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Abstract

The binding ofl-Boc-phenylalanine anilide (BFA) andl-Boc-phenylalanine (phe) to molecularly imprinted and non-imprinted polymer
nanoparticles consisting of poly[(ethylene glycol dimethacrylate)-co-(methacrylic acid)] has been investigated by adsorption experiments
and mathematical modeling. The experimental isotherms have been mathematically adapted following the models of Freundlich, Langmuir,
Langmuir–Freundlich, Bi-Langmuir, and extended Langmuir. The extended Langmuir model differentiated between specific and nonspecific
binding of the ligand to the receptor nanoparticles and rendered excellent fitting of the experimental data. It delivered a thermodynamic and
kinetic parameter set on the experimental association curves ofl-BFA by l-BFA-imprinted nanospheres in suspension experiments with the
equilibrium constantKD = 4.09± 0.69�mol L−1 and the kinetic association rate constantka = 5.60 mL�mol−1 min−1.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

There has been an increasing interest in the synthesis
and characterization of molecularly imprinted polymers
(MIP’s) as synthetic affinity material lately[1–4]. Molecu-
lar imprinting is a template polymerization which induces
receptor-like binding sites in otherwise non-selective poly-
meric materials. Thus, adsorbent material is created which
can hold highly specific binding sites towards the template
molecule used during the imprinting process. A large vari-
ety of different chemical compounds have been successfully
used as molecular templates in non-covalent imprinting
processes, including amino acids, drugs, fertilizers, biocides
and peptides[1–4]. The use of MIP’s as solid selector phase
have been demonstrated for many applications, e.g. in liq-
uid chromatography[5], capillary electro chromatography
[6,7], solid-phase extraction[8–10], or membrane processes
[11,12].
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Recently, the synthesis of MIP’s in a colloidal format
was realized by hetero-phase polymerization processes[13].
We employed miniemulsion polymerization and prepared
nanoscopic MIP’s (nanoMIP’s) in a one-stage reaction
[14,15], whereas Perez et al. and Carter and Rimmer used
a two-stage emulsion polymerization to prepare colloidal
core-shell MIP’s with an imprinted shell[16–18]. Colloidal
MIP’s exhibiting a perfectly spherical morphology. Due to
the nanoscopic size of the imprinted particles they posses
a high specific surface of 80 m2g−1 [19]. Thus, colloidal
MIP’s are more defined in their topology as conventional
MIP polymer material which is synthesized by bulk syn-
thesis with applying a porogen and is then ground to render
particles of irregular shape and a size of several tens of
micrometers.

In contrast, our nanoMIP’s represent a solid phase se-
lector which can be handled in a liquid without limitation
by sedimentation processes. Furthermore, nanoMIP’s can
be deposited as (ultra)thin layers in composite membranes
[19,20] or sensor coatings[21]. For optimal design of such
affinity membranes or sensors, the knowledge of the thermo-
dynamic and kinetic properties of the molecular recognition
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process of a target molecule by the molecularly imprinted
material is indispensable.

Affinity adsorption processes employing specific adsor-
bent–adsorbate (receptor–ligand) systems, were experimen-
tally investigated and mathematically modeled by various
approaches, e.g. for optimization of analytical affinity chro-
matography[22,23] or particle-based and membrane affin-
ity processes[24]. The bulk imprinting processes applied,
yielded a distribution of binding sites having a range of bind-
ing affinities[25,26]. This heterogeneity diminishes the abil-
ities of MIP’s in almost every analytical application. Thus,
the reduction of heterogeneity in MIP’s would significantly
improve their overall utility. Essential requirement toward
this end are new synthetic routes to MIP’s but also the ability
to accurately characterize the binding properties of MIP’s
[25,27].

Heterogeneity also complicates the characterization of
MIP’s; therefore, the majority of binding models have
been homogeneous models that enable the facile estimation
of binding parameters. A bi-Langmuir isotherm has been
most commonly employed to describe the slope analysis
of Scatchard plots[28–31]. Here, the heterogeneity of the
MIP binding sites is approximated by grouping the het-
erogeneous distribution into two classes; one of low and
one of high affinity. Alternative models are focusing on the
combination of Freundlich and Langmuir models[27] or
the complete numerical calculation of affinity distribution
of MIPs [26,32,33].

Therefore, in the present contribution, we report on
adsorption experiments and their mathematical model-
ing by various binding models to compare and study the
thermodynamic and kinetic behavior of the binding pro-
cess of nanoMIP’s consisting of poly[(ethylene glycol
dimethacrylate)-co-(methacrylic acid)] (p(EGDMA-co-
MAA)) with the template molecule used in the im-
printing process,l-BOC-phenylalinine anilide (l-BFA).
Non-imprinted p(EGDMA-co-MAA) nanospheres were
used as control material andl-Boc-phenylalanine (l-phe)
as template analogue for comparative adsorption studies. In
addition to the understanding of the employed nanoMIP’s
binding properties, main goal of the mathematical modeling
is the determination of reasonable parameter sets for the
further use in engineering the optimum separation process
with nanoMIP’s as selective stationary phase in thin film
composite membranes[19,20].

2. Experimental and modeling

2.1. NanoMIP synthesis

The nanospheres were synthesized by miniemulsion poly-
merization. For a detailed description see elsewhere[34].
Briefly, this polymerization corresponded to a oil-in-water
polymerization using strong shear forces to transform oil
droplets to nanodroplets of the size range of 50–300 nm

diameter. These nanodroplets, stabilized by sodium dode-
cylsulfate (SDS, Merck, Darmstadt, Germany), served as
nanoreactors, containing ethylene glycol dimethacrylate
(EGDMA, Sigma, Taufkirchen, Germany), methyacrylic
acid (MAA, Aldrich, Taufkirchen, Germany), the template
l-Boc-phenylalanine anilide (BFA, Novabiochem, Schwal-
bach, Germany), and hexadecane (Fluka, Taufkirchen, Ger-
many). The latter was a hydrophobic additive stabilizing
the nanodroplets during the miniemulsion polymerization.
The nanodroplets were quantitatively converted to solid
nanospheres with an efficiency of 98± 2%. After the poly-
merization the nanospheres were purified by ultrafiltration
(Amicon 8400 ultrafiltration cell, polysulfone membrane,
PALL GmbH, Dreieich, Germany) and the template was
removed by extraction.

2.2. Adsorption experiments

For determination of the adsorption isotherms the fol-
lowing experiment were carried out. Equal amounts of
nanospheres (20 mg) were added to eight flasks contain-
ing various concentrations (10, 20, 30, 40, 50, 60, 70 and
80�M) of adsorbent molecule in water–methanol solution
(75:25, v/v) in a final volume of 50 mL. The solvent compo-
sition was chosen because of the advantageous equilibration
distribution, i.e. sufficient solubility of BFA and high affin-
ity to the imprints of the nanoMIP’s. The concentration
range is obviously low compared to data reported for other
templates dissolved in purely organic solvents with concen-
trations up to 3 M[35,36]. In our case, the solubility of the
l-BFA molecules in the water–methanol solution limited
the range.

The flasks were stirred at room temperature with a mag-
netic stirrer at 450 rpm for at least 4 h in order for the sys-
tem come to equilibrium. Samples (2 mL) were removed and
cleaned from the nanospheres with a syringe filter (PTFE
membrane, 0.2�m, Achroma, Müllheim, Germany).

To demonstrate that the syringe filter itself does not ad-
sorb the compounds, blank experiments were carried out.
Therefore a sample of each flask containing various concen-
trations (10, 20, 30, 40, 50, 60, 70 and 80�M) of adsorbent
molecule was processed through the syringe filter without
any particles prior to the adsorption experiment and the tem-
plate concentration was determined. The amount of template
molecules in the supernatant after all filtering experiments
was determined by measuring the absorbance at 240 nm
(BFA) and 220 nm (phe) with an HPLC system equipped
with an UV-Vis-spectrometer (Beckman Coulter, Munich,
Germany).

In order to determine the association rate constantka, the
following batch procedure was used: The amount of 20 mg of
extracted molecularly imprinted nanospheres was suspended
in water–methanol solution (75:25, v/v) in a final volume
of 50 mL and an initial adsorbent concentration of 45�M.
The flasks were stirred at room temperature with a magnetic
stirrer at 450 rpm. Thirteen samples were taken continuously
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at defined time intervals (after 1, 2, 3, 4, 6, 8, 10, 15, 20,
40, 60, 90 and 120 min). The last sample was taken after
2 h when the equilibrium was achieved, as evidenced by the
lack of further reduction in the concentration of adsorbent
in the soluble phase.

2.3. Theory of adsorption isotherm modeling

When a solute or adsorbate (A) in a reaction mixture
adsorbs to a solid phase or adsorbent which contains specific
binding sites (B), the binding is described byEq. (1), where
ka andkd are the rate constants for the forward and backward
direction of the reaction.

A + B
ka�
kd

AB (1)

In the present case the specific binding sites correspond to
molecularly imprinted sites at the nanoMIP’s. The ratio of
the constants is equal to the dissociation equilibrium constant
KD, given inEq. (2).

KD = kd

ka
(2)

An additional term, given inEq. (3), for the mass of non-
specifically bound moleculescN was assumed to be in lin-
ear correlation to the free adsorbate after equilibration in
the soluble phase[37,38]. By other means, as long as free
surface is available during the adsorption process, the non-
specific binding will unabatedly take place parallel to the
specific adsorption until the equilibrium is reached:

cN = Nc∗ (3)

By combining Eq. (3) with the traditional Langmuir
isotherm model for single-solute adsorption[39] the values
of the equilibrium constantKD, the maximum number of
binding sitescm and the rate of nonspecific bindingN were
determined with the followingEq. (4).

cS = c∗cm

KD + c∗ + Nc∗ (4)

The complete amount of template molecule bound to the
imprinted nanospherescS was calculated as the total amount
of template molecule present at the beginning of the adsorp-
tion isotherm experimentc0 less the amount still in the solu-
ble phase at equilibriumc∗. The fitting was done iteratively
by using the software Aspen Custom Modeler (Aspentech,
Cambridge, USA) which allows generating a fast solution
without complex data preparation.

2.4. Theory of kinetical modeling

The rate of mass transfer to the high specific binding sites
of the adsorbent in the affinity interaction is given byEq. (5).

dcH

dt
= kac(cl − cH)

︸ ︷︷ ︸

adsorption

− kdcH
︸︷︷︸

desorption

(5)

The rate constant for desorption of the adsorbate molecule
kd from the imprints of the nanospheres was replaced by
Eq. (2)governing the following expression.

dcH

dt
= kac(cl − cH) − KDkacH (6)

Except the adsorption rate constantka all other variables
are known from the batch isotherm experiment done before.
The rate of mass transfer of the nonspecific binding to the
free surface of the adsorbent characterized byEq. (3)is given
by Eq. (7)

∂cL

∂t
= kLc − kL

N
cL (7)

whereaskL is the rate constant for nonspecific binding in
forward direction. To correctly involve the nonspecific ad-
sorption to the imprinted nanospheres, a mass balance has
to be established. The entire mass of adsorbate is constituted
from the dissolved molecules and the adsorbate molecule
bound specifically and nonspecifically to the imprinted
nanospheres, whereV is the volume of the soluble phase,
VMIP the volume of the solid-phase and�MIP the density of
the solid phase, i.e. the molecularly imprinted nanospheres.
With the boundary condition in terms of the timet > 0 the
following Eq. (8) is used:

V(c0 − c) = VMIPρMIP(cH + cL) (8)

Eqs. (6–8)were solved in the modeling process using the
software Aspen Custom Modeler (Aspentech, Cambridge,
USA) to match the experimental data of the kinetic batch
adsorption experiments without further modification.

3. Results and discussion

Binding experiments were carried out by suspend-
ing a constant amount of nanoMIP’s or non-imprinted
controls in a solution consisting of water and methanol
(75:25, v/v), which contained a constant concentration of
l-Boc-phenylalanine anilide (BFA) orl-Boc-phenylalanine
(phe). To obtain experimental data on the equilibrium state,
the initial adsorbate concentration in the suspending solu-
tion was varied. After incubation, the nanoparticles of the
sample were removed by filtration and the ligand concentra-
tion in the water–methanol phase was determined by HPLC
three times for each sample. To demonstrate that the filter
itself does not adsorb the compounds, blank experiments
were carried out. The template concentration in the samples
prior to and after the filtering process remained constant
within 99.1%. Thus, it was concluded that any adsorption
of the template by the syringe filter could be neglected.

Here four different types of adsorbent–adsorbate systems
were employed: BFA-imprinted nanoMIP’s with BFA (sys-
tem 1) or phe (system 2), and non-imprintedp(EGDMA-
co-MAA) nanoparticles with BFA (system 3) or phe
(system 4).
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Fig. 1. Experimental data of the adsorption isotherm experiments em-
ploying BFA-imprinted nanoMIP’s withl-BFA (system 1) or Boc-l-
phenylalanine (phe) (system 2), and non-imprintedp(EGDMA-co-MAA)
nanoparticles with BFA (system 3) or phe (system 4). Error bars span
two-fold the observed standard deviation, and points without error bars
were measured only once.

The experimental data on the adsorption isotherm ex-
periments with the affinity system and the various con-
trol systems are illustrated inFig. 1. The affinity system
1 showed the highest amount ofl-BFA adsorption to the
l-BFA-imprinted nanospheres. Thus, it was confirmed, that
an increased affinity was generated between the imprinted
polymer and the adsorbate which was used as molecular
template for its imprinting. However, the control system
3 showed also a substantial adsorption of BFA under the
same conditions. This adsorption was by definition attributed
to nonspecific binding as no specific ligand-receptor inter-
action due to an imprinting process could have been in-
volved in this case. The data on both other controls, the
adsorbent–adsorbate systems 2 and 4, displayed very low
nonspecific adsorption to the nanospheres. Taken all data
into account, it was stated, that the adsorbate molecule BFA
exhibited a stronger interaction with the copolymer nanopar-
ticles consisting ofp(EGDMA-co-MAA) as the compared
adsorbate phe. Most importantly, the imprinting process in-
duced the generation of specific binding sites in the mate-
rial thus leading to an increased adsorption of the adsorbate
BFA to BFA-imprinted nanoparticles. Five different mod-
els have been applied for the mathematical modeling of the
experimental data.

Table 1
Fitted affinity parameters using different models from literature and the extended Langmuir model together with the appropriate correlation coefficient R

Model Parameter CorrelationR

Freundlich K̄D = 0.01± 0.0008�M; m = 0.52 ± 0.01 0.9985

Bi-Langmuir (Scatchard) High:KD = 0.60 ± 0.36�M cm = 62.16± 9.11�mol g−1 0.9998
Low: KD = 14.37± 2.38�M cm = 159.21± 9.20�mol g−1

Langmuir–Freundlich KD = 741.13± 772.64�M; m = 0.59 ± 0.04 cm = 510.97± 307.58�mol g−1 0.9994

Langmuir KD = 25.14± 4.38�M; cm = 123.98± 9.94�mol/g 0.9917

Extended Langmuir KD = 4.09 ± 0.69�M; cm = 37.75± 2.64�mol/g N = 1.06 ± 0.05 L g−1 0.9981
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Fig. 2. Five binding models (Freundlich, Langmuir, Langmuir–Freundlich,
Bi-Langmuir and extended Langmuir) together with the experimental data
of affinity system 1.

Fig. 2 andTable 1show the resulting fitting parameters
by employing the equation systems based on the isotherm
models Freundlich (FM), Langmuir (LM), Bi-Langmuir
(BLM), Langmuir–Freundlich (LFM) and extended Lang-
muir (ELM). The traditional Freundlich model (FM) allows
for the description of a broad range of affinity interac-
tions by assuming a hypothetic association constant and
an heterogeneity index but no information about a maxi-
mum number of available binding sites. Here, the model
produced a theoretical curve, which was in good agree-
ment with the experimental data on the BFA adsorption
to BFA-imprinted nanoparticles[40]. The calculated het-
erogeneity index of 0.52 already pointed out that there
was not only one kind of attractive interaction in the in-
vestigated ligand-receptor system. In contrast, the classical
Langmuir isotherm (LM) postulates only one possible type
of interaction between the ligand and the receptor, i.e. just
specific binding sites[41]. When the LM was applied to
fit the experimental data, a clear deviation of the theoret-
ical curve from the experimental data was found. Thus it
was concluded, that the simple LM was not appropriate to
describe the adsorption behavior in the investigated case,
which was already found by Shimizu and co-workers for
other MIP systems[27]. A combination of both models, the
Freundlich–Langmuir model (FLM), was successfully ap-
plied to MIP systems at different concentration ranges and
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affinity distributions[27]. Fig. 2 shows a good agreement
of the fit curve based on the FLM but the values of the
parameterscm and KD and their resulting standard devia-
tions displayed inTable 1, where by far too high to render
reliable parameters for describing the investigated affinity
system. The Bi-Langmuir model (BLM) differentiates be-
tween two types of binding sites, one with high affinity
and one with low affinity[30,42]. The application of the
BLM rendered a well fitting theoretical curve. However, the
mathematical model in this case is based on the assumption
of an overall maximum number of affinity binding sites
of 221.37�mol g−1, which is by far too high if compared
to the overall maximum number binding sites available
by experimental extraction of the imprinted nanoparticles
with methanol of 120.09�mol g−1. Furthermore, when the
observed linear increase of nonspecific binding of BFA to
non-imprintedp(EGDMA-co-MAA) nanospheres is taken
into account (Fig. 1), we concluded, that the nonspecific
binding would be better modelled by introduction of a lin-
ear term depending only on the ligand concentration in the
investigated concentration regime[37,38]. Thus, instead of
assuming precisely two different types of specific binding
sites, as in the BLM, the extended Langmuir model (ELM)
differentiated between a specific interaction based on the
molecular recognition of the adsorbate with specific binding
sites in the adsorbent generated by molecular imprinting
and all other interactions between adsorbate and adsorbent
subsumed as nonspecific binding, were modelled by two
mathematically independent terms. The ELM described the
experimentally observed adsorption processes excellently.
Furthermore, the value of 37.75 ± 2.64�mol g−1 for the
maximum number of binding sites, which was determined
by the modeling based on the ELM, is more reasonably
related to the amount of extracted template. This value
corresponds to 31.4% of the amount of extracted tem-
plate, which is assumed to be the proportion of easily
accessible imprinted binding sites. Furthermore, the ELM
rendered by far more reasonable parameters for describ-
ing the binding behaviour of BFA top(EGDMA-co-MAA)
nanospheres as the FM, which provided a hypothetic value
for a mean equilibrium constant with no relation to any
number of binding sites. Thus, it was concluded, that
the ELM described the binding events upon BFA bind-
ing to imprinted p(EGDMA-co-MAA) nanospheres most
precisely.

Table 2
Fitted parameters equilibrium constantKD, the maximum number of specific binding sitescm, and the rate of nonspecific bindingN by using the extended
Langmuir model differentiating between two independent terms, one describing the molecular recognition of the adsorbate by the nanoMIP’s based on
specific binding to imprinted sites and the other subsuming nonspecific interactions

Affinity system KD (�mol L−1) cm (�mol g−1) N/L (g−1)

BFA with BFA-imprinted nanosphere (system 1) 4.09± 0.69 37.75± 2.64 1.06± 0.05

BFA with nanospheres (system 3)
non-imprinted 6.43 ± 18.75 8.03± 10.23 0.60± 0.14
BFA with non-imprinted nanospheres (system 3); only nonspecific binding assumed – 0 0.55± 0.03
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Fig. 3. Best fitting functions matching the experimental data of the affinity
system 1, BFA adsorbing to BFA-imprinted nanoMIP’s: adsorption fit
using the full modified Langmuir model (—); a linearly increasing function
attributed to the nonspecific adsorption (- - -); the adsorption function
describing the specific adsorption due to molecular recognition of the
adsorbate in the imprinted binding sites (· · ·).

Fig. 3displays the mathematical functions resulting from
the iterative fitting procedure according to the extended
Langmuir model together with the experimental adsorption
data. The ELM modeling resulted in a function describing
the overall adsorption process which coincided fully with
the experimental data. The function consisted of a linearly
increasing term describing the nonspecific binding and a
Langmuir adsorption isotherm term describing the specific
binding converging against the maximum specific adsorbate
binding capacitycm. Table 2shows the full parameter set
rendered by the best fitting of the experimental data observed
with the system 1 and its control system 3 based on the ELM.

The determined an equilibrium constant for the BFA
binding to BFA-imprinted nanospheres,KD = (4.09 ±
0.69) �mol L−1, agreed well with the data range reported for
other molecularly imprinted affinity systems[40]. Sergeyeva
et al. found aKD = (80.0±10) �mol L−1 for the affinity of
terbumeton to a photo-grafted terbumeton-imprinted mem-
brane coating consisting of poly(MAA-co-N,N′-methylene-
bis-acrylamide)[43]. Yoshikawa et al. reported aKD =
103.0�mol L−1 for the affinity of acetyl-l-tryptophan to
Boc-l-tryptophan-imprinted polymer membranes consisting
of a blend of peptide modified resins withp(acrylonitrile-
co-styrene)[44].
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The linear dependence of the nonspecific binding used
in the modeling was confirmed by fitting the experimental
data observed with the control system 3, where BFA was ad-
sorbed to non-imprinted nanospheres. Free iterative fitting
of the ELM Eq. (4)resulted in fictive values forKD andcm
(Table 2). The standard deviation of the fictive equilibrium
constant describing a fictive specific binding in the system
was about three times higher than the calculated equilib-
rium constant itself, thus confirming the validity of the ELM.
Consequently, in a more realistic modeling of the control
system, the theoretical maximum specific adsorbate binding
capacity cm was set to 0, and thus any fictive specific ad-
sorption excluded from the modeling. Thereby, the rate de-
scribing the nonspecific binding changed only slightly and
was calculated to 0.55± 0.03, (Table 2). When this value
was compared to the rate in the imprinted system, we found
a ratio ofNimprinted/Nnon-imprinted = 1.93. The rate of non-
specific binding N depends on the available surface in the
nanosphere system. Thus, the found ratio of 1.93 should be
mirrored by different specific surfaces of the imprinted and
non-imprinted nanospheres. It was shown earlier, that the
specific surface of the imprinted and non-imprinted particles
was almost unaffected by their chemical composition, but
was largely increased upon extraction of the template[14].
The nanoparticles investigated here, showed almost the same
size with an average diameter of 240 and 255 nm for system
1 (imprinted particles) and system 3 (non-imprinted parti-
cles), respectively. Their corresponding specific surfaces as
measured by nitrogen BET adsorption measurements were
49 and 52 m2g−1 for system 1 and 3, respectively. Upon ex-
traction with a good solvent, here methanol, only the spe-
cific surface of the imprinted system 1 changed significantly
to 64 m2g−1. The ratio of their resulting specific surfaces,
specific surface of system 1 divided by the specific surface
of system 3, yields a value of 1.23. Although the specific
surface determined by the BET adsorption experiments us-
ing nitrogen molecules differed principally from the surface
available for adsorption of the larger BFA, it may still be
regarded as a good measure to attribute the calculated dif-
ferences in nonspecific binding rates for the imprinted and
non-imprinted nanospheres.

The excellent agreement of the ELM allowed for apply-
ing the determined thermodynamic parameter set on the
mathematical modeling of kinetic data to describe the ad-
sorption process.Fig. 4 shows experimental data on kinetic
measurements of single-solute adsorption processes for the
systems 1 and 2 together with calculated association curves
in terms of the free BFA concentration. The calculated asso-
ciation curves described the experimental data with excel-
lent agreement. The modeled curve for the adsorption in the
system 1 correlated with a coefficient ofR = 0.9987. The
adsorption kinetics of the affinity system 1 showed a strong
decrease in the first minutes. After about 20 min the adsorp-
tion was nearly completed, reflected by a very slow decay
in the modeled association curve. Equilibrium was reached
after 30 min. In contrast to these findings, the free concen-
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Fig. 4. Modeling of single-solute association curves describing the exper-
imental data of the free concentration on kinetic measurements of adsorp-
tion processes: Systems 1, BFA adsorption to BFA-imprinted nanoMIP’s
(×××); system 2, phe adsorption to BFA-imprinted nanoMIP’s (���),
together with the appropriate modelled values of the system 1 (—) and
system 2 (- - -). Error bars span 2 standard deviations.

tration of the adsorbate in the control system 2 showed no
significant change and thus indicated the lack of affinity to
the BFA-imprinted nanospheres. Additionally,Fig. 5 shows
experimental data on kinetic measurements of single-solute
adsorption processes for the systems 1 and 2 together with
calculated association curves in terms of the overall, specific
and nonspecific binding of BFA based onEquations (6),
(7) and (8). Comparing the curves for the modeled specific
and nonspecific bindings shows, that after 20 min almost all
specific binding sites are saturated at 32�mol g−1 whereas
the slower nonspecific binding needs up to 80 min to reach
a constant plateau of 25�mol g−1. Thus, an association
rate constantka for the specific binding was determined
for the affinity system 1 toka = 5.6 mL�mol−1 min−1 and
for the nonspecific binding tokL = 45.5 mL g−1 min−1 by
the mathematical fitting using the previously determined
adsorption isotherm parameters listed inTable 1.
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Fig. 5. Modeling of single-solute association curves describing the ex-
perimental data of the bound BFA on kinetic measurements of adsorp-
tion processes: Systems 1, BFA adsorption to BFA-imprinted nanoMIP’s
(–×–); system 2, phe adsorption to BFA-imprinted nanoMIP’s (���),
together with the modelled values of the specific (· · ·) and nonspecific
(- - -) binding. Error bars span 2 standard deviations.
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4. Conclusions

An extended Langmuir model (ELM) was used to fit the
experimental data of BFA adsorption tol-BFA-imprinted
nanospheres consisting ofp(EGDMA-co-MAA) taking into
account independent terms describing the specific and non-
specific binding in this affinity system within the chosen
concentration range. The parameters rendered by the model
covered the values of the dissociation equilibrium constant
KD, the association rate constantska andkL, the maximum
number of binding sitescm, and the parameterN, expressing
the rate of nonspecific binding. The comparison of the ELM
with other models showed an almost exact agreement con-
cerning the affinity parameters indicating the good perfor-
mance of the chosen model. The thermodynamic and kinetic
data are important to describe the affinity process involved
in the adsorbate-adsorbent interaction in the case of molec-
ularly imprinted nanospheres. Moreover, we previously re-
ported about the making of an affinity composite membrane
containing a thin layer of the nanoMIP’s as selective phase
[19,20]. The governed thermodynamic and kinetic parame-
ters can now be used together with the continuity equation
[37], to establish a new mathematical model for the under-
standing and describing of the whole separation process by
such a composite membrane. Thus, with the mathematical
modeling, it should be possible to predict e.g. the break-
through curves and the influence of axial diffusion of such a
separation process leading to an optimal configuration and
therefore optimal performance of the envisaged composite
membrane in the expected narrow concentration range.

5. Nomenclature

A adsorbate
B adsorbent binding site
BFA BOC-l-phenylalanine anilide
BLM vi-Langmuir model
c solute concentration [�mol L−1]
c∗ solute concentration at equilibrium [�mol L−1]
c0 initial solute concentration [�mol L−1]
cm maximum number of available binding sites

per solid mass [�mol g−1]
cL amount of nonspecifically bound adsorbate

per solid mass [�mol g−1]
cH amount of specifically bound adsorbate per

solid mass [�mol g−1]
cS complete amount of bound adsorbate per

solid mass [�mol g−1]
ELM extended Langmuir model
FM Freundlich model
FLM Freundlich–Langmuir model
KD dissociation equilibrium constant [�mol L−1]
ka association rate constant [mL�mol−1 min−1]
kd dissociation rate constant [min−1]

kL nonspecific association rate constant
[mL g−1 min−1]

LM Langmuir model
m heterogeneity index [−]
MIP molecularly imprinted polymer
N rate of nonspecific binding [L g−1]
phe phenylalanine
�MIP density of molecularly imprinted nanospheres

[g L−1]
R correlation coefficient
t time [min]
V volume of soluble phase [L]
VMIP solid phase volume of molecularly imprinted

nanospheres [L]
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