spun at 1500 x g and 37°C for 2.5 min or 6.0 min, respectively (Note: different spinning
periods were used to make sure that no more than 0.5 mL of the sample passed into the

filtrate vial, thus allowing for accurate free drug fraction measurements).*
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The resulting filtrates were collected for the measurement of their warfarin
concentrations by using an HPLC-based chiral separation. This was accomplished by
making a 5 pL injection of each filtrate sample at 1.0 mL/minonto a1 cm % 2.1 mm i.d.
HSA column. The mobile phase in this case consisted of pH 7.4, 0.067 M potassium
phosphate buffer containing 1.5% (v/v) 1-propanol. The elution of warfarin enantiomers
from this column was again monitored by using a fluorescence detector, as described in
the previous section, and the concentrations of R- and S-warfarin in each filtrate were
determined by comparing the resulting peaks areas to those that were obtained by the

same approach when using warfarin standards.

Results and Discussion

Optimization of conditions for multi-dimensional affinity system

Studies were first performed with this system to find the optimum flow rate
conditions for extraction of the free fraction of R/S-warfarin without creating significant
interferences from the portion of the drug that was originally bound to sample proteins
but was released as the initial free drug fraction was removed. Figure 4.3 shows the
apparent free drug fractions that were obtained for warfarin/HSA mixtures at various
flow rates and at 37 °C in pH 7.4, 0.067 M phosphate buffer when using a 3 mm x 2.1
mm i.d. HSA microcolumn for ultrafast affinity extraction. Based on a measured protein
content of 57 (x 1) mg HSA/g silica, the microcolumn was determined to contain 4.0
nmol HSA. The amount of warfarin applied per injection in Figure 4.3 was 0.25% of the

estimated binding capacity. Experiments with injections of only R/S-warfarin indicated



Figure 4.3
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Effect of flow rate on the measurement of free fractions in mixtures of
racemic warfarin and HSA when using ultrafast affinity extraction.
Conditions: 1.0 uL of 10 uM warfarin or 10 uM warfarin/20 uM HSA
injected onto a 3 mm x 2.1 mm i.d. HSA microcolumn. Reproduced with
permission from X. Zheng, M.J. Yoo, D.S. Hage, Analyst 138 (2013)

6262-6265.
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that more than 99% extraction occurred for this drug’s enantiomers under these injection

conditions and at all of the flow rates tested in this study.

In Figure 4.3, the apparent free drug fractions that were measured for a mixture of
warfarin with soluble HSA was elevated at lower flow rates because the longer extraction
period provided in the microcolumn under these conditions allowed for some dissociation
of this drug from its protein-bound fraction in the sample, as noted previously.*® This
process was decreased at higher flow rates and had no significant effect on the measured
free fractions at a flow rate of 5.0 mL/min or higher, which corresponded to a residence

time of 100 ms or less for the sample on the HSA microcolumn.

A second set of studies examined the ability of the multi-dimensional HPAC
system to separate warfarin enantiomers in the retained free drug fraction (see Figure 4.4).
Samples containing 1.0 pL of 5 uM warfarin or a 5 uM warfarin/10 pM HSA mixture
were applied to the multi-dimensional system. The upper peak in Figure 4.4(a) was
obtained by injecting only warfarin onto the HSA microcolumn at 5 mL/min. The free
fraction of warfarin that was extracted by this microcolumn eluted with a retention time
of approximately 17-20 s. This figure also shows a chromatogram that was obtained
when the same amount of warfarin and a two-fold mole excess of soluble HSA were
injected onto the HSA microcolumn under identical conditions. In this case, a large non-
retained peak was now observed at 5-7 s due to the elution of the soluble HSA and
protein-bound fraction of warfarin. The second retained peak in this case represented the
free fraction of warfarin that was extracted by, and later eluted from, the HSA

microcolumn.



Figure 4.4
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Chromatograms for 1.0 pL injections of 5 uM racemic warfarin or 5 uM
racemic warfarin plus 10 uM HSA on (a) an HSA microcolumn at 5.0
mL/min or (b) a chiral HSA column at 0.5 mL/min after sample passage
through the HSA microcolumn. The arrow in (a) shows the time at which
a valve was switched to pass the retained components from the HSA
microcolumn onto the larger HSA column that was used for the chiral
separation. These results were obtained at 37 °C using pH 7.4, 0.067 M
phosphate buffer as the mobile phase for both columns. Reproduced with
permission from X. Zheng, M.J. Yoo, D.S. Hage, Analyst 138 (2013)

6262-6265.



184

(unw ) suny (s) ounL

08 0% 0] 0¢

2JNIXIW YSH + ULIBJIEM JIWJE

2JNIXIW YSH + ULIBLIEM DlWadeY

a|dwes uliejlem Jjwadey

m_QEm.u, upieliem oluaoe

(3nup
331)) yead pauielay

Alsuajul 23uadsalon|) anlle|ay

(ursroud + x3|dwod
ULBLIEM-S  UlIBLIBM-Y u1ao.ad-3nip) jead paulejal-uon

(9)

Allsuajul aouadsalon|) anije|ay

—
4v]



185

The free warfarin fraction, or a representative portion of this fraction, that was
extracted by the HSA microcolumn was then eluted in the presence of the pH 7.4
phosphate buffer onto a 5 cm x 2.1 mm i.d. HSA column at 0.5 mL/min for a chiral
separation. The chromatograms in Figure 4.4(b) show the peaks that were obtained for
R- and S-warfarin in samples that contained only racemic warfarin or racemic warfarin
plus soluble HSA. With this combined approach, it was possible to simultaneously study
the free fractions for both R- and S-warfarin in the original sample. Although the chiral
separation obtained with the pH 7.4 buffer in Figure 4.4(b) provided baseline resolution
for the warfarin enantiomers and was sufficient for these exploratory studies, the speed of
this latter step could be reduced to less than 10 min by using a more efficient HSA

monolith column and/or by adding an organic modifier to the mobile phase.'®**

Measurement of free drug fractions for warfarin enantiomers

The free fraction of R- or S-warfarin in a mixture of racemic warfarin and soluble
HSA was calculated by dividing the concentration of the enantiomer’s free fraction, as
represented by lower peaks in Figure 4.4(b), by the concentration measured for the
enantiomer and at the same total sample concentration but with no soluble protein present,
as represented by the upper peaks in Figure 4.4 (b). The concentrations of the R- and S-
warfarin fractions were determined by comparing the sizes of these peaks to those
obtained with the same chromatographic system and using warfarin standards. The free
fractions for R- and S-warfarin in various samples were measured by this approach based

on multi-dimensional HPAC and by employing a reference method that made use of
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ultrafiltration followed by a chiral separation using an HSA column. The results that

were obtained by each method are summarized in Table 4.1.

Table 4.1 shows that there was good agreement between the free fractions that
were measured in Figure 4.4 by the multi-dimensional HPAC method and by
ultrafiltration followed with a chiral separation. For a sample that contained 5 pM
racemic warfarin and 10 uM soluble HSA, the absolute difference in these free fractions
was 1-6%, with the results showing no significant difference at the 95% confidence level.
In addition, these measured free fractions agreed with the range of 33-43% that was

predicted for R- and S-warfarin based on the known binding constants of this system.**

The multi-dimensional HPAC method was also used to examine other samples.
One of these samples contained 30 UM racemic warfarin and 600 uM HSA, representing
a clinically- relevant concentration of HSA and a typical therapeutic concentration for
warfarin.’® Good agreement between the multi-dimensional HPAC system and reference
method was again obtained, with an absolute difference in the measured free fractions of
0.3-0.5% and no significant differences at the 95% confidence level. In addition, the
measured free fractions were consistent with a range of approximately 0.5-2% that was
estimated from the reported binding constants for the warfarin-HSA interaction.>*® The
free fractions of the warfarin enantiomers were also examined in human serum that was
spiked with a therapeutic level of this drug. The results for the multi-dimensional HPAC
system and reference method were again comparable, with an absolute difference of 0.2-

0.5% and no significant differences being noted at the 95% confidence level.



187

Table 4.1 Free drug fractions measured for R- and S-warfarin in samples containing soluble HSA

or human serum

Measured free fraction®

Sample & Analyte Multi-dimensional

HPAC

Racemic warfarin (5 M) + HSA (10 M)

R-Warfarin 42 (£ )%

S-Warfarin 38 (£ 5)%

Racemic warfarin (30 #M) + HSA (600 M)

R-Warfarin 1.8 (x0.8)%

S-Warfarin 1.3(x0.2)%

Racemic warfarin (30 M) + human serum”

R-Warfarin 27 (x1.7)%

S-Warfarin 1.1(£0.3)%

Ultrafiltration

+ chiral separation

41 (+ 4)%

32 (£ 3)%

1.5 (+ 0.5)%

1.8 ( 0.2)%

2.5 (+0.2)%

1.6 (£0.7)%

*These values were obtained at 37 °C in pH 7.4, 0.0067 M potassium phosphate buffer. The

numbers in parentheses represent £ 1 S.D. (n = 3).

*The human serum contained approximately 600 pM HSA.

Reproduced with permission from X. Zheng, M.J. Yoo, D.S. Hage, Analyst 138 (2013) 6262-

6265.
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Simultaneous estimation of association equilibrium constants for R- and S-warfarin with

soluble HSA

The multi-dimensional HPAC system was next used as a screening tool to
determine the association equilibrium constants for R- and S-warfarin with HSA. This
was accomplished by using the free fraction data along with a single-site binding model.
For a drug and protein interaction that involves 1:1 binding, the relationship between the
free fraction (F) and the association equilibrium constant (K;) for this interaction can be

described by using Equations 4.1 and 4.2,

__ Cq—[D-P]
= o

F (4.1)

_ [D-P]
Ka (Cq — [D=P])(Cp — [D—-P]) (4.2)

in which Cy is the total concentration of drug in the original sample, C, is the total
concentration of protein in the sample, [D-P] is the concentration of the drug-protein

complex in the original sample.’

In this study, both R- and S-warfarin were present in a sample containing racemic
warfarin and both enantiomers were able to interact with any HSA that was present.
Thus, the free fractions for these two enantiomers (Fr and Fs) and their association
equilibrium constants (K,r and K,s) were calculated separately, as described by

Equations 4.3-4.6,

Cr —[R—-P
Fp = A= (4.3)
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[R—P]

Ka,R - (Cr — [R=P])(Cp — [R=P]-[S—P]) @4
Fo = Cs — [S—P] (4.5)

Cs

S—P
K, [S—P] (4.6)

S = (Cs - [5=P])(Cp — [R=P]- [5—P])

where Cg and Cs represent the concentrations of R- and S-warfarin in the original sample.
According to the information provided by their supplier, the R- and S-warfarin were
present in identical amounts in their original racemic mixture. Under these conditions,

the relationship of their concentrations with Cq4 can be described by Equation 4.7.
2Cr=2Cs=Cy 4.7

According to Equations 4.3-4.7 and the data of free drug fractions that were measured in
this study, the overall association equilibrium constants for each drug with HSA can
thereafter be obtained. For instance, by using Equation 4.3 the concentration of the R-
warfarin/HSA complex ([R-P]) could be calculated from the measured free fraction of R-
warfarin (Fr). Substituting the value of [R-P] into Equation 4.4 then made it possible to
obtain Kar.® The same process was employed for the calculation of K,s by using
Equations 4.5 and 4.6. The results that were obtained by this process are shown in Table

4.2.

Table 4.2 shows the initial results that were obtained for the 5 uM warfarin/10 uM
HSA mixture. This table also lists previous binding constants that have been reported for
R- and S-warfarin at Sudlow site | of HSA under the same pH and temperature

conditions.’® Under these conditions, the association equilibrium constants that were
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Table 4.2 Association equilibrium constants for R- and S-warfarin with soluble HSA

based on a single-site binding model

Association equilibrium constant, K, (M™)?

Sample & Analyte  Multi-dimensional Ultrafiltration Literature

HPAC + chiral separation value [Ref. 10]
Racemic warfarin (5 uM) + HSA (10 uM)
R-Warfarin 2.0 (+ 0.4) x10° 2.1 (+0.4) x10° 2.1 (+0.2) x10°
S-Warfarin 2.4 (+0.6) x10° 3.2 (£ 0.4) x10° 2.6 (+ 0.4) x10°
Racemic warfarin (30 xM) + HSA (600 xM)
R-Warfarin 1.0 (+ 0.4) x10° 1.2 (+ 0.4) x10° 2.1 (+0.2) x10°
S-Warfarin 1.3 (+0.2) x10° 0.9 (£ 0.1) x10° 2.6 (+ 0.4) x10°
Racemic warfarin (30 xM) + Human serum”
R-Warfarin 0.6 (+ 0.4) x10° 0.7 (£ 0.1) x10° 2.1 (£ 0.2) x10°

S-Warfarin 1.6 (+ 0.5) x10° 1.1 (+ 0.5) x10° 2.6 (£ 0.4) x10°

*These values were measured for the given samples at 37 °C in pH 7.4, 0.067 M
potassium phosphate buffer. The numbers in parentheses represent a range of +1 S.D.
(n=3) Values from Ref. 10 were measured under the same conditions by using frontal

analysis.
®The human serum contained approximately 600 uM HSA.

Reproduced with permission from X. Zheng, M.J. Yoo, D.S. Hage, Analyst 138 (2013)

6262-6265.
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estimated by multi-dimensional HPAC and the reference methods continued to show
good agreement at the 95% confidence level with one another and with the literature
values. Similar calculations to those used for 5 uM warfarin/10 uM HSA mixture sample
were carried out for the 30 uM warfarin/600 uM HSA mixture and for the spiked serum
samples. As shown in Table 4.2, the association equilibrium constants that were obtained
by multi-dimensional HPAC and the reference approach were again consistent with each
other; however, the estimated binding constants were 38-71% smaller than the literature
values. This latter difference is probably due to the greater uncertainty that was present
for these samples in the measurement of their relatively small free fractions. It is also
possible there were some deviations from a single-site binding model due to greater
nonspecific interactions by warfarin with the much larger amounts of HSA, and other

proteins in the case of the serum, in this second group of samples.

Conclusions

In summary, it was shown that a multi-dimensional HPAC system that used
ultrafast affinity extraction in combination with a chiral separation could be used to
simultaneously measure the free fractions of R- and S-warfarin in serum or drug-protein
mixtures. This approach was also used to estimate the binding constants for these
enantiomers with HSA. The results of this method gave good agreement with a reference
method that was based on ultrafiltration plus a chiral separation. However, the multi-
dimensional HPAC method had several potential advantages over ultrafiltration. For

instance, this method required only 1 pL of sample per injection and could isolate the free
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warfarin fractions within 20-30 s of injection. In comparison, a 1 mL sample was needed
for ultrafiltration and 1 h was required for the separation of a free drug fraction by this
approach. It was also possible to directly couple the ultrafast extraction with a chiral
separation to automate and complete both steps using a single system. This approach is
not limited to warfarin or HSA but could easily be extended to other chiral drugs, or drug
mixtures, and their binding proteins through the use of similar affinity microcolumns and

chiral stationary phases.
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CHAPTER 5

The Use of Ultrafast Affinity Extraction and Multi-Dimensional HPAC to Study the
Interactions of Sulfonylurea Drugs with Normal or Glycated Human Serum

Albumin

Portion of this chapter have previously appeared in 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” Journal of Chromatography A 2014, 1371, 82-89.

Introduction

Diabetes is a disease that is associated with insulin deficiency or glucose
intolerance, which can both result in elevated levels of glucose in the bloodstream.!
Recent reports by the International Diabetes Federation and the American Diabetes
Association have indicated that diabetes affects 366 million people in the world and 25.8
million people in the U.S.>* Type 11 diabetes accounts for about 90-95% of the confirmed
cases of diabetes and results from insulin resistance.>* Sulfonylurea drugs are commonly
used to treat type Il diabetes by stimulating the release of insulin, thereby decreasing the
level of glucose in blood.® Figure 5.1 shows the general structure of a sulfonylurea
drug.*® Examples of common first-generation sulfonylurea drugs are acetohexamide and
tolbutamide; second-generation drugs include gliclazide and glibenclamide, which tend to

be more easily excreted and effective than the first-generation sulfonylurea drugs.®
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Figure 5.1  Structures of common sulfonylurea drugs. The portion within the dashed
box represents the core structure of these drugs. Reproduced with
permission from X. Zheng, R. Matsuda, D.S. Hage, J. Chromatogr. A

1371 (2014) 82-89.
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Sulfonylurea drugs are highly bound to serum proteins and, in particular, to
human serum albumin (HSA).”® HSA is the most abundant serum protein, accounting
for 60% of the total serum protein content and having a normal concentration of 35-50
g/L (526-752 uM). **° HSA has a mass of 66.5 kDa and is composed of 585 amino acids.
HSA functions as a transport protein for many low mass hormones, fatty acids, and drugs
in the bloodstream.? There are two major drug binding sites on HSA, which are often

known as Sudlow sites | and 11,9142

The elevated levels of glucose in blood during diabetes can result in the non-
enzymatic glycation of proteins.”*'® Early stage glycation involves the nucleophilic
addition of a free amine group on a protein to a reducing sugar (e.g., glucose); advanced
glycation products can also form through further reactions.”*®?° It has been found that
there can be a 2- to 5-fold increase in the amount of HSA that is glycated in diabetic
patients when compared with healthy individuals.”* Structural investigations of glycated
HSA have further found that glycation-related modifications can often occur at or near
Sudlow sites | and 11.2% In addition, glycation has been shown to cause changes in the
affinity of various sulfonylurea drugs for HSA.?*** Such changes are of concern because
it has been proposed that they may affect the free, or non-protein bound, and active

fraction of these drugs in the bloodstream.”2%3234

Various methods have been developed in the past to measure free drug
fractions.*>** Two common methods used for free drug analysis are equilibrium dialysis
and ultrafiltration. However, these techniques often require long separation or analysis
times (ranging from 15-30 min to hours) and relatively large sample volumes (i.e.,

typically in the milliliter range). In addition, the non-specific adsorption of drugs to the
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membranes or components of these methods can introduce errors in the free fraction
measurements.**>"*! Ultrafast affinity extraction is an alternative technique that has been
used to measure the free and protein-bound forms of drugs and hormones in clinical and
pharmaceutical samples.*”*%***7 |n this method, an affinity microcolumn that contains an
immobilized binding agent with relatively fast and strong binding for the drug or
hormone of interest is used to extract the free form of this analyte on a time scale that
minimizes dissociation of the same analyte from its protein-bound form in the sample.
The advantages of this approach include its speed, ease of automation, good correlation
with reference methods, and need for only a small amount of the analyte and protein.®*
This method has been used to measure the free fractions of thyroxine, warfarin and
phenytoin in clinical samples.®**%*>* This technique has also been used to estimate the
association equilibrium constants for various drugs with normal HSA.***" In addition, a
multi-dimensional system combining ultrafast affinity extraction with a chiral stationary

phase has recently been used to simultaneously measure the free fractions of warfarin

enantiomers in complex samples.®

This chapter will examine the development and use of ultrafast affinity extraction
in a multi-dimensional system to measure and compare the free fractions of various
sulfonylurea drugs in the presence of normal HSA or glycated HSA. The HSA will be
glycated in vitro at levels similar to those found in patients with prediabetes or diabetes.
Various factors, such as column size and flow rate, will be considered in the optimization
of this system for determining the free fractions of sulfonylurea drugs. The system will
then be used to measure the free fractions and global affinity constants for these drugs

with normal HSA or glycated HSA by using samples that have been prepared at typical
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therapeutic or physiological concentrations of these drugs and proteins. The results will
provide insight concerning how glycation may alter the free fractions of sulfonylurea
drugs in the circulatory system. The same results will also provide valuable information
as to how ultrafast affinity extraction can be modified and developed for use in the study

of drug-protein interactions at clinically-relevant concentrations.

Experimental

Materials and reagents

The HSA (Cohn fraction V, essentially fatty acid free, > 96% pure), tolbutamide,
acetohexamide, gliclazide, and glibenclamide were from Sigma (St. Louis, MO, USA).
The reagents for the bicinchoninic acid (BCA) protein assay were obtained from Pierce
(Rockford, IL, USA). The Nucleosil Si-300 silica (7 um particle diameter, 300 A pore
size) was from Macherey Nagel (Dtiren, Germany). All buffers and aqueous solutions
were prepared using water from a NANOpure system (Barnstead, Dubuque, IA, USA)
and were passed through Osmonics 0.22 pm nylon filters from Fisher Scientific

(Pittsburgh, PA, USA).

Apparatus

The microcolumns used in this chapter were packed using a Prep 24 pump from

ChromTech (Apple Valley, MN, USA). The HPLC system was comprised of a PU-2080
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Plus pump, AS-2057 autosampler, and UV-2075 absorbance detector from Jasco (Easton,
MD, USA), plus a six-port Lab Pro valve (Rheodyne, Cotati, CA, USA). An Alltech
water jacket (Deerfield, IL, USA) and an Isotemp 3013D circulating water bath from
Fisher Scientific were used to maintain a temperature of 37.0 (x 0.1) °C for the columns
during all experiments in this chapter. ChromNAV v1.18.04 software and LCNet from
Jasco were used to control the system. Chromatograms were analyzed through the use of

PeakFit v4.12 software (Jandel Scientific, San Rafael, CA, USA).

Column preparation and protein glycation

Two batches of glycated HSA with different levels of glycation were prepared in
vitro as described previously.?®*! These glycated HSA samples (referred to later in this
paper as gHSA1 and gHSA2) were made by incubating normal HSA at 37 °C and over
four weeks with either moderate or high levels of D-glucose (i.e., 5 or 10 mM) in sterile
pH 7.4, 0.067 M phosphate buffer. The resulting protein solutions were lyophilized and
stored at -80 °C until use. The glycation levels of these modified proteins were
determined by using a fructosamine assay from Diazyme Laboratories (San Diego, CA,
USA), as described in Refs. 29,31. The glycation levels measured for the normal HSA,
gHSAL and gHSA2 samples were 0.24 (+ 0.15), 1.39 (x 0.28) and 3.20 (£ 0.13) mol

hexose/mol HSA, respectively.

Normal HSA was immobilized to Nucleosil Si-300 silica for use as a stationary
phase in ultrafast affinity extraction and the multi-dimensional affinity system. This
immobilization was carried out by using the Schiff base method, as described in Ref. 48.

A control support, in which no HSA was added during the immobilization step, was
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prepared by the same process. A BCA assay was used, according to instructions
provided by the manufacturer of this assay, to determine the protein content of the final
HSA support by using HSA as the standard and the control support as the blank.?*** This
assay gave a protein content of 65 (x 2) mg HSA/g silica.

Affinity columns with lengths of 5 to 25 mm and 2.1 mm i.d. were packed into
standard stainless steel housings by using pH 7.4, 0.067 M potassium phosphate buffer as
the packing solution. The affinity columns with a length of 1 mm and 2.1 mm i.d. were
packed in a similar manner but used a frit-in-column design, as described in Ref. 49. The
packing pressure was 4000 psi (28 MPa) for the 10 or 25 mm long columns and 3000 psi
(20 MPa) for the 1 mm or 5 mm long columns. These columns were stored in pH 7.4,

0.067 M potassium phosphate buffer at 4 °C when not in use.

Chromatographic studies

The multi-dimensional affinity system had two HSA columns that could be
connected in series through the use of a six-port valve, as has been shown in Chapter 4.%
In this system, which is illustrated in Figure 5.2, an HSA microcolumn was first used to
extract a free drug fraction from a sample. A second HSA column was then placed on-
line with the first column to further separate the extracted fraction from other sample
components (e.g., drug that had dissociated from proteins in the sample during passage
through the first column). The mobile phase for both columns was pH 7.4, 0.067 M

potassium phosphate buffer. All samples containing sulfonylurea drugs were dissolved in
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Figure 5.2  General scheme for the separation of the free and protein-bound fractions
of a drug in a sample and measurement of the free drug fraction through
the use of ultrafast affinity extraction and a multi-dimensional affinity
system. Reproduced with permission from X. Zheng, R. Matsuda, D.S.

Hage, J. Chromatogr. A 1371 (2014) 82-89.
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this buffer. The mixtures of the drugs and normal HSA or glycated HSA were prepared
by dissolving each protein in the corresponding drug solutions. These drug/protein
mixtures were incubated for at least 30 min at 37 °C before injection to allow equilibrium
to be established between the free and protein-bound fractions of the drug in the
sample.’” Replicate injections (n = 4) were made for all samples and standards onto the
system. The concentrations of the drugs in the tested samples were representative of the
therapeutic ranges for these agents (i.e., 184-370 uM for tolbutamide, 61-216 uM for
acetohexamide, 15-31 pM for gliclazide, and 0.08-0.4 pM for glibenclamide).®>* The
samples also contained concentrations of normal HSA or glycated HSA that were

representative of the physiological levels of this protein (i.e., 526-752 pM).>

The column sizes and flow rates that were used for ultrafast affinity extraction
were determined as described in next section. The HSA microcolumns that were used for
this purpose in the final system had the following dimensions: 5 mm x 2.1 mm i.d. for
tolbutamide and acetohexamide, 10 mm x 2.1 mm i.d. for gliclazide, and 1 mm x 2.1 mm
i.d. for glibenclamide. A 1.0 uL sample injection was made onto each of these HSA
microcolumns at an initial flow rate of 2.25 mL/min for tolbutamide, 2.5 mL/min for
acetohexamide, 2.5 mL/min for gliclazide, and 0.35 mL/min for glibenclamide during
extraction of the free drug fractions. The valve to which these microcolumns were
connected was then placed on-line with the second HSA column at 1.5 min after injection
for tolbutamide, 2.2 min for acetohexamide, 0.85 for gliclazide, and 5.0 min for
glibenclamide. The flow rate was changed at the same time to 0.50, 0.75, 0.50 or 0.25
mL/min, respectively, for the second portion of the separation. The size of the second

HSA column was 10 mm x 2.1 mm i.d. for tolbutamide and acetohexamide, 25 mm x 2.1
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mm i.d. for gliclazide, and 5 mm x 2.1 mm i.d. for glibenclamide. The following
wavelengths were employed for absorbance detection: 227 nm for tolbutamide, 248 nm
for acetohexamide, 226 nm for gliclazide, and 302 nm for glibenclamide. The free drug
concentration was determined by comparing the resulting peak area to those obtained for
standards containing only the drug. The free fraction was calculated by dividing the free

drug concentration by the total concentration of the drug in the sample.":%4

Results and Discussion
Optimization of conditions for ultrafast affinity extraction

The residence time for the sample in the extraction column is one factor to
consider when using ultrafast affinity extraction to isolate a free drug fraction. One way
this factor can be adjusted is by altering the column size that is used for the extraction
process.>” 334" A relatively short column will provide a smaller column residence time
than a longer column operated at the same flow rate. A shorter column will also have a
lower backpressure, allowing work at higher flow rates, while a longer column size
should provide higher retention and a better separation of the free drug fraction from

other sample components.®"*’

The HSA microcolumns that were used in this chapter for ultrafast affinity
extraction had sizes of 1-10 mm x 2.1 mm i.d. These microcolumns were used at flow
rates up to 3.5 mL/min, giving column backpressures of 1.9-3.2 MPa or less under these

conditions. The ultrafast affinity extractions that were conducted with gliclazide, which
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has relatively weak binding to HSA,***” used 10 mm x 2.1 mm i.d. microcolumns. The

other drugs that were considered, which have stronger binding to HSA,*

were
examined by using 5 mm x 2.1 mm i.d. microcolumns (e.g., for acetohexamide and

tolbutamide) or even 1 mm x 2.1 mm i.d. microcolumns (for glibenclamide).

The flow rate that was used for ultrafast affinity extraction was also adjusted to
control the sample residence time in the affinity microcolumns (e.g., see Figure 5.3).
Low-to-moderate injection flow rates can result in some dissociation of a drug from its
complexes with proteins in the sample, giving an apparent free fraction that is higher than
what was present in the original sample.®’%%®4" However, this effect can be minimized
or made negligible when the flow rate is raised above a certain threshold level, which
typically occurs when the sample residence time in the column is on the order of a few
hundred milliseconds (ms).>***" The size of this effect will vary from one drug to the
next, as is shown in Figure 5.3, and depends on such factors as the rate of dissociation of
the drug from the soluble proteins and the degree of drug-protein binding that was present

in the original sample.*’

Experiments were conducted early in this work to identify the flow rate conditions
that could be used during ultrafast affinity extraction to measure the free fractions of
sulfonylurea drugs in the presence of soluble HSA. These initial studies were carried out
by injecting 1.0 uL samples that contained 5-10 uM of the desired drug or a mixture
containing 5-10 uM of this drug and 5-20 uM of normal HSA. Some typical results are
given in Figure 5.3. It was found for tolbutamide that a consistent free drug fraction was

obtained when using a minimum flow rate of 2.0 mL/min for sample injections on a 5



Figure 5.3
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Effect of injection flow rate on ultrafast affinity extraction of the free
fractions for various sulfonylurea drugs. The results were obtained at pH
7.4 and 37 °C for 1.0 uL injections of (a) 10 uM tolbutamide in the
presence of 20 uM HSA and injected onto a 5 mm X 2.1 mm i.d. HSA
microcolumn, (b) 10 uM acetohexamide in the presence of 20 uM HSA
and injected onto a 5 mm x 2.1 mm i.d. HSA microcolumn, (c) 10 uM
gliclazide in the presence of 20 uM HSA and injected onto a 10 mm x 2.1
mm i.d. HSA microcolumn, or (d) 5 uM glibenclamide in the presence of
5 uM HSA and injected onto a 1 mm X 2.1 mm i.d. HSA microcolumn.
The values shown for the free fraction on the y-axis have no units, because
they represent the ratio of the free drug concentration vs. the total
concentration of the same drug in each sample. Reproduced with
permission from X. Zheng, R. Matsuda, D.S. Hage, J. Chromatogr. A

1371 (2014) 82-89.
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