
Received: 29 September 2021 Revised: 30 May 2022 Accepted: 6 June 2022

DOI: 10.1002/elps.202100320

RESEARCH ARTICLE

Comparison of mobility shift affinity capillary
electrophoresis and capillary electrophoresis frontal
analysis for binding constant determination between
human serum albumin and small drugs

HanaMlčochová1,2 Ratih Ratih1,3 Lenka Michalcová1,2

HermannWätzig1 Zdeněk Glatz2 Matthias Stein1

1Institute of Medicinal and
Pharmaceutical Chemistry, TU
Braunschweig, Braunschweig, Lower
Saxony, Germany
2Department of Biochemistry, Faculty of
Science, Masaryk University, Brno, Czech
Republic
3Department of Pharmaceutical
Chemistry, Faculty of Pharmacy,
University of Surabaya, Surabaya, East
Java, Indonesia

Correspondence
Matthias Stein, Institute of Medicinal and
Pharmaceutical Chemistry, TU
Braunschweig, Braunschweig 38106,
Lower Saxony, Germany.
Email:
matthias.stein@tu-braunschweig.de

Color online: See the article online to
view Figures 1 and 2 in color.

Abstract
In this study, two capillary electrophoresis–based ligand binding assays,
namely, mobility shift affinity capillary electrophoresis (ms-ACE) and capil-
lary electrophoresis-frontal analysis (CE-FA), were applied to determine binding
parameters of human serum albumin toward small drugs under similar exper-
imental conditions. The substances S-amlodipine (S-AML), lidocaine (LDC),
l-tryptophan (l-TRP), carbamazepine (CBZ), ibuprofen (IBU), and R-verapamil
(R-VPM) were used as the main binding partners. The scope of this comparative
studywas to estimate and compare both the assays in terms of their primarymea-
sure’s precision and the reproducibility of the derived binding parameters. The
effective mobility could be measured with pooled CV values between 0.55% and
7.6%. The precision of the r values was found in the range between 1.5% and 10%.
Both assays were not universally applicable. The CE-FA assay could successfully
be applied to measure the drugs IBU, CBZ, and LDC, and the interaction toward
CBZ, S-AML, l-TRP, and R-VPM could be determined using ms-ACE. The aver-
age variabilities of the estimated binding constants were 64% and 67% for CE-FA
and ms-ACE, respectively.
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1 INTRODUCTION

During an early stage of drug development, the
mechanisms of elimination, the contribution of drug-
metabolizing enzymes, the characterization of drug–drug
interactions, and the binding to plasma proteins are
investigated. These interactions significantly affect
pharmacokinetics and pharmacodynamics [1]. The phar-
macokinetic describes drug absorption, distribution,
metabolism, and excretion. The mechanism of drug
action and the relationship between the concentration
at its site of action and pharmacologic response can be
summarized as pharmacodynamics [2]. Plasma proteins
act as a reservoir of the drug and prolong the duration
of the drug’s effect. As only the free drug fraction can
permeate from blood circulation into tissues or organs and
provides pharmacological effects, the extent of protein
binding is a critical attribute [3]. Human serum albumin
(HSA), α1-acid glycoprotein, and various lipoproteins play
a major role in protein–drug interaction. Although HSA
binds mostly acidic drugs, α1-acid glycoprotein is the main
carrier for basic and neutral drugs [4].
Several ligand binding assays (LBA), such as equilibrium

dialysis, ultracentrifugation, parallel artificial membrane
permeability assay, high-performance liquid chromatog-
raphy, surface plasmon resonance, isothermal titration
calorimetry, circular dichroism, or various electrophoretic
techniques, were developed for studying biomolecular
interactions [5, 6]. In contrast to other techniques, CE-
based assays provide several benefits such as high separa-
tion efficiency, the possibility of automation, low sample
consumption, no need for immobilization or labeling of
interacting partners, and the opportunity to use different
detectors [1, 7]. Due to the high number of versatile CE-
based techniques, it can be applied in many situations.
A detailed summary of these different approaches was
published by Galievsky et al. in 2014 [7].
Mobility shift affinity capillary electrophoresis (ms-

ACE) and capillary electrophoresis-frontal analysis (CE-
FA) are the most popular CE-based LBAs for studying
plasma protein–drug interactions [6]. Unfortunately, the
general reliability and the precision of LBAs are often very
limited [8, 9]. For this reason, the applicability, as well
as the analytical quality of the derived binding param-
eter, was studied using ms-ACE and CE-FA. Therefore,
methods with similar experimental conditions were devel-
oped and applied to measure the interaction of HSA
with several drugs, including amlodipine (AML), lidocaine
(LDC), d-tryptophan (d-TRP), l-tryptophan (l-TRP), car-
bamazepine (CBZ), ibuprofen (IBU), propranolol (PRO),
sitagliptin (STG), and verapamil (VPM). Obtained binding
parameters were compared to quantify their reproducibil-

ity and precision as well as to point out the benefits and
drawbacks of both assays.

1.1 Theory of ms-ACE

If an analyte (A) interacts (assuming fast kinetics) with
a ligand (L), which is homogeneously distributed in the
background electrolyte (BGE), “A” exists in free form and
as a complex with the ligand (AL). Assuming the simplest
case of a 1:1 stoichiometry, the binding can be expressed as

A + L

𝑘𝑎
→

←
𝑘𝑑

AL (1)

where ka and kd are the association and dissociation rate
constants, respectively [7, 10–14].
The strength of the binding reaction is commonly

expressed as the value of the association constant (KA) or
the dissociation (KD) constant, see the following equation:

1

𝐾𝐷
= 𝐾𝐴 =

𝑘𝑎
𝑘𝑑

=
𝑎 (AL)

𝑎 (A) ⋅ 𝑎 (L)
(2)

where a(X) denotes the activity of X. In low concentration,
the activity equals the concentration and can be replaced
[10, 12–16].
In this work’s ms-ACE setup, the association constant is

obtained by fitting the shift of the drug’s effective mobility
(μ) and the total HSA concentration (c) to the model equa-
tion using nonlinear regression (NLR). Depending on c, μ
shifts from the drug’s mobility (μf) toward the one of the
fully saturated complex (μc). The standard ms-ACE model
is described by the following equation [15]:

𝜇 =
𝜇𝑓 + 𝜇𝑐 ⋅ 𝐾𝐴 ⋅ 𝑐

1 + 𝐾𝐴 ⋅ 𝑐
(3)

The above equation is generally valid, but
concentration-dependent influences, such as the vis-
cosity, the ionic strength, or the pH of the assay buffer,
must be considered. During a measurement series, these
experimental conditions must be held as constant as
possible, or corrections must be applied [12, 15, 17].

1.2 Theory of CE-FA

As a matter of fact, the same simple reversible and rapid
interaction of A and L as described in Equations (1)
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and (2) applies in CE-FA measurements as well. In this
assay, a large plug of equilibrated mixture is injected and
separated in the electrical field. It leads to the formation
of plateau-like peaks, which can be used to estimate the
free drug concentration (cf). The primary measure in
CE-FA is the ratio (r) of bound drug concentration (cb)
to total HSA concentration; see the following equation
[10, 18–20]:

𝑟 =
𝑐𝑏
𝑐
=

𝑛 ⋅ 𝐾𝐴 ⋅ 𝑐𝑓

1 + 𝐾𝐴 ⋅ 𝑐𝑓
(4)

The cb can be calculated as the difference between the
total drug concentration (ctot) and cf; cb = ctot–cf. In CE-
FA, ctot is defined by the assay and cf can be estimated
from the height (H) of the plateau peaks using a calibration
function. The main advantage of CE-FA is the possibil-
ity of measuring multiple binding (n: number of binding
sites with equal KA values) and assessing cf directly. How-
ever, if a molecule has multiple binding sites, a model
of higher complicity is required [10, 18–20]. The binding
parameters KA and n can be determined by fitting r and cf
to the model equation using NLR or orthogonal distance
regression (ODR) [19–23].

2 MATERIALS ANDMETHODS

2.1 Materials

The reagents were obtained by the following suppli-
ers: monopotassium phosphate: Fluka/Riedel-de Haën
GmbH (Seelze, Germany); disodium phosphate dihydrate:
Fluka; sodium dodecyl sulfate: SERVA Electrophore-
sis GmbH (Heidelberg, Germany); carbamazepine and
verapamil-HCl: TCI Deutschland GmbH (Eschborn, Ger-
many); S-amlodipine (S-AML): Biozol Diagnostica Ver-
trieb (Munich, Germany); R-verapamil and amlodip-
ine besylate: Sigma-Aldrich Chemie GmbH (Steinheim,
Germany); lidocaine–HCl: Fagron GmbH and Co. KG
(Glinde, Germany); ibuprofen: Caelo Caesar and Loretz
GmbH (Hilden, Germany); sitagliptin phosphate mono-
hydrate: Huikang BoYuan Chemical Tech CO LTD (Bei-
jing, China); methanol and potassium chloride: Thermo
Fisher Scientific Inc. (Waltham, USA); acetone, racemic
amlodipine besylate, human serum albumin, propranolol-
HCl, sodium hydroxide, l-tryptophan, and d-tryptophan:
Sigma-Aldrich Chemie GmbH (Munich, Germany). All
aqueous solutions were prepared using deionized water
from an Arium Pro UF/VF (Sartorius, Göttingen, Ger-
many). Every reagent was at least of analytical-reagent
grade. All capillaries were kindly supplied by Polymicro
Technologies (Phoenix, AZ, USA).

2.2 General

All CE experiments were performed on one of two iden-
tical PrinCE-C 760, both equipped with a PDA detector
(spectral range: 190–600nm) and ahigh voltage power sup-
ply (up to 30 kV) from Prince Technologies B.V. (Emmen,
the Netherlands). The instruments were operated using
the PrinCE DAx 3D software. Both the vial rack and
the capillary oven were temperature controlled to 25 ±
1◦C. The BGE of every ACE experiment was 0.067-mol/L
phosphate buffer pH = 7.40.

2.3 Mobility shift ACE

2.3.1 Experimental procedures

Capillary: Bare fused silica, 50-µm id, 375-µm od, total
length: 53.5 cm, effective length: 45 cm. Every electro-
pherogram was recorded over the whole spectral range
but evaluated using a specific wavelength for every ana-
lyte. These wavelengths (nm) are acetone 265, LDC 214,
d-TRP/l-TRP 277, CBZ 285, AML/VPM 240, PRO 290, and
STG 210. Sample concentration: 200 µmol/L (d-TRP, l-
TRP, CBZ), 300 µmol/L (LDC, STG, PRO), 400 µmol/L
(AML), and 600 µmol/L (VPM) diluted in pure BGE, except
the STG and the VPM samples that contained additional
3.6% or 7.2% (v/v) methanol, respectively. The HSA con-
taining BGEs had concentrations of 0, 15, 30, 50, 70, 90,
and 110 µmol/L. Every new capillarywas conditioned using
1-mol/L sodium hydroxide solution (30 min, 1000 mbar),
deionized water (10 min, 1000 mbar), and the pure BGE
(20 min, 1000 mbar and 20 min, 15 kV). At the beginning
of every measurement series the capillary was equilibrated
with the HSA containing BGE (20 min, 1000 mbar and
20 min, 15 kV). Injection: hydrodynamically (50 mbar, 6 s).
Separation: 15 kV with cathode at the outlet.
Note: A detailed description of the experimental proce-

dures can be found in Section S5.

2.3.2 Data processing

The absorption versus time data for the electroosmotic
flow (EOF) and the analytes wavelength was exported and
subsequently analyzed using the programCEVal [17].With
this program, the peakswere fitted to theHaarhoff–van der
Linde (HVL) function and the a1 parameters were used as
absolute mobility. The effective mobility results from the
subtraction of the EOFs from the analyte’s mobility. The
binding parameters were estimated by (weighted) NLR
using the ligand concentration as an independent variable,
the mean effective mobility as a dependent variable, and
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the sample standard deviation (SD) as weights applied to a
viscosity corrected ms-ACE model (see Equation S11) [17].
The reported standard errors (SE) result exclusively from
the uncertainty of the regression. Additional information
about the regression analysis including applied restrictions
is listed in Section S2.

2.4 Frontal analysis (CE-FA)

2.4.1 Experimental procedures

Capillary: Bare fused silica, 50-µm id, 375-µm od, total
length: 43.5 cm, effective length: 35 cm. For all elec-
tropherograms, the spectral range from 190 to 600 nm
was recorded, but just defined wavelengths were evalu-
ated. These wavelengths (nm) were: LDC 214, l-TRP 220,
CBZ 285, IBU 220, AML 240, STG 210, VPM 240, PRO
240. For every measurement series, a ligand (5 mmol/L,
except CBZ: 1.2 mmol/L) and an HSA (500 µmol/L) stock
solution were prepared. Before dilution, IBU was pre-
solved in sodium hydroxide (0.1 mol/L) and AML, CBZ,
VPM were pre-solved in 15% methanol (v/v). The lig-
and stock solutions were used to set up a calibration
curve with c (µmol/L): 50, 100, 300, 500, 700, and 1000.
Every pure ligand sample was measured with two repli-
cates and the estimated plateau heights were fitted to
a linear function. The sample solutions were prepared
by mixing appropriate volumes of the ligand stock solu-
tion, the HSA stock solution, and pure BGE. The final
sample solutions contained 50 µmol/L (IBU, AML, STG,
VPM) or 75 µmol/L (other substances) HSA and 100, 200,
300, 500, 700, 900, or 1000 µmol/L of the ligands. Every
sample was measured with six replicates. New capillar-
ies were conditioned according to the ms-ACE protocol.
At the end of every measurement day, the conditioning
was refreshed using a reduced version of this method (see
Section S5). The sample was injected hydrodynamically
(45 mbar, 30 s) followed by a BGE plug of the same length.
The separation was performed with 15 kV (cathode at the
outlet).
Note:A detailed description of the experimental proce-

dures can be found in Section S5.

2.4.2 Data processing

The average plateau height and the baseline at this point
were evaluated manually using the PrinCE software. The
calibration curve was evaluated by ordinary least-squares
regression. Using the estimated parameters of the calibra-
tion function, cf of the samples could be estimated from
the plateau height. Using this value, r was recalculated.

The mean and SD of cf and r were calculated for every
nominal (total) concentration. As both the independent
and the dependent variables are estimated measures and
mutually correlated, the binding parameters were esti-
mated using nonlinear ODR [23]. ODR showed higher
accuracy in comparison to various types of least squares
for data with uncertainties in x for sorption analysis [22].
Therefore, ODR using the means as best estimates and
the SD values as weights for both variables were applied.
More information about the regression analysis including
applied restrictions can be found in Section S2. More infor-
mation about SE calculation can be found in Section S1
[24].

2.5 Conductivity measurement

Possible conductivity alterations due to the addition of
HSA were measured using a Metrohm Herisau E 518 con-
ductivity meter with a Metrohm Ch-9100 Herisau cell (cell
constant = 0.80 cm−1). The instrument was calibrated
using five different KCl-solutions with concentrations of
20, 40, 60, 80, and 100 mmol/L. The conductivity of four
different BGEs (0, 25, 90, and 120 µmol/L) was analyzed.

2.6 Viscosity measurement

Possible viscosity alterations due to the addition of HSA
were measured using a HAAKE RheoStress viscometer
(coaxial cylinders: DG41, shear rate: 100–1900 s−1, t: 300 s,
steps: 10, step time 30 s, T: 25◦C, HAAKE Rheo job man-
ager). The viscosity of five different BGEs (0, 25, 50, 90, and
120 µmol/L) was analyzed.

3 RESULTS AND DISCUSSION

3.1 Physico-chemical properties of the
BGE

3.1.1 Conductivity

The results of the conductivity measurement are shown
in Figure S1A. As the conductivity is linearly dependent
on the concentration of charged molecules in solution,
the effect of the HSA addition was investigated by linear
regression analysis. The linear regression function has the
following parameters: intercept: 66.38, SE: 0.62 and slope:
−2.58× 10−3 and SE: 8.06× 10−3. According to an ANOVA,
the slope does not significantly different from 0 (signifi-
cance level: 0.05), which means that the effect of HSA on
the conductivity is negligible.
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3.1.2 Viscosity

Figure S1B shows the mean absolute viscosity as a func-
tion of the HSA concentration. In theory, protein solu-
tions should show a monotonically exponential viscosity
increase with increasing concentration [25–27]. For this
reason, the measured viscosity values were fitted to a two-
parametric exponential function [η(c) = exp(ηa + ηb⋅c)].
The parameters ηa and ηb are found to be 12 × 10−3
and 0.27 × 10−3 with SE of 5.4 × 10−3 and 0.073 × 10−3,
respectively.
Note: Additional information about the conductivity and

viscosity measurement can be found in Section S3.

3.2 ms-ACE

In the following section, the complete analysis of the ms-
ACE data is presented for the binding pair CBZ/HSA as an
example. All other binding pairswere analyzed in the same
way, if possible. Complete results are shown in Section S4.
Figure 1A shows stacked electropherograms of CBZ in the
presence of increasing HSA concentration. Over the ligand
range of 0 to 110 µmol/L, the measured effective mobility
changed from ∼0 to about −4.6 × 10−9 m2/V s. It could
be observed that with increasing ligand concentration, the
EOF and all UV signals decreased, and the distortions
of both peaks got more pronounced (see Figure 1A). The
primary source of the lower sensitivity is an increase of
background absorption due to the increasing amount of
ligand. The peak distortion toward a triangle shape is a
normal behavior of substances in dynamic equilibria [28].
However, as this phenomenon became more pronounced,
the computation of the HVL-a1 parameter needed to be
more advanced. At higher ligand levels, a signal dip fol-
lowed by a peak appeared in the EOF region. The authors
assume that the occurrence of this peak is related to dif-
ferences of the BGE in the EOF zone and the surrounding
phases. The overall EOF reduction is very pronounced. On
average, the EOF at c = 0 is about 45 × 10−9 m2/V s and
got reduced to mobilities of about 19 × 10−9 m2/V s at
110 µmol/L. This effect is caused by the increase of viscos-
ity in combination with other reasons, such as adsorption
of HSA at the capillary wall [29]. The chart in Figure 1B
shows the statistical analysis of six replicated measure-
ments performed by three different analysts over thewhole
ligand range. The absolute pooled SD of the mobility mea-
surement is in the range between 0.024 × 10−9 and 0.108
× 10−9 m2/V s. The panel in Figure 1C shows the three
independently derived binding curves including their con-
fidence bands and raw data. The binding curve within the
ligand range can be described with relatively lowmeasure-
ment uncertainty. From the low observable curvature of

F IGURE 1 Statistical evaluation of mobility shift affinity
capillary electrophoresis (ms-ACE) carbamazepine/human serum
albumin (HSA): (A) example electropherograms (trace: 285 nm) of
every ligand concentration level. The first peak is the electroosmotic
flow (EOF) marker acetone and the second one is the analyte
carbamazepine: (I) negative dip, (II) alteration of peak shape. (B)
Statistical assessment of the mobility measurement for every analyst
and ligand concentration. The box shows the 25th–75th percentile,
the dotted line marks the mean and the whiskers are indicating the
95% confidence interval. The pooled standard deviation (SD) and
coefficient of variation (CV) values of every ligand concentration,
the analyst indicator, and the ligand level are listed below the chart.
(C) Fitted binding curves of every analyst. The squares indicate the
measured mobility including a one SD error bar. The solid line is the
best estimate for the binding curve surrounded by a 95% confidence
band
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the displayed curves (compared to an idealized hyperbola),
it can be derived that just a relatively small fraction of
it was covered by the ligand range. The low information
about the curvature of the binding curve leads coactively
to a high measurement uncertainty of the μc parameter
(see Table S1 rows 7–9) [30]. As the parameters, KA and
μc are highly correlated (dependency usually > 0.99), the
large uncertainty of μc affects the precision of KA nega-
tively. The measured KA values cover a range between 2.42
× 103 and 6.03 × 103 L/mol, with relative SEs between
21% and 28% (see Table S1). The μf parameter must be
treated specially in the case of CBZ. Due to its chemical
properties, it is always uncharged, which means it holds
no electrophoretic mobility. For this reason, it would be
coherent to ignore the c = 0 measurement, change the
parameter into a constant, and set it to 0. In this study,
the ligand-free measurements were treated differently. As
shown in Figure 1B the measured uncertainty was about
−0.1 × 10−9 m2/V s. As the deviation from 0 is constant
in the same direction and has approximately the same
magnitude, it was treated as a systematic deviation, which
would not affect the determination of the binding param-
eters. A possible reason for the deviation could be that the
mobilities of acetone and CBZ were evaluated at different
wavelengths.

3.3 CE-FA

This section shows the CE-FA measurements of the inter-
action between IBU and HSA. The same analysis was per-
formed for every other binding pair, if possible. Complete
results are shown in Section S4.
As the negative effective mobility of IBU is higher

than the one of has, the plateau peak appeared at higher
migration times compared to the HSA peak. As shown in
Figure 2A, H raised with increasing ligand concentration
from about 1 to over 10 mAU. Furthermore, it could be
observed that the plateaus have rather sharp edges on the
right side and diffuse ones on the other side. The reason
for this non-sharp front is an ongoing equilibrium reac-
tionwith fading ligand concentration in the space between
the ligand and analyte zones [13]. Therefore, the H was
measured at the rear side of the plateau peaks. Subse-
quently, the cf was recalculated from the determined H
using beforehand estimated parameters of a linear calibra-
tion function (not shown). Figure 2B shows the statistical
analysis of the measured r values. For IBU, the r values
could be determined with pooled coefficient of variations
(CVs) between 0.59% and 1.4%. The binding parametersKA
and nwere estimated using nonlinear ODR analysis of the
estimated cf and r data. With this setup, it was possible to
describe a large fraction (∼90%) of the binding hyperbola

F IGURE 2 Statistical evaluation of capillary
electrophoresis-frontal analysis (CE-FA) ibuprofen/human serum
albumin (HSA): (A) example electropherogram of every ligand
concentration. The total electropherogram is depicted in the upper
right corner. The equal sized large peaks belong to HSA, followed by
plateau peaks with increasing plateau heights (H). The main picture
shows a zoom on the plateau peaks with an offset in y. I: Example
for plateau height evaluation. (B) Statistical evaluation of the r-value
measurement for every analyst and ligand concentration. The boxes
have the size of a 25th–75th percentile, the line inside the box
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(see Figure 2C); thus, the range of the estimated param-
eters is relatively narrow. The range of KA was estimated
to be between 7.05 and 13.5 × 103 L/mol, which translates
to KD values of 74–141 µmol/L. The number of maximal
binding sites was found in the range between 5.60 and 6.38
(see Table S3). Both of the reported ranges seem to be very
large, but in the context of measurement uncertainties in
LBA, these results can be regarded as rather precise and
reproducible [8, 9].

3.4 Comparison

The quality of the data was very different among the differ-
ent analytes. In general, the precision of both the effective
mobility and the r values was comparable between the
tested drugs. However, the repeatability of the binding
parameters was drastically different between the assays
and among the drugs. It could be shown that if the
respective technique is generally suitable for a specific
analyte/ligand pair, then the primary measure can be
determined with relatively high precision. For instance,
the shifted effectivemobilities for CBZ, l-TRP, S-AML, and
R-verapamil (R-VPM) were determined with pooled SD
values between 0.024× 10–9 and 0.239× 10–9 m2/V s, which
corresponds to pooled CV values between 0.55% and 7.6%.
Here, the relative value for c = 0 of the CBZ measurement
is not regarded, because the mean is close to 0 and thus
small SDs can lead to high CVs. The mean of all regarded
pooled CV values is 2.2% for both CBZ and l-TRP, and 2.9%
for S-AML and R-VPM. In comparison, the r values of the
CE-FA measurement for IBU could be determined with
pooled SDs between 0.0215 and 0.0765, which is constantly
below 1.5% CV. The evaluation of the r values of the CBZ,
AML, and LDC assessments showed a lower precision.
Their pooled CV values were mainly found in the range
between 5% and 10%. The lower precision of AML and CBZ
could be related to the organic solvent in the stock solu-
tion, which can cause a stacking effect. Another important
factor is the percentage of binding. Thus, it is important
to choose an appropriate protein concentration for a spe-
cific assay. If the binding is too high, the plateau is hard
to detect in the lower concentrations. If it is too low, the

indicates that the mean and the whiskers cover the 95% confidence
interval. Both the pooled standard deviation (SD) and coefficient of
variation (CV) are listed below every column. (C) Estimated binding
curves for every analyst with offset in y. The chart includes the mean
values of r and cf with their respective error bars (1× SD) and the
best estimates of the curve calculated using nonlinear orthogonal
distance regression (ODR) (solid line) and nonlinear regression
(NLR) (dotted line) including a 95% confidence band for the NLR fit

absolute bound concentration gets smaller, which affects
the precision of the measured differences negatively. All
results of the statistical evaluation of the primarymeasures
are summarized in Table 1.
Unfortunately, it was not possible to measure all ana-

lytes with both techniques. In fact, only CBZ, l-TRP,
S-AML, and R-VPM could be fully analyzed with ms-ACE
and IBU, CBZ, S-AML (with limitations) and LDC were
completely analyzable with CE-FA. However, qualitative
and semiquantitative results such as binding confirmation
or relative binding strength could be evaluated for more
analytes. Table 2 lists the results for all main drugs that
could successfully be measured three times with at least
one of the techniques.
The reasons why a molecule is not measurable can be

very different. For instance, IBU, as a negatively charged
compound, showed negativemobility, whichwas very sim-
ilar to the negative dip in the electropherograms (see “I” in
Figure 1A). Therefore, it was not possible to detect any IBU
peak in the presence of HSA. For LDC, no shift of mobility
within a ligand range of 0–50 µmol/L could be measured.
It is assumed that the strength of the interaction is too
weak to be measured with the described ms-ACE setup.
Dissociation constants of over 1000 µmol/L are reported
in the literature [19, 31]. The non-suitability of CE-FA for
measuring the interaction between HSA and l-TRP is not
easily explainable. At certain ligand levels, the free lig-
and concentration was measured to be higher than the
totally applied one. This resulted in negative r values and
is obviously not correct. A possible bias, which could lead
to those findings, is a disregarded nonlinearity in the cal-
ibration curve. This eventually not fully linear relation
between cf and H could be a result of the increasing dis-
crepancy between the physicochemical properties of the
sample plug and the surrounding BGE. However, previous
studies fromNevídalová et al. [19] proved the general appli-
cability of CE-FA to determine the binding parameters of
l-TRP. The main differences between the studies are the
applied BGE (borate buffer pH: 8.50), the diameter of the
capillary (75 µm), and the instrument (Agilent 3DCapillary
Electrophoresis System). The reason why S-VPM was not
measurable could be related to a nonlinear behavior of the
calibration curve aswell. Because of strong deviations from
linearity at higher concentrations, the normally applied
calibration curve had to be reduced to a maximal concen-
tration of 500 mmol/L. The same, but less pronounced,
effect could also be present in the lower concentration
range.
In summary, it could be shown that the binding proper-

ties from 4/6 (IBU, CBZ, S-AML, LDC) of the main pairs
were generally measurable with CE-FA and 4/6 (CBZ, S-
AML, R-VPM, l-TRP) with ms-ACE. Fortunately, the two
non-suitabilities do not overlap and thus all six pairs could
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TABLE 1 Overview of the precision of the primary measures

Range pooled
SD µ
(10–9 m2/V s)

Range pooled
CV µ Remarks

Range
pooled SD of
r [1]

Range pooled CV
of r Remarks

IBU NE NE – 0.0215–0.0765 0.59%–1.4% No observable trends
CBZ 0.024–0.108 0.72%–4.24%

(c = 0: 16.1%)
Near μ = 0 CV ↑, no
visible trends

0.02–0.0391 2.22%–8.25% No observable trends

S-AML 0.031–0.218 0.55%–7.6% Possible trend: var. ∼

c, not significant
0.046–0.318 6.18%–10.4% No observable trends

R-VPM 0.063–0.239 0.83%–7.3% Possible trend: var. ∼

c, not significant
NE NE –

LDC NE NE – 0.032–0.152 9.50%–15.1%
(c = 100: 27.6%)

Near R = 0 CV ↑;
possible trend: var.
∼ c; CV const. not
significant

l-TRP 0.0298–0.0991 1.64%–3.10% possible trend: var. ∼

c; CV const. not
significant

NE NE –

Abbreviations: CBZ, carbamazepine; CV, coefficient of variation; IBU, ibuprofen; LDC, lidocaine; l-TRP, l-tryptophan; NE, not evaluable; R-VPM, R-verapamil;
S-AML, S-amlodipine; SD, standard deviation.

TABLE 2 Summary of the estimated binding parameter

Range KA (103 L/mol)

ms-ACE CE-FA µf (109 m2/V s) µc (109 m2/V s) n
Ref. range KA
(103 L/mol)

IBU NE 7.05–13.5 NE NE 5.60–6.38 5.2–900
5.5–81b

[19]a

CBZ 2.42–6.03 3.15–6.81 −0.129 to −0.100 −22.9 to −11.6 0.871–1.25 5.29–14.1 [36–40]
S-AML 6.77–11.8 0.756 9.68–11.1 −20.2 to −10.7 9.33 90.1–1.59 [41, 42]
R-VPM 2.27–4.85 NE 11.3–12.6 −5.97 to −27.4 NE 67.1–2.67 [43, 44]
LDC NE 1.47–2.50 NE NE 1.04–1.97 0.310–1.96 [19]a

l-TRP 9.46–14.9 NE −1.85 to −1.45 −5.51 to −4.60 NE 3.40–44.0 [19]a

Abbreviations: CBZ, carbamazepine; CE-FA, capillary electrophoresis-frontal analysis; IBU, ibuprofen; LDC, lidocaine; l-TRP, l-tryptophan; ms-ACE, mobility
shift affinity capillary electrophoresis; NE, not evaluable; R-VPM, R-verapamil; S-AML, S-amlodipine.
aIncl. table in the supporting material.
bRange of the subset of KA values where n > 1.5.

be assessed using at least one of the techniques. Next to
the six main substances, five additional substances were
tested. The results of these experiments are given in the
Supporting Information section.
The second-last column of Table 2 lists external refer-

ence values from the literature. The shown values mark
theminimal andmaximal values of the reported constants.
Due to the wide variability of the external references,
almost all binding constants found (exception: CE-FA, S-
AML) do overlap with their respective target range, which
means that the binding constants derived by the two pro-
posedmethods do not significantly differ from the external
literature reference values. However, this is not surpris-
ing because the variety of the external reference ranges is
very wide. For the two pairs, where both methods could be

applied, the ranges of the CBZ values do match, whereas
the ranges of S-AML do not. As the CE-FA result of S-AML
neither fits the intern comparisonnor the extern references
and only one of three evaluations was successful, it is most
likely that this result could be incorrect.
The reproducibility of the binding constant determina-

tion was estimated from the variability of the determined
binding parameters within a series. As the maximal num-
ber of replicated measurement series is just 3, the differ-
ence in the total range (ΔKD) is applied as a variability
estimator. The ΔKD of the CE-FAmeasurements were esti-
mated to be 68, 171, and 280 µmol/L for IBU, CBZ, and
LDC, respectively. For ms-ACE, the ΔKD were found to
be 247, 63, 234, and 39 µmol/L for CBZ, S-AML, R-VPM,
and l-TRP, respectively. This corresponds to relative ranges
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(ΔKD/mean) of 69%, 74%, and 49% for CE-FA and 94%, 58%,
70%, and 44% for ms-ACE. Thus, it must be deduced that
even if the primary response can be measured with rela-
tively low measurement uncertainty, the variability of the
derived parameter can be reasonably high. Thismeans that
other factors apart from the data quality of the primary
measure are playing a crucial row. Regarding ms-ACE,
one of the major influences is the data point position and
the data point range of the assay [30]. These two factors
describe mainly how much of the binding hyperbola can
be covered within the ligand range. As thems-ACE param-
eter μc is highly correlated to the association constant, the
KA value can be estimated with higher certainty, the bet-
ter μc can be assessed. Therefore, it can be assumed that
the data quality of the ms-ACE assay can be improved by
increasing the ligand range.
Next to the fully quantifiable binding data, it could be

shown that both techniques can be used to measure a
binding event qualitatively. Especially, the applicability of
ms-ACE tomeasure analyte mixture samples makes it pos-
sible to compare primarymeasures directly. The difference
in chemical responses can be used as a semiquantitative
result (see, e.g., Figure S11).

3.4.1 Limitations of the applicability

Themain limitations for the applicability ofms-ACE are (i)
the non-detectability of IBU in the presence of HSA, and
(ii) eventually too weak binding of LDC, d-TRP, STG, PRO,
S-VPM, andR-AML. The non-detectability of IBU (or other
acidic drugs with high negative μf) cannot be solved with-
out changing the method completely. In the case of weak
binding, the ligand rangemust be extended.Unfortunately,
110 µmol/L was the maximum with this setup. In general,
a maximal ligand concentration of 10 times the KD value
or higher should be aimed for [3, 32]. However, such high
concentrations are unrealistic with this setup. Neverthe-
less, the usage of coated capillaries could be an option to
extend the ligand range. It could be shown that it was pos-
sible to successfully measure substances’ ligand ranges of
∼1× KD and even below (calculated as cmax divided by the
mean of the measured KD values). In fact, the importance
of a large ligand range must be evaluated in relation to the
expected shift and the uncertainty of the mobility estima-
tion [30, 33, 34]. As the precision of the estimation was
always in the range of∼0.1 × 10–9 m2/V s, the relative max-
imal mobility shift can be estimated as |Δμcmax| multiplied
by 2 to 3 and divided by 0.1. Such approximations for the
successfullymeasured analytes result in values between 40
and 300. These values are generally in accordance with the
calculations of Chen et al. and Stein et al. [30, 33, 34]. Fur-
thermore, the μf values of the measurable analytes were
always higher than −2 × 10–9 m2/V s. Thus, the proposed

method should generally be applicable, if the μf value is
>−2 and the mobility shift in the absolute maximal HSA
concentration is higher than two mobility units. However,
the general usability of that exactmethod is not very broad,
but in the case of impure or racemic samples, it can be an
alternative for the estimation of protein–drug binding.
In comparison, the ligand range of CE-FA is less

restricted as in ms-ACE. However, the potentially neces-
sary addition of organic solvent might lead to a nonlinear
behavior of H. Another limitation of CE-FA is related to
the percentage of drug bound to the protein [35]. This
parameter can be modified either by increasing the pro-
tein concentration in the mixed samples or by using more
sensitive detection. However, as the protein concentration
increases, partial separation of protein and drug may be
suppressed and a change in method must follow. In gen-
eral, neutral and basic drugs have a lower percentage of
binding than acidic drugs. Vuignier et al. suggested the use
of 40–150 and 150–300 µmol/L for acidic and neutral or
basic drugs, respectively. These suggestions are related to
CE-FAmeasurements of bovine serum albumin and small
drugs [35]. In this work, a range between 50 and 75 µmol/L
was applied. These concentrations could successfully be
applied in previous works of Nevídalová et al. [19]. How-
ever, this parameter could be a good starting point for
optimizations.

4 CONCLUDING REMARKS

In this study, the usability, as well as the data quality of
primary responses and derived parameters, measuredwith
specific ms-ACE and CE-FA methods were compared. For
this reason, detailed experimental operating procedures
for both methods were developed and used to estimate the
interaction between HSA and several different drugs.
Contrary to the initial expectations, not every interac-

tion was measurable with both methods. In fact, only the
binding of IBU, CBZ, S-AML, and LDC could be measured
with CE-FA and the one of CBZ, S-AML, l-TRP, and R-
VPM was measurable with ms-ACE. Thus, neither of the
two assays was universally applicable, but all of the six
main drugs could bemeasuredwith at least one technique.
However, the data quality of some determined binding
parameters is very limited. Satisfying data quality could
only be achieved in the measurement series of IBU, CBZ,
and LDC for CE-FA and CBZ, S-AML, R-AML, l-TRP, and
R-VPM for ms-ACE. Apart from that, it could be shown
that if a method is suitable for a specific substance, then
the related primary response can be estimated with rela-
tively high precision. The effective mobility in an ms-ACE
measurement could mainly be estimated with CV values
below 3%. The r values in CE-FA could be measured with
lower, but also acceptable precision. Except for the CVs
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of the IBU measurements (<1.5%), most of the found CV
values were in the range between 5% and 10%. However,
these low to acceptable uncertainties did not necessarily
lead to binding parameters of the same quality. The average
variabilities of the parameters estimated with CE-FA (64%
[69%, 74%, and 49%]) and ms-ACE (67% [94%, 58%, 70%
and 44%]) were less precise. Interestingly, the significantly
higher precision of the r valuemeasurement in IBUdid not
lead to a significantly higher reproducibility of the binding
constant. Although the binding constant of IBU could be
estimatedwith a variability of 69%, the interaction between
HSAandLDCcould be determinedwith a precision of 49%.
This leads to the conclusion that other factors, such as the
design of the measurement, play a more important role
than the precision of the primary measure. For instance,
the authors assume that the data quality of the ms-ACE
method could remarkably be improved by expanding the
applied maximal ligand range.
In summary, the ms-ACE method seems to be generally

applicable for drugs with μf values >−2 in combination
with a relatively high affinity. In contrast, the CE-FA
method showed better performance for acidic drugs and
comparably lower affinity.
However, the applicability and the data quality of the

tested methods are highly dependent on the specific
ligand-analyte system. Thus, general statements about
these attributes are not possible. But if the conditions are
favorable, both methods can be used to measure binding
reliably. Accordingly, both methods can be included into
the portfolio of LBAs tomeasure the binding betweenHSA
and small molecules.
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