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a b s t r a c t

An original and simple methodology based on microchip electrophoresis (MCE) in a continuous frontal
analysis mode (named frontal analysis continuous microchip electrophoresis, FACMCE) was developed for
the simultaneous determination of the binding parameters, i.e. ligand-site dissociation constant (kd) and
number of binding sites on the substrate (n). This simultaneous determination was exemplified with the
interaction between an aptamer and its target. The selected target is a strongly basic protein, lysozyme, as
its quantification is of great interest due to its antimicrobial and allergenic properties. A glass microdevice
equipped with a fluorescence detection system was coated with hydroxypropylcellulose, reducing the
electroosmotic flow and adsorption onto the channel walls. This microdevice allowed the continuous
electrokinetic injection of a mixture of fluorescently labelled aptamer and non-labelled lysozyme. By
umber of binding sites
rontal analysis
ysozyme
asic protein
icrochip electrophoresis

determining the concentration of the free fluorescently labelled aptamer thanks to its corresponding
plateau height, mathematical linearization methods allowed to determine a kd value of 48.4 ± 8.0 nM,
consistent with reported results (31 nM), while the average number of binding sites n on lysozyme,
never determined before, was 0.16 ± 0.03. These results seem to indicate that the buffer nature and the
SELEX process should influence the number and affinity of the binding sites. In parallel it has been shown

lysoz
that the binding between

. Introduction

Aptamers are single-stranded DNA or RNA oligonucleotide
equences which show specific binding affinity towards various
argets, ranging from small molecules to proteins, and even whole
ells [1–3]. These synthetic molecules are isolated from random-
equence pools by in vitro selection thanks to a molecular evolution
echnique named SELEX (systematic evolution of ligands by expo-
ential enrichment) [4–6]. Aptamers are considered as a nucleic
cid version of antibodies, with additional advantages such as low

ost, small size, ease of synthesis and labelling, high affinity and
ncreased thermal stability, as well as tolerance to wide range of
H and salt concentration. Aptamers can thus be widely employed

Abbreviations: CE, capillary electrophoresis; FACMCE, frontal analysis con-
inuous microchip electrophoresis; MCE, microchip capillary electrophoresis; PB,
hosphate buffer.
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yme and its aptamer presents two sites of different binding affinities.
© 2011 Elsevier B.V. All rights reserved.

as sensitive diagnosis agents, biomedical research tools and even
therapeutics [7–9], and for the development of acoustic or opti-
cal biosensors [10–12] and for other separation methods for which
aptamers are often used as affinity probes [9,13–17].

To improve the development and use of aptamers in a wide
range of domains, it is necessary to develop methods allowing a
simple, fast and accurate evaluation of the binding parameters (i.e.
dissociation constant and stoichiometry) with the target. Methods
available for studying biomolecular interactions include spec-
troscopy, gel filtration chromatography, microdialysis, isothermal
calorimetry, surface plasmon resonance and separation tech-
niques such as gel electrophoresis flow induced dispersion analysis
(FIDA) [17,21] or capillary electrophoresis (CE) [18–20]. Among
the various modes of electrokinetic separations, frontal analy-
sis continuous capillary electrophoresis (FACCE) is an alternative
method that involves the continuous electrokinetic injection of the
incubated mixture during separation, leading to fronts that are pro-
cessed as for FACE [31]. FACCE presents the advantage of being
simpler in the instrumental process and providing larger fronts for
precise height determination.
Since about 15 years, microchip electrophoresis (MCE) has
become a powerful alternative to conventional separation meth-
ods. Indeed MCE presents further advantages in terms of speed,
low sample and reagent consumption, high throughput and inte-

dx.doi.org/10.1016/j.chroma.2011.04.077
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:anne-varenne@chimie-paristech.fr
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ration capabilities. In this context, different papers have evidenced
he interest of MCE for binding characterization. Among them, Gong
t al. have used different methods (direct injection or frontal anal-
sis) to study protein–DNA binding [32–34]. In parallel Le Saux
t al. exemplified the implementation of continuous frontal anal-
sis in a quartz microchip with UV detection, through measuring
nclusion constants of model compounds into �-cyclodextrin by
ompetitive assays [36]. MCE in a continuous frontal analysis mode
as also carried out to characterize the binding between a gly-

opeptide antibiotic teicoplanin (Teic) immobilized on magnetic
icrospheres, and fluorescently labelled D-Ala–D-Ala terminus

eptides [37]. Even if these papers have evidenced the ability of
CE to determine binding constants, most of them used a microde-

ice with at least a simple-cross or more complicated layout and
hus required an optimization of the voltage sequence to drive the
ample and electrolyte within the chip. Moreover none of these
orks allowed to determine the binding stoichiometry of the stud-

ed systems; on the contrary, this latter was supposed a priori or
rom other studies and used to calculate the dissociation constant.

In this work, we report the development of an original and sim-
le methodology based on continuous frontal analysis MCE (that
e named frontal analysis continuous microchip electrophore-

is, FACMCE) for the determination of the binding parameters,
.e. ligand-site dissociation constant (kd) and number of binding
ites on the substrate (n). The proof of the methodology was
emonstrated with lysozyme and its aptamer. Lyzozyme is an
cid hydrolase which destructs bacterial cells walls, that can be
sed as biomarker to diagnose or monitor the treatment effi-
iency of blood diseases such as leukemia [38], or the rejection of
rgans transplants [39]. Despite its clinical relevance, this system
resents some experimental difficulties and has never been com-
letely characterized. Being a strongly basic protein (pI = 11.35),

ysozyme is positively charged under physiological pH and could
trongly be adsorbed onto the channel wall due to hydrophobic and
lectrostatic interactions. The aptamer–lysozyme complex should
hus also be adsorbed on the channel walls, causing disruption
f the interaction. In addition, under physiological pH, the elec-
rophoretic mobility of the lysozyme-binding aptamer had nearly
he same absolute value as the electroosmotic mobility, leading
o very long migration times. In order to prevent protein and com-
lex adsorption and to perform rapid separations, a neutral coating
as performed on the glass microchip as previously described [43].

he continuous frontal analysis is carried out in a single channel
evice avoiding any analyte injection step. To deeply investigate
he performances of the methodology, the experiments were per-
ormed according to two configurations: with (1) varying ligand
i.e. aptamer) concentrations and fixed substrate (i.e. lysozyme)
oncentration, and (2) varying substrate concentrations and fixed
igand concentration, the fluorescently labelled ligand being the
nique detectable compound. In the first configuration, the deter-
ination of the interaction parameters is based on the free ligand

oncentration, which is directly accessible. Conversely, in the sec-
nd configuration, the determination of the interaction parameters
s based on the free substrate concentration, that is indirectly
ccessible through the free ligand concentration. The interaction
arameters between lysozyme and its aptamer (kd and n) were
etermined according to mathematical linearization methods. The
esults obtained with both configurations were compared to fur-
her investigate the aptamer–lysozyme interaction.
. Theoretical [44]

Let us consider an interaction between a substrate (S) and a lig-
nd (L) that can be described by a 1: n complex (C). In this case, the
A 1218 (2011) 4052–4058 4053

equilibrium can be written (Eq. (1)):

S + nL ⇔ C (1)

The binding constant (Kf = 1/Kd) is then defined as follows (Eq. (2)):

Kf = [C]
[S][L]n (2)

where [C], [S] and [L] are the equilibrium concentrations of the
complex, free substrate and free ligand, respectively.

In the continuous frontal analysis mode, an incubated sub-
strate/ligand mixture is continuously introduced into the capillary.
In most cases, the substrate and the ligand do not play symmetric
roles: the partner showing more potential interaction sites (in most
cases, the larger one) is usually considered as the substrate, whereas
the other partner, supposed to show a unique binding mode, is con-
sidered as the ligand. In this case, n corresponds to the number of
binding sites on the substrate. This situation is particularly true
for systems of biological interest, such as the interaction between
proteins and small molecules. Let us assume that the accessible
parameter is the concentration of free ligand, from the height of
the plateau following the migration front of the ligand.

If the concentration of the ligand is varied whereas the con-
centration of the substrate is constant, the binding constant can
be obtained from the mass balance equations for the substrate
and ligand, yielding the equilibrium complex and free substrate
concentrations (Eqs. (3) and (4)):

[C] = [S]0 − [S] = [L]0 − [L]
n

(3)

[S] = [S]0 − [C] = [S]0 − [L]0 − [L]
n

(4)

where [L]0 and [S]0 are the initial concentrations of the ligand and
substrate in the incubated mixture, respectively.

A deeper study employing the multi-site binding model for the
determination of the binding parameters expresses the indepen-
dent binding of one ligand L to one site s of a given binding strength
of a substrate S according to a monomolecular reactional scheme
(Eq. (5)):

s + L ⇔ s · L (5)

The binding parameters are in this model the number of binding
sites n belonging to each category and the ligand-site interaction
constant kf (=1/kd), defined as follows (Eq. (6)):

kf = [s · L]
[s][L]

(6)

The mass balance equation can be expressed as (Eq. (7)):

[s]0 = [s] + [s · L] = n[S]0 (7)

where [s]0 and [s] are the initial and free concentrations of the sites.
Data processing can be achieved either by non-linear or linear

regressions [45]. In this study, data were treated by performing
linearization methods. The binding constant (kf) as well as the num-
ber of binding sites (n) were simultaneously determined from the
equilibrium free ligand concentration [L] according to three math-
ematical methods for data linearization proposed for the FACCE
mode. The mean number of ligands bound to the substrate, r, is
defined as (Eq. (8)):

r = [L]0 − [L]
[S]0

= n
[s · L]

[s] + [s · L]
= n

kf[L]
1 + kf[L]

(8)

and can be directly determined from the free ligand concentration.

Table 1a reports the rearranged equations used in these meth-

ods. Even if all equations are equivalent in their algebraic form, the
impact of the precision of [L] value depends on whether it appears
on numerator or denominator.
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Table 1
Binding isotherm and its linearized forms for the determination of binding constants (kf) and stoichiometry (n) using the continuous FA mode.

Method name Equation kf determination n determination

(a) Variable ligand, constant substrate Binding isotherm r = f ([L]) Slope of the tangent at the origin Ordinate of the horizontal asymptote
x-reciprocal (Scatchard plot) r

[L] = nkf − rkf −Slope −Intercept/slope

y-reciprocal [L]
r = 1

nkf
+ [L]

n Slope/intercept 1/slope

Double-reciprocal 1
r = 1

nkf [L] + 1
n Intercept/slope 1/intercept

(b) Variable substrate, constant ligand Binding isotherm rs = f ([S]) Slope of the tangent at the origin 1/Ordinate of the horizontal asymptote
x-reciprocal (Scatchard plot) rs

[S] = kf − nkfrs Intercept −Slope/intercept

+ n[S

S] + n

c
b

r

T
r
v
l
t
t
h
a
c
(

k

T
d
T
m
t

3

3

A
w
p
a
e
h
s
F
c
U
V

a
D

3

M
w
r
i
b

y-reciprocal [S]
rs

= 1
kf

Double-reciprocal 1
rs

= 1
kf [

If the concentration of the substrate is varied whereas the con-
entration of the ligand is constant, the mean number of substrate
ound to the ligand, rs, is defined as (Eq. (9)):

s = [S]0 − [S]
[L]0

= [s − L]
n([L] + [s − L])

= kf[S]
1 + nkf[S]

(9)

he binding parameters can then be determined from the equilib-
ium free susbtrate concentration [S] using linearization methods
ery similar to the ones described previously (Table 1b). If the equi-
ibrium free substrate concentration is not directly accessible, it has
o be derived from the equilibrium free ligand concentration. As
he stoichiometry of the complexation is unknown a priori, it first
as to be determined through a direct calculation. A value of n is
rbitrarily chosen, and the binding constant is calculated for each
omposition of the system thanks to the following equation (Eq.
10)):

f = [L]0 − [L]
[L] × (n[S]0 − [L]0 + [L])

(10)

he value of n is then optimized in order to minimize the stan-
ard deviation on the kf values, and [S] is calculated using Eq. (4).
he binding isotherm obtained is linearized according to the three
ethods, and the dissociation constant kd is determined as well as

he number of binding sites n.

. Materials and methods

.1. Chemicals and reagents

The 30-mer lysozyme-binding aptamer (5′-/FAM/ATC AGG GCT
AA GAG TGC AGA GTT ACT TAG-3′) was synthesized, labelled
ith fluorescein phosphoramidite (FAM) at the 5′-end and HPLC-
urified by Eurogentec France (Angers, France) and stored at −18 ◦C
s a 100 �M stock solution in water. Lysozyme from chicken
gg white (Mr 14 307, purity 95%), cytochrome c from horse
eart (type VI), sodium monobasic phosphate and sodium diba-
ic phosphate were purchased from Sigma–Aldrich (Saint-Quentin
allavier, France). Hydroxypropylcellulose (Mr 100,000) was pur-
hased from Scientific Polymer Products (Dean PKWY, Ontario,
SA). Standard 1 M NaOH solution Normadoses were provided by
WR (Fontenay-sous-Bois, France).

All samples, solutions and buffers were prepared using
nalytical-grade chemicals and ultra-pure water produced by a
irect-Q3 system (Millipore, Molsheim, France).

.2. MCE instrumentation

Monochannel glass microchips were purchased from Micronit
icrofluidics (Enschede, The Neitherlands). The separation channel

as 7.3 cm in length, 20 �m in depth and 50 �m in width. Upchurch

eservoirs from Oak (Harbor, USA) were bonded around the wells to
ncrease the reservoir volume. Microchip analysis was monitored
y an IX-71 inverted fluorescence microscopic system (Olympus,
] 1/intercept Slope

1/Slope Intercept

France) equipped with a spectral filter 460–490 nm and a 100 W
mercury lamp. A CCD camera 1388 × 1038 pixels Pike (RD Vision,
France) was mounted on the microscope and Hiris software (RD
Vision, France) was used for camera control and image process-
ing. A HVS448 high-voltage power supply (Labsmith, Livermore,
USA) was used to apply electric fields to the microchannel through
platinum electrodes placed in the reservoirs. All system operations
were performed with Labview 7.1 (National Instrument, Austin,
USA) programmed through a PC-based computer. All experiments
were performed at room temperature.

3.3. Procedures

3.3.1. Microchannel coating procedure
The HPC coating procedure was achieved according to the one

previously developed by Poitevin et al. [43]. A 5% (w/v) HPC aque-
ous solution was prepared. The separation channel was activated
by 1 M NaOH and flushed with ultrapure water. Then the chan-
nel was filled with the HPC solution from one end of the channel
and flushed by air. The two wells were washed with ultra-pure
water (Milli-Q) and then liquid in wells was removed. The chip was
heated in a GC oven from 60 ◦C to 140 ◦C at 5 ◦C/min, and main-
tained at 140 ◦C for 30 min. After heating, the channel was washed
with ultra-pure water. The electroosmotic mobility was estimated
according to the procedure developed by Shakalisava et al. [46],
which consists in measuring the apparent electrophoretic mobil-
ity of 0.01 mg mL−1 fluorescein in a 9 mM sodium borate buffer
pH 9.2 knowing its electrophoretic mobility in these conditions
(−38.0 × 10−5 cm2 V−1 s−1).

3.3.2. FACMCE experiments
Before use, the fluorescently labelled aptamer was activated by

heating at 95 ◦C for 5 min in a water bath and then cooled down
to room temperature by itself. After rinsing 3 times with ultra-
pure water, then with a 30 mM sodium phosphate buffer (PB) (pH
7.5), the separation channel was filled with the separation buffer.
One well was filled with the buffer while the other well was filled
with the sample, i.e. the aptamer alone or an incubated mixture
of aptamer and protein (incubation for 20 min), respectively. The
detector was placed in the middle of the channel (effective length,
3.65 cm). A negative voltage of 2200 V (electric field, 300 V/cm)
was applied, the cathode being placed in the sample well, so as to
achieve a continuous electrokinetic injection of the sample. Mean-
while, fluorescence signal was recorded.

4. Results and discussion

Aptamer–protein interactions usually show very small disso-
ciation constants (10−9–10−11 M) [47]. It is thus necessary to

analyse the equilibrium at a low concentration range compara-
ble to the dissociation constant in order to determine the binding
parameters [22], which requires an adequate detection sensitiv-
ity. To our knowledge no microchip format has been used for
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Fig. 1. Electropherograms obtained during FACMCE analysis of 80 nM aptamer (A)
and 80 nM aptamer mixed with 100 nM lysozyme (B). Insert: calibration curve of
the fluorescently labelled aptamer in 30 mM phosphate buffer (pH 7.5) using the
optimized experimental conditions. The LOD was 10 nM (S/N = 2) and the linear
range was 20–500 nM. Equation of the least-squares regression straight line (n = 5):
y = 0.0046x − 0.1118, R2 = 0.9960. Experimental conditions: 50 �m × 20 �m × 7.3 cm
HPC-coated glass microchip (detection length, 3.65 cm). Background electrolyte:
M. Girardot et al. / J. Chrom

ptamer/target full characterization, i.e. in terms of ligand-site
issociation constant (kd) and number of binding sites on the sub-
trate (n) determination. To investigate the feasibility of such a
haracterization in a microchip and to perform high throughput
haracterization while consuming low volume of sample, lysozyme
as selected as a target since its quantification shows a great inter-

st in the clinical [38,39] and food industry [40,42] fields. For this
ptamer/lysozyme system, a dissociation constant of 31 nM was
eported by Ellington et al., by employing standard absorbance
ssays to measure the inhibition of the lysozyme’s cytolytic activity
y the aptamer [48].

In this work, a new methodology, FACMCE, coupled with fluo-
escence detection was developed and therefore used to determine
he interaction parameters of the lysozyme–aptamer pair. FACMCE
onsists in continuously and electrokinetically injecting an incu-
ated mixture of lysozyme and aptamer at different concentrations,

eading to fronts. Both the aptamer and the protein could be fluo-
escently labelled. Nevertheless, in order to avoid multi-labelling
49] and aptamer or protein’s charge modification, we decided to
erform the labelling on the 5′-end position of the oligonucleotidic
equence, whereas the protein was label free. This labelling posi-
ion should minimize the probability that it alters the affinity of
ysozyme towards the aptamer. The lysozyme being a very basic
rotein (pI > 11), its adsorption onto the channel wall is critical.
reliminary study has shown that a classical hydroxypropylcellu-
ose (HPC) coating avoids the lysozyme adsorption on capillaries
data not shown). A HPC modification of the channel, as devel-
ped by Poitevin et al. [43], has thus been carried out with glass
icrochip. The strong reduction of the electroosmotic mobility

�eo < 3 × 10−5 cm2 V−1 s−1 in 9 mM sodium borate buffer (pH 9.2))
nd the repetability of the migration times (RSD < 3%) obtained by
rontal electrophoresis reflected the quality, the stability of the
hannel modification as well as its ability to avoid protein adsorp-
ion.

.1. Electrophoretic profiles by FACMCE

The limit of detection and the linear range for the labelled
ptamer quantitation was studied by electrokinetically and contin-
ously injecting various concentrations of the aptamer (0–1 �M)

n a 30 mM sodium phosphate buffer (PB) (pH 7.5). In these pH
onditions, as the aptamer was negatively charged due to the
eprotonation of the phosphate groups and the EOF magnitude
lose to zero, a negative voltage was applied. A front followed by a
orizontal plateau was observed at around 30 s, corresponding to
n electrophoretic mobility about – 40 × 10−5 cm2 V−1 s−1 (Fig. 1)
hich was consistent with previous results obtained in conven-

ional CZE. This short analysis time should allow high throughput
nalysis. The limit of detection (LOD) for the aptamer in PB was
etermined as 10 nM (S/N = 2) with a linear range of 20–500 nM
R2 = 0.996) (see insert in Fig. 1).

To study the aptamer/lysozyme interaction, a mixture of the
abelled aptamer with lysozyme was injected by FACMCE in 30 mM
B (pH 7.5). In these pH conditions, the aptamer was negatively
harged, as indicated previously, whereas lysozyme was positively
harged due to its high isoelectric point (pI = 11.35). Under a nega-
ive voltage, the free aptamer migrates into the channel and can be
etected as the first front according to the electrophoretic mobil-

ty determined at the apex of the front derivative (Fig. 1). No
bvious second plateau could be observed even with a 10 min
nalysis, which means that the aptamer–lysozyme complex was
ither (i) positively charged and consequently did not migrate into

he channel or (ii) negatively charged but with an electrophoretic

obility lower than −5 × 10−5 cm2 V−1 s−1 so that it could not be
etected during the 10 min-analysis time, or (iii) not observed
ue its adsorption on the channel surface (which was however
30 mM sodium phosphate (pH 7.5). Applied voltage: −2.2 kV. Temperature: 25◦C.
Continuous electrokinetic injection. Sample: lysozyme-binding aptamer at various
concentrations.

not experimentally observed). As lysozyme and aptamer are pos-
itively and negatively charged, respectively, the net charge of a
lysozyme/aptamer complex should be lower whereas the mass
increases greatly resulting in a very low electrophoretic mobility
of the complex. The aptamer front height allowed the free aptamer
concentration determination thanks to the previously established
calibration curve (see insert in Fig. 1), and further determination of
the binding parameters.

4.2. Interaction parameters determination

So as to study the potential of this methodology, two situations
were investigated for the interaction study between lysozyme and
its aptamer: (1) incubation of the aptamer in varying concentra-
tions with lysozyme at a fixed concentration and (2) incubation
of the aptamer at a fixed concentration with lysozyme in varying
concentrations. Given the huge difference in size between the two
partners, aptamer was considered as the ligand and lysozyme as
the substrate. In the first configuration, the determination of the
interaction parameters was based on the free ligand concentration,
which was directly accessible. Conversely, in the second configu-
ration, the determination of the interaction parameters was based
on the free substrate concentration, so that the lysozyme should be
labelled in order to be detected. Yet in order to accurately compare
the two configurations, we used the same partners (non-labelled
lysozyme and fluorescently labelled aptamer), in the same range of
concentration ratios: thus the concentration of free lysozyme had
to be indirectly calculated from the concentration of free aptamer.

4.2.1. Incubation of the aptamer in varying concentrations and
the lysozyme at a fixed concentration

In this first approach, the aptamer (30–100 nM) was incubated
with 100 nM lysozyme. In order to achieve accurate comparison,
samples containing the aptamer with or without lysozyme were
analyzed in parallel for each aptamer concentration. As expected,

the plateau height for free aptamer is obviously decreased in
the presence of lysozyme (Fig. 1). When comparing the plateau
height of the sample containing the free aptamer without (Fig. 2A)
and with lysozyme (Fig. 2B), the interaction parameters were
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Fig. 2. Electropherograms obtained during FACMCE analysis of 30, 50, 60, 80 and 100 nM aptamer alone (A) or mixed with 100 nM lysozyme (B). Experimental conditions:
see Fig. 1.

Fig. 3. Binding isotherm (A) and its linearization forms according to the x-reciprocal (B), y-reciprocal (C) and double-reciprocal (D) methods from experimental data of Fig. 2.
Experimental conditions: see Fig. 1, except for the sample which is composed of aptamer in varying concentrations (30–100 nM) mixed with 100 nM lysozyme. Equation of
the non-linear regression of the binding isotherm (A): y = 6 × 10−8x3 − 2 × 10−5x2 + 0.0028x, R2 = 0.9969. Equations of the least-squares regression straight lines (n = 5): (B)
y 7.400
l quati
(

d
e
d
e
t

T
B
m
S
l
(

= −0.0190x + 0.0034, R2 = 0.8293; (C) y = 6.1263x + 273.2000, R2 = 0.9743; (D) y = 30
inear parts (B): aptamer concentration range of 30–50 nM (a) of 50–100 nM (b). E
R2 = 0.4075); (b) y = −0.0346x + 0.0049 (R2 = 0.9977).

etermined according to the binding isotherm and three lin-
arization models (x-reciprocal method, y-reciprocal method and
ouble-reciprocal method) previously described (Table 1). The

xperiments reproducibility has been evaluated and RSD inferior
o 12% have been achieved for each ratio aptamer/target.

able 2
inding parameters of the aptamer–lysozyme complex as determined by the FACME
ethod using the binding isotherm and three linearization plotting methods.

ample: (a) aptamer in varying concentrations (30–100 nM) mixed with 100 nM
ysozyme or (b) 100 mM aptamer mixed with varying concentrations of lysozyme
100–225 nM).

Method (a) Variable aptamer (b) Variable lysozyme

kd (nM) n kd (nM) n

Isotherm 34.9 0.12 62.4 0.16
x-rec 54.6 0.18 95.2 0.23
y-rec 45.9 0.17 87.6 0.22
Double-rec 58.0 0.19 74.8 0.22

Average 49.5 ± 8.3 0.16 ± 0.03 80.0 ± 14 0.21 ± 0.03
0x + 5.3766, R2 = 0.9559. Segmentation of the x-reciprocal (Scatchard) plot into two
ons of the least-squares regression straight lines (n = 3): (a) y = −0.0039x + 0.0024

The results obtained are presented in Fig. 3 and Table 2a,
indicating a mean number of binding sites n on lysozyme of
0.16 ± 0.03 and an average ligand-site dissociation constant (kd)
of 49.5 nM ± 8.3 nM. This kd value corresponds to an average value
obtained with the different linearization methods and the standard
deviation as well. This latter result is in good accordance with the
value of dissociation constant reported by Ellington et al. (31 nM)
[48]. As lysozyme and aptamer have opposite charges which could
lead to non-specific electrostatic interactions, the specificity of the
interaction was checked by replacing lysozyme by cytochrome c
that is also a strongly basic protein (pKa ∼ 10). No significant varia-
tion of the aptamer plateau height was observed when cytochrome
c was mixed with aptamer. These results showed the absence of sig-
nificant non-specific interactions between aptamer and lysozyme
in this concentration range and thus validate the obtained kd value.
Even if low n values have already been reported in the litera-

ture [50,51], no reference value is available for lysozyme and its
aptamer. This low n value obtained could indicate that one aptamer
interacts with around 6 proteins. Stampfl et al. have shown that,
in the case of neomycin B binding to its aptamer, the aptamer
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Table 3
Binding parameters of the aptamer–lysozyme complex after segmentation into two binding domains. Sample: (a) aptamer in varying concentrations (30–100 nM) mixed
with 100 nM lysozyme or (b) 100 mM aptamer mixed with varying concentrations of lysozyme (100–225 nM).

Concentratio n range (nM) Aptamer/protein ratio (x) kd (nM) n %

(a) Variable aptamer 30–50 0.3–0.5 625.4 ± 50.5 1.69 ± 0.2 5
50–100 0.5–1.0 26.9 ± 0.2 0.15 ± 0.01 95
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(b) Variable lysozyme 150–225 0.4–0.
100–150 0.7–1

nderwent a series of up to three consecutive neomycin B binding
vents, that are associated with distinct conformational changes
n the aptamer [50]. At higher neomycin concentration, they have
lso demonstrated that additional molecules became bound to the
ptamer, most probably because of the high positive charges of the
mino glycosides, as this facilitated binding to the negative phos-
hate backbone of the aptamer. Whereas the low molecular mass
Mr 600) of neomycin B could be compatible with a low n value,
n the case of lyzozyme (Mr, 14,300) as target, such interactions
eem unlikely due to steric hindrance. The n value estimated could
ndicate that 16% of the active sites of lysozyme interact with the
ptamer. Indeed, the conditions of the SELEX process [48] are quite
ifferent compared to the ones used for the affinity measurements.
wo critical conditions can especially be mentioned: the lysozyme
mmobilization on beads via a biotin–streptavidin bond that could
nduce a specific conformation of the protein [48] and the composi-
ion of the SELEX buffer [48,52] (20 mM Tris (pH 7.5), 100 mM NaCl,
mM MgCl2).

Interestingly enough, the linearization curve resulting from the
-reciprocal method, usually referred as “Scatchard plot”, did not
resent a good linearity (R2 = 0.814), which could indicate a com-
lex interaction. This non-linear behaviour could be obtained when
he substrate shows more than one binding domain [44]. The curve
as then segmented into two linear parts (Fig. 3B): (i) a linear part

orresponding to aptamer concentration in the 30–50 nM range
x < 0.5, with x = [L]0/[S]0 the initial aptamer/protein ratio) with
2 = 0.901 and (ii) a linear part corresponding to aptamer concen-
ration in the 50–100 nM range (0.5 < x < 1) with R2 = 0.923. The
inding parameters were determined for each part of the curve,
nd the same process was achieved for the other two linearization
orms. The results (Table 3a) suggested the existence, among the
opulation of sites on one protein, of two types of affinity sites,
ith an average of around 5% for the low affinity sites (kd = 625 nM,
= 1.69) active at low aptamer concentration (30–50 nM, x < 0.5),
nd around 95% for the high affinity sites (kd = 26.9 nM, n = 0.15)
ctive at higher aptamer concentration (50–100 nM, 0.5 < x < 1).

They are also consistent with the papers of Ruta et al. [53] who
ave demonstrated the presence of different types of binding sites
hat are related to different aptamer conformation. Furthermore
tampfl et al. have shown that low neomycin B/aptamer ratios
ead to high-affinity binding whereas higher ratios provide lower
ffinity binding constants [50].

.2.2. Incubation of the aptamer at a fixed concentration and the
ysozyme in varying concentrations

In the reciprocal approach, 100 nM aptamer was incubated with
arying lysozyme concentration (100–225 nM). As previously, a
egative voltage was applied so that the dissociation constant
alculation was based on the plateau height of free aptamer.
ince there was no direct access to the free protein concentra-
ion, the data were not processed as previously. First, n was set
o 0.15, according to the value determined in the former configu-

ation. Then the dissociation constant (kd) was calculated for each
ysozyme concentration using Eq. (10), and n was optimized so as
o provide the lowest standard deviation on the kd values. The bind-
ng parameters obtained through this optimization allowed the free
140.0 ± 29.4 0.28 ± 0.03 20
42.4 ± 0.1 0.18 ± 0.00 80

protein concentration [S] to be calculated (Eq. (4)) and the data
obtained were linearized (Table 2b). The binding parameters were
then derived according to the three methods (results not shown).
The value of n obtained was 0.21 ± 0.03 while the average dissoci-
ation constant (kd) was 80.0 nM ± 14 nM (Table 2b). These results
were of the same order of magnitude than those obtained in the
reversed configuration (Table 2a): the number of binding sites is
quite identical, whereas the slight difference in dissociation con-
stant could be explained by the inaccuracy brought by the indirect
determination of the concentration of free substrate in this case.

As previously, the Scatchard plot could be segmented into two
linear parts with lower R2 (R2 = 0.689) values than the one of the first
configuration. These regions seem to indicate two distinct binding
domains on a single protein: (i) around 80% of high affinity sites
(kd = 42.4 ± 0.1, n = 0.18 ± 0.00) in the 100–150 nM lysozyme range
(0.7 < x < 1) with R2 = 0.83 and (ii) around 20% of lower affinity sites
(kd = 140.0 ± 29.4, n = 0.28 ± 0.03) in the 150–225 nM lysozyme
range (0.4 < x < 0.7) with R2 = 0.95 (Table 3b). These results are quite
similar to those obtained previously. The x ranges are slightly dif-
ferent in the two configurations, this difference could explain the
difference obtained in the percentage of low and high affinity sites.
However, the first configuration (fixed lysozyme concentration and
variable aptamer concentration) seems more convenient and accu-
rate, since the binding parameters are accessible straightforwardly.
Thus it will be chosen for the characterization of binding parame-
ters for further studies.

5. Concluding remarks

In this work, a new methodology employing frontal analysis in
a continuous format in a microsystem (FACMCE) was developed to
allow the simultaneous determination of the binding constant and
stoichiometry of an interacting system with sort analysis time and
low sample consumption. It was exemplified with the interaction
between a lysozyme-binding aptamer and its target. In order to
overcome the difficulties raised by the strong basicity of the pro-
tein, the separation channel was permanently coated with a neutral
polymer, hydroxypropylcellulose (HPC), which also allowed to
strongly reduce the electroosmotic mobility. After optimization of
the running conditions, the binding parameters were derived from
the free labelled-aptamer plateau height, using mathematical lin-
earization methods. The results obtained showed that the binding
between lysozyme and its aptamer presents two sites of differ-
ent binding affinities. A low aptamer/protein ratio favoured weak
sites, whereas a higher aptamer/protein ratio induced a stronger,
more specific affinity. The n values obtained in this study could
furthermore indicate the importance of the buffer composition
and the SELEX process on the aptamer conformation. The two
configurations tested (variable aptamer/fixed lysozyme and vari-
able lysozyme/fixed aptamer) led to similar results, although the
data processing was slightly different. The configuration where
aptamer (i.e. the compound which is directly detected) is varied and

lysozyme is constant allowed an easier and more direct access to the
binding parameters, and could thus be chosen for further experi-
ments. Thus the capability of FACME for characterizing any type
of aptamer–protein interactions was demonstrated. This method
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