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ABSTRACT: Nanosized molecularly imprinted polymers (nano-

MIPs) and polyclonal antibodies are assumed to share the same O% éﬁv he>=Y
binding behavior due to the presence of mutually independent i
binding sites and characterized by a continuous distribution of the X , ‘0&

binding affinity with respect to an average value. This gives rise to a
convex Scatchard plot and is well described by the Langmuir—
Freundlich (Sips) isotherm. Nevertheless, some preliminary
experimental indications suggest the possibility of a different
binding behavior, characterized by positive cooperativity. Since this behavior would have significant repercussions on the practical
use of nanoMIPs, the binding behavior of a nanoMIP with molecular recognition properties toward ciprofloxacin has been
thoroughly investigated. Repeated equilibrium binding experiments on nanoMIPs of different cross-linking degrees (2%, 10%, and
20% molar of methylene-bis-acrylamide as cross-linker, respectively) allowed to accurately determine the binding isotherms over a
wide range of ligand concentrations. The consequent statistical treatment of the data showed the clear prevalence of binding
isotherm models consistent with positive cooperativity (heterogeneity parameter n > 1 and concave Scatchard plot) when compared
to other alternative binding models considered. Moreover, the exponential heterogeneity parameter does not correlate with the
degree of cross-linking of the nanoMIPs, suggesting that the origin of positive cooperativity could be due not only to the degree of
stiffness of the nanopolymer but also to the structural proximity of the binding sites, as shown by further experimental data obtained
from nanoMIPs prepared with rabbit y-globulins, a much bulkier template than ciprofloxacin.

KEYWORDS: molecularly imprinted polymer, nanoMIP, binding isotherm, Langmuir—Freundlich isotherm, binding cooperativity

Bl INTRODUCTION bound (B) ligand concentrations depends from three
parameters, which have physical meaning: the apparent
equilibrium binding constant, K., (corresponding to the
median value of the equilibrium binding constants associated

Molecularly imprinted polymers (MIPs) owe their peculiar
molecular recognition properties to nanocavities formed
during the polymerization process, following the presence of

template molecules and appropriate functional monomers in with the binding sites), the binding site density, By, and the
the prepolymerization mixture."”” Such nanocavities can be heterogeneity index, n, an exponent term whose numerical
considered, in all respects, as binding sites, the dimension and value is between 0 and 1, with n = 1 for MIPs with a
shape of which are complementary to those of the template, “monoclonal” binding behavior where all the binding sites have
and where the molecular recognition mechanism is based on the same equilibrium binding constant.'”'*> However, note that
noncovalent interactions between the template, or similar the heterogeneity index can be conceived in a different way.
molecular structures, and the binding site, in accordance with Indeed, by removing the upper limit equal to unity for n, the
the “key and lock” principle. For this reason, MIPs have long Langmuir—Freundlich isotherm takes the form of the Hill
been defined as synthetic analogues of natural antibodies.”> Tt equation, which describes binding systems exhibiting cooper-

follows that, as mimics of the latter, the binding behavior can

- R ativity.'"* In a broader vision, with n > 1, there is positive
be considered identical so long as gl%y show well-defined cooperativity, ie., the binding of further ligand molecules to
binding thermodynamics and kinetics.

In a striking analogy with natural antibodies present in
polyclonal antisera, MIPs prepared using a noncovalent
imprinting approach are characterized by a multiplicity of
binding sites with a wide and continuous distribution of
affinities toward the template.”'? This “polyclonal” feature is
well described by the Langmuir—Freundlich (Sips) eq (Chart
1)."" In this model, the relationship between the free (F) and
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Chart 1. Relationships between isotherm models considered in this work. § = B/B,,,,, K, is the apparent equilibrium binding
constant, B, is the total binding site density, n and m are the heterogeneity parameters, and a is an empirical parameter,
which appear in Freundlich and Henry models. Red color: models considered in this work. Dashed arrows: valid when K F <
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the ligand—receptor complex is favored, while with n = 1, there
is no cooperativity, and with n < 1, there is negative
cooperativity, i.e, the binding of further ligand molecules to
the ligand—receptor complex is unfavored." In the latter case,
supposing equilibrium conditions, the occupation of the
binding sites by increasing amounts of ligand starts from the
binding sites characterized by the highest affinity to proceed
toward saturation through occupation of binding sites
increasingly less affine, a process that can be interpreted
both as negative cooperativity and as an effect of binding
heterogeneity.

Natural antibodies show binding cooperativity between Fab
binding sites in very particular conditions only, typically when
the antigen is a multivalent macromolecule characterized by
multiple repeated epitopes in its structure.'® Likewise, positive
cooperativity in MIPs has been described only for the binding
of molecular clusters stabilized by ligand—ligand interac-
tions.”'® As a significant example, this is the case of a
bilirubin-imprinted polymer whose isotherm presented the
typical sigmoidal shape characteristic of a binding behavior
with positive cooperativity.'” However, it is generally assumed
that in the absence of templates characterized by such peculiar
properties, MIPs cannot present positive cooperativity but only
negative cooperativity effects (i.e., binding heterogeneity) and,
consequently, the binding behavior can be appropriately well
described by a Langmuir—Freundlich isotherm model with n <
1.7 The lack of observed positive cooperativity can be
explained by the steric rigidity of the binding sites obtained
by molecular imprinting. In fact, in order to ensure the
structural stability of the binding sites essential for maintaining
molecular recognition, the typical composition of the
prepolymerization mixtures includes a significant amount of
cross-linking monomer, generally set between 70 and 90 mol
9,20

Imprinted nanogels (nanoMIPs) have recently gained
attention due to their interesting properties such as improved
binding sites accessibility, faster binding kinetics, reduced
nonspecific binding, and enhanced biocompatibility.”' >’
Although nanoMIPs can be prepared through different
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polymerization techniques, such as microemulsion or solid
phase synthesis,”* > they differ from traditional MIPs in the
composition of the prepolymerization mixture because the
cross-linking agent is present in limited quantities compared to
the functional monomers, typically never above 2 mol %. As it
is reasonable to assume that the steric rigidity of the polymeric
structure of nanoMIPs is much lower than that of traditional
MIPs, binding behavior with positive cooperativity cannot be
excluded a priori. Thus, a careful examination of the
experimental binding isotherm corresponding to the inter-
action between a nanoMIP and its template ligand must be
able to confirm or deny this hypothesis.

A qualitative criterion that marks the possibility of
cooperativity effects concerns the shape of the binding
isotherm when converted in the Scatchard plot, ie., the
bound vs free data are converted in bound to free ratio vs
bound. Although it is not convenient to fit the transformed
data to obtain the numerical values of the binding
parameters,”’>? the appearance of a concave plot indicates
the presence of a positive cooperativity effect, just as a convex
plot indicates the presence of a negative cooperative effect or
binding heterogeneity.'> However, to confirm the presence of
positive cooperativity, it is necessary to fit the experimental
data by using an appropriate isotherm model. As mentioned
before, a binding system characterized by cooperativity effects
is described by a more complex model than a simple Langmuir
isotherm, and that this model does not necessarily have to
coincide with the Langmuir—Freundlich isotherm, as it is
known that this isotherm is only one of many describing
complex binding behaviors.”® The choice of the appropriate
model is still hindered by the fact that the vast majority of the
numerous models reported in the literature are empirical or
semiempirical, and therefore, there is no direct relationship
between the model parameters and the mechanism on which
the ligand—receptor interaction depends for the system
studied. Therefore, excluding a priori totally empirical models,
it is opportune to consider a set of semiempirical equations
correlated to the well-known Adair-Klotz model, which
explicitly describes systems characterized by cooperative effects
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with a sounding theoretical foundation.">*" Tt is easy to see
that this set of models is an extension of the simple
Langmuirian equation too, and it is characterized by the
presence of one or more exponential terms.*”*® In fact, as
illustrated in Chart 1, it starts from the Marczewski model
characterized by the presence of two different heterogeneity
indices and assigning at the heterogeneity indices (m, n). Then,
assigning at these indices values of >1, <1, or 1, it is possible to
obtain a series of simplified models corresponding, respec-
tively, to the well-known Langmuir,34 Redlich-Peterson,>”
Langmuir—Freundlich (Sips),"" Generalized Freundlich (Sips
I1),° and Toth isotherms.”” Furthermore, assuming that the
K F product takes on values significantly lower than unity
(which happens in conditions far from the saturation of the
binding sites by the ligand), the equations simplify, becoming,
respectively, the Freundlich isotherm (from the Langmuir—
Freundlich, Generalized Freundlich, and Marczewski iso-
therms) and the Henry isotherm (from Langmuir, Redlich-
Peterson, and Toth isotherms). Therefore, in the presence of
positive cooperativity, all models compatible with this and
showing a convex Scatchard plot (Langmuir—Freundlich,
Generalized Freundlich, and Marczewski) must fit the
experimental isotherm significantly better than models that
do not show a convex Scatchard plot (Langmuir, Freundlich,
Redlich-Peterson, and Toth).

Herein, to experimentally confirm this possibility, we studied
the binding properties of a nanoMIP imprinted against
ciprofloxacin at three cross-linking levels (2%, 10%, and 20%
molar, respectively) prepared by solid-phase polymerization
synthesis, which have been previously described by our
laboratory.’®*” The experimental binding isotherms were
measured through equilibrium partition measurements per-
formed in an aqueous buffer at pH 7.4, and the binding data
were fitted with the set of isotherm binding models reported in
Chart 1. It can be anticipated that models with the best fit were
found to be those presenting a sigmoidal shape, thus
envisaging positive cooperativity, while simpler models that
exclude this type of behavior were found not suitable to
correctly describe the experimental data.

B EXPERIMENTAL SECTION

Materials. Acrylic acid (AA), ammonium persulfate (APS),
ciprofloxacin, diisopropylcarbodiimide (DIC), N-hydroxysuccinimide
(NHS), N-isopropylacrylamide (NIPAm), N,N’-methylene-bis-acryl-
amide (BIS), N-tert-butylacrylamide (TBAm), and N,N,N’,N’-
tetramethylethylenediamine (TEMED) were purchased from Sigma-
Merck (Milan, Italy). Ultrapure water was obtained with a Purelab
Prima System from Elga (Marlow, UK). Ligand stock solutions were
prepared by dissolving 25 mg of ciprofloxacin in 25 mL of phosphate
buffer (20 mmol L™}, pH 7.4) and stored in the dark at —20 °C for no
more than a week, after which they were discarded.

Synthesis of nanoMIPs. Prepolymerization mixtures (overall
monomer concentration: 1.3 mmol L™") were prepared by mixing
cross-linker and functional monomers (molar ratio BIS/AA/NIPAM/
TBAm = 2:20:30:48 for 2% cross-linked nanoMIP, 10:18:28:44 for
10% cross-linked nanoMIP, and 20:16:24:40 for 20% cross-linked
nanoMIP, respectively) in 25 mL of ultrapure water. Then, S mL of
mixture was introduced into S0 mL polypropylene SPE cartridges
filled with 2.5 g of glass beads (Spheriglass-2429, 53—106 ym average
particle size, Potters, UK) covalently grafted with ciprofloxacin as
previously reported.*® The cartridges were deoxygenated by sparging
with nitrogen for 5 min; then, 3 yL of TEMED and 100 uL of 30 mg
mL™" aqueous solution of APS were added to the sealed cartridges
with a syringe, and polymerization was carried out at room
temperature for 60 min in a roller-equipped incubator. The
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supernatant was eliminated by vacuum aspiration, cartridges were
cooled to 4 °C, and low affinity nanoMIPs (including those with low
intrinsic affinity as well as those with few binding sites) and
polymerization byproducts were washed with 10 X 2 mL of ice-cold
water. High affinity nanoMIPs were recovered by eluting the
cartridges at room temperature with 5 X 2 mL of 0.1 mol L™ formic
acid. The eluates were dried under a vacuum, weighed, and stored at
room temperature. NanoMIPs were covalently grafted onto aminated
glass beads in accordance with the protocol previously reported with
minor modifications.*® In 4 mL glass vials, 1 mg of nanoMIPs was
dissolved under sonication in 1 mL of N,N-dimethylformamide. Then,
S mg of NHS (0.043 mmol) and 7 mg of DIC (0.047 mmol) were
added, and the solution was incubated at 4 °C for 2 h. Then, it was
transferred into a 10 mL flask containing 1 g of aminated glass beads
in 4 mL of phosphate buffer (0.1 mol L™!, pH 7.4). The suspension
was incubated at room temperature overnight, filtered on a 0.22 ym
nylon membrane, washed with ultrapure water, rinsed twice with
acetone, dried under vacuum at room temperature, and stored in the
dark at 4 °C.

HPLC Method. Reverse phase high-performance liquid chroma-
tography (HPLC) analysis was used for ciprofloxacin determination.
The HPLC apparatus (Merck-Hitachi, Milan, Italy) was a LaChrom
Elite system composed of a programmable binary pump L-2130, an
autosampler L-2200, and a fluorescence detector L-7485, provided
with EZChrom Elite software for the instrumental programming, data
acquisition, and data processing. The column used was a 100 X 4.6
mm C-18 Onyx column (Phenomenex, Milan, Italy). The mobile
phase was water/acetonitrile 85 + 15, formic acid 0.5% (v/v). Elutions
were performed in isocratic conditions at a flow rate of 0.7 mL min™".
The sample volume injected was 25 uL, and the fluorescence
wavelengths were A, = 280 and A,,, = 440 nm. Ciprofloxacin working
solutions between 1 and 275 ng mL™" were prepared in phosphate
buffer (20 mmol L™, pH 7.4) immediately before use. The solutions
were analyzed in triplicate, and mean peak areas were plotted against
ciprofloxacin concentrations. Calibration plots were drawn by
weighted linear regression (weight = 1/conc). As the experimental
binding isotherms were obtained by different sets of equilibrium
partition data, for each run of measurements, a new calibration plot
was traced.

Experimental Binding Isotherms. The binding isotherms were
obtained by repeated equilibrium partition experiments. For each set
of measures, about 40 mg of glass beads supporting nanoMIPs was
exactly weighed in 4 mL flat bottom amber glass vials. Then, 1.0 mL
of phosphate buffer (20 mmol L™, pH 7.4) containing increasing
amounts of ciprofloxacin ranging from S to 275 ng was added. The
vials were incubated overnight at room temperature under continuous
agitation on a horizontal rocking table. Then, the solutions were
filtered on 0.22 ym nylon membranes, and the free amounts of
ciprofloxacin (umol L™') were measured by HPLC analysis. Bound
ciprofloxacin (nmol g™' of glass beads) was obtained by subtracting
the free ciprofloxacin from the total and scaling for the glass beads
weight. Each experimental point was assessed as the average of 10—30
repeated measures, discarding data exceeding the mean value +1.96
standard deviations. For each binding isotherm model considered, the
binding parameters were calculated with TableCurve 2D 5.0 (Systat
Software Inc., Richmond, CA, USA) using nonlinear robust least-
squares fitting based on Levenberg—Marquardt algorithm with
Pearson VII limit minimization. To avoid being trapped in local
minima, fitting was carried out several times by using different initial
guess values for the binding parameters. The prediction coeflicient,
Q?, was calculated as

_ PRESS
TSS

Q=1

where PRESS is the predictive residual error sum of squares, defined
as the sum of the squares of the prediction errors obtained by
omitting one experimental point at a time and refitting the model
each time,*" and TSS the total sum of squares. The Bayesian
information criterion (BIC) was calculated as
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BIC = In SSE + ElnN
N

where k is the number of parameters in the model, N is the number of
data points, and SSE is the sum of squared estimate of errors.*'

B RESULTS AND DISCUSSION

Experimental Binding Isotherms. In determining the
binding isotherms by equilibrium partition experiments, a
major source of uncertainty in the data arises from the fact that
it is very difficult to independently measure both the free and
bound fractions of the ligand. In the specific case of the
experiments reported here, HPLC was used to measure the
free fraction but obviously not the bound one, which was
therefore determined indirectly by subtracting the free fraction
from the total amount of ligand placed at equilibrium. It
follows that the error associated with the free fraction is
propagated to the bound fraction. A second but no less
important reason for uncertainty lies in the fact that, from a
preliminary examination of the experimental data obtained in
the past for nanoMIP imprinted against ciprofloxacin,”**” we
speculated that the cooperative effect, if present, must manifest
itself as a sigmoidal inflection present at relatively low doses of
ligand compared to those of saturation of the binding sites, i.e.,
for low concentrations of free ligand at equilibrium that are
difficult to measure with adequate precision. For these two
reasons, we decided to measure the experimental binding
isotherms using a high (>20) number of data points replicated
between 10 and 20 times each in a concentration range
centered on the region in which the presence of the inflection
in the binding curve could be presumed.

The experimental binding isotherm and the corresponding
Scatchard plots measured for ciprofloxacin on nanoMIP cross-
linked at 2%, 10%, and 20% are reported in Figures 1 and 2,
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Figure 1. Experimental binding isotherms for ciprofloxacin and
nanoMIPs cross-linked at 2% (red dot), 10% (green dots), and 20%
(blue dots). Error bars: + 1o. Bound ciprofloxacin must be intended
as nmol X g of glass beads.

respectively. A sigmoidal inflection located at approximately
0.05—0.2 umol L™" of free ligand is visible for all three binding
isotherms, while the corresponding Scatchard plots show a
pronounced downward concavity for all three sets of
measurements, with maxima located approximately between
1 and 4 nmol g™' of bound ligand. As expected, despite the
uncertainty due to the propagation of the experimental error,
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Figure 2. Scatchard plots for ciprofloxacin and nanoMIPs cross-linked
at 2% (red dot), 10% (green dots), and 20% (blue dots). Error bars:
+ lo. Bound ciprofloxacin must be intended as nmol X g of glass

beads.

the distributions of the experimental points in the binding
isotherms and in the Scatchard plots show that a simple
isotherm model such as Langmuir cannot correctly describe
these data and that more complex models are needed.

Selection of the Binding Isotherm Models. The fit of
the experimental data with the set of isotherm models
considered in this work is reported on a semilogarithmic
scale in Figure 3. It confirms the inadequacy of a simple model
like Langmuir’s to reproduce correctly the trend of the
experimental data when the inflection is present, namely, for
low concentrations of free ligand, <0.06 ymol L™, while more
complex models reproduce the trend of the experimental data
well in the entire measured range of free ligand concentrations.

A first step concerning the ability of the various models to
correctly represent the experimental binding data can be made
by examining the Scatchard plots reported in Figure 4. It must
be noted that, due to the infeasibility of converting the binding
models according to the Scatchard transformation, the curves
were not obtained by directly fitting the transformed binding
data but by numerically transforming the curves corresponding
to the bound vs free models. In this case, it is overly complex
to obtain either the parameters of the resulting equations or
the corresponding fit statistics, but it is possible to visually
observe that not only does the simple Langmuir model, as
expected, not show the convex shape characteristic of
Scatchard plots in positive cooperativity conditions, but also
more complicated models, such as Redlich-Peterson and Toth
have shapes far from the pattern described by the transformed
experimental data and, in the latter case, are physically
impossible. On the contrary, models compatible with positive
cooperativity (Langmuir-Freundlich, Generalized Freundlich,
and Marczewski) show a very good correspondence between
the shape of the curves and the distribution of such
experimental binding data, leading to the conclusion that
only the latter must actually be taken into consideration when
appropriately describing the experimental data.

For all the set of models considered, the fit statistics
reported in Table 1 show a determination coefficient (r*)
higher than 0.950, but, nevertheless, considering the standard
error of the estimate (SEE) and the residual sum of the squares
(RSS) values, it is quite clear that the models can be divided
into three distinct groups: a first group includes the binding
isotherm models, which describe correctly the corresponding
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Figure 3. Binding isotherm models fitting the experimental data for ciprofloxacin—nanoMIP 2% (red), ciprofloxacin—nanoMIP 10% (green), and
ciprofloxacin—nanoMIP 20% (blue). Error bars omitted for greater clarity. Bound ciprofloxacin must be intended as nmol X g of glass beads.

Scatchard plots (Langmuir—Freundlich, Generalized Freund-
lich, and Maczewski models), characterized by 1* values higher
than 0.980 and SSE and RSS values markedly lower than 0.145
and 0.34S, respectively (with the exception of the Generalized
Freundlich model fitting the data for nanoMIP 10%, which
shows an anomalous RSS value of 0.705), indicating an
excellent fit of the experimental data. A second group includes
the Redlich—Peterson and Toth models, characterized by +*
values between 0.973 and 0.988, thus comparable to the first
group, but with SSE values in the range 0.136—0.184 and RSS
values in the range 0.447—0.713, significantly higher than the
first group and indicating a fit to the experimental data of lower
quality. Finally, the Langmuir model, which must be
considered separately since it is characterized by the lowest
r* values and with SSE and RSS values markedly higher,
confirms that this model is much less suitable in representing
the experimental data than all the others considered in this
work.

Concerning the prediction coeflicient, Q? it is no
coincidence that the values calculated retrace the pattern
observed in the case of #* values, as they are two similar
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statistical indicators, but since Q> derives from the PRESS
statistic that is calculated by refitting the model after omitting
one experimental point at a time, it also provides a direct
estimate of the robustness of the models with respect to
changing experimental data, confirming that Redlich-Peterson
and Toth models are less suitable to describe the binding
isotherm as they are more sensitive to random variations in the
experimental data. A remarkable exception is represented by
the Generalized Freundlich model, fitting the data for
nanoMIP 10%, which shows a low value of 0.955 for Q>
The nature of this anomaly, however, can be easily explained
by the fact that the validation process was particularly difficult,
showing a tendency for this model to show substantial
instability when single experimental points were omitted
from the fit. Thus, considering the models with the best
statistics and with a Scatchard plot presenting concavity
(Langmuir—Freundlich, Generalized Freundlich, and Marc-
zewski), it is clear that although there are differences between
such models, the fit statistics could be still considered
indicative of a wholesome good fit of the experimental data
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Figure 4. Scatchard plots and transformed binding isotherm models for ciprofloxacin—nanoMIP 2% (red), ciprofloxacin—nanoMIP 10% (green),
and ciprofloxacin—nanoMIP 20% (blue). Error bars omitted for greater clarity. Bound ciprofloxacin must be intended as nmol X g of glass beads.

and therefore insufficient to effectively discriminate one model
from another if taken alone.

An in-depth look at the binding parameters calculated for
the models and reported in Table 2 shows that some of these
parameters present values anomalously high and are affected
by a severe uncertainty, with calculated Student’s t-values
(probability level p = 0.05) well below those tabulated. In
particular, while the Langmuir—Freundlich model does not
show anomalous parameters in any case, the Generalized
Freundlich model presents anomalous values for the apparent
equilibrium binding constant in the case of the nanoMIP
10%—confirming what was said previously for this case
regarding the anomalous value of PRESS—and for the
heterogeneity index and the apparent equilibrium binding
constant for the nanoMIP 20%, while the Marczewski model
presents anomalous values for the first (of two) heterogeneity
indexes in the case of the nanoMIP 20%. These uncertainties
lead to the conclusion that although all three models seem to
describe the experimental data well, the Langmuir—Freundlich
model is substantially more reliable than the others. This is
also confirmed by the calculated values of the BIC. Weighing
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the SSE for the number of data points (N) and the number of
parameters in the model (k), it represents a powerful tool to
obtain direct information about the quality of a model and,
given a set of models, to estimate the quality of each model
when compared to the other models.*" In Table 3, it is possible
to see that for the three nanoMIPs, the most negative BIC
value corresponds to the Langmuir—Freundlich model, which
therefore turns out to be the optimal model. Compared to the
Langmuir—Freundlich model, the remaining models show
progressively increasing ABIC values with a trend in
agreement both with the statistical parameters reported in
Table 1 and with the parameter values of the models reported
in Table 2. Moreover, as ABIC values larger than 3 are
distinctive of statistically different models,”” once again the
Langmuir, Redlich-Paterson, and Toth models appear not to
be representative of the experimental data, while the other
models are so to a limited extent only, i.e, in the case of
nanoMIP 2% (Generalized Freundlich) and nanoMIP 20%
(Marczewski).

Effect of Cross-Linking on Cooperativity. As stated in
the introduction, cooperativity effects in the binding behavior
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Table 1. Statistics of the Binding Isotherm Models”

model ?
nanoMIP 2% Langmuir 0.977
Redlich-Peterson 0.988
Toth 0.988
Lang. Freund 0.993
Gen. Freundlich 0.993
Marczewski 0.992
nanoMIP 10% Langmuir 0.954
Redlich-Peterson 0.985
Toth 0.989
Lang. Freund 0.994
Gen. Freundlich 0.995
Marczewski 0.993
nanoMIP 20% Langmuir 0.966
Redlich-Peterson 0.973
Toth 0.973
Lang. Freund 0.985
Gen. Freundlich 0.983
Marczewski 0.986

SSE RSS PRESS Q
0.248 1.104 1427 0.974
0.183 0.568 0.677 0.988
0.180 0.552 0.681 0.988
0.141 0.338 0.467 0.991
0.142 0.342 0.479 0.991
0.144 0.335 0.510 0.991
0.320 2260 2.554 0.953
0.184 0.713 0.895 0.983
0.155 0.508 0.645 0.988
0.120 0.305 0.401 0.993
0.110 0.705 2.458 0.955
0.123 0.305 0.510 0.991
0.154 0.590 0.735 0.961
0.138 0.454 0.554 0.971
0.136 0.447 0.497 0.974
0.103 0.254 0.315 0.983
0.110 0.288 0.358 0.981
0.099 0227 0.301 0.984

“?: determination coefficient corrected for model’s degrees of freedom; SSE: standard error of the estimate; RSS: residual sum of squares; PRESS:

predictive residual error sum of squares; and Q* prediction coefficient.

of nanoMIPs can hypothetically be related to the low degree of
cross-linking, which guarantees flexibility of the polymer
structure clearly superior to that of MIPs prepared using
traditional techniques. It follows that as the degree of cross-
linking increases, the nanoMIPs stiffness must progressively
increase, and, consequently, the binding properties can change,
with cooperative effects becoming gradually less observable,
i.e., the heterogeneity (i.e., cooperativity) parameter, n, in the
binding isotherm model must tend to a value close to or lower
than unity.

Nevertheless, the experimental results here reported show
that as the cross-linking degree increases, the heterogeneity
parameter for the Langmuir—Freundlich model reported in
Table 2 does not decrease at all, but on the contrary, shows a
substantial stability with values statistically indistinguishable
from each other (p = 0.05, nanoMIP 2%—nanoMIP 10% t =
1.86, nanoMIP 2%—nanoMIP 20% ¢t = 1.82, nanoMIP 10%—
nanoMIP 20% ¢ = 1.82) of 1.57 + 0.10 (nanoMIP 2%), 1.82 +
0.09 (nanoMIP 10%), and 1.96 + 0.19 (nanoMIP 20%),
respectively. In the absence of experimental information on the
actual stiffness of the polymer chains in the nanoMIP particles,
it is therefore difficult to justify this absence of a relationship
between cooperativity and nanogel structure, unless we admit
that the increase of the cross-linking from 2% to 20% does not
substantially impact the overall stiffness of the nanogels and,
consequently, is unable to influence the cooperative binding
behavior.

Alternatively, if the stiffness of the polymer chains increases
substantially with increasing degree of cross-linking, it is yet
possible that the positive cooperativity is preserved mainly due
to proximity effects of kinetic or steric nature between binding
sites. Obviously, in this scenario, it is necessary that a high
number of binding sites adjacent to each other will be present
in the nanoMIPs. In this regard, we performed some
elementary calculations on the possible distance of the binding
sites, based on their surface density determined by the study of
the binding isotherms. These calculations, detailed in the
Supporting Information, indicate that the average distance
between one binding site and another is in a range of 4—6 nm

3292

(4.4 nm for nanoMIP 2%, 4.9 nm for nano MIP 10%, and 6.2
nm for nanoMIP 20%), suggesting the reasonableness of the
hypothesis of a large number of binding sites very close to each
other and therefore capable of interacting mutually.

A further indirect evidence that the binding cooperativity
may be due to proximity effects consists in the binding
isotherms obtained on rabbit y-globulins-binding nanoMIPs
prepared at increasing degrees of cross-linking and published
by us recently.*”’ In this case, the increase of the cross-linking
degree from 1% to 20% results in a decrease in the binding
sites density and a marked increase in the apparent equilibrium
binding constants, confirming the results reported here, but
without any trace of cooperative behavior. In fact, the
Scatchard plots corresponding to the published binding
isotherms (Figure S) do not show any convexity but, on the
contrary, are straight lines across the entire experimental range
of binding data. In this case, the absence of cooperativity can
be explained if we assume that the latter depends on the
proximity effects. In fact, y-globulins are macromolecules much
larger than fluoroquinolones, capable of exerting a considerable
steric hindrance in the formation of the cross-linked polymer
during the template process, and it is therefore reasonable to
think that the binding sites generated by a sterically bulky
template result considerably distant from each other and
therefore not capable of mutually influencing.

B CONCLUSIONS

The results reported in this work clearly demonstrate that the
binding data of nanoMIPs cannot be conveniently described
by simple models such as the Langmuir one but require more
complex models that describe binding behaviors due to the
presence of positive cooperativity in the interaction between
binding sites and ligand molecules. The experimental results
obtained with nanoMIPs with an increasing degree of cross-
linking also indicate that such positive cooperativity could be
dependent on the flexibility of the polymeric structure of
nanoMIPs or, alternatively, on the presence of mutually close
binding sites, an issue that certainly deserves further
experimental investigation. In conclusion, it has been
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Table 3. Information Criteria Calculated for the Binding
Isotherm Models”

model BIC ABIC
ciprofloxacin—nanoMIP 2% Langmuir 8.0 20.7
Redlich-Peterson 2.3 10.4
Toth -2.9 9.8
Langmuir—Freundlich —-12.7 0
Generalized Freundlich —-12.5 0.2
Marczewski -9.9 2.8
ciprofloxacin—nanoMIP 10%  Langmuir 25.9 44.9
Redlich-Peterson 14 20.4
Toth —6.7 12.2
Langmuir—Freundlich —19.0 0
Generalized Freundlich 12 20.1
Marczewski —15.8 32
ciprofloxacin—nanoMIP 20% Langmuir -7.7 19.5
Redlich-Peterson —-11.4 15.7
Toth —11.9 15.3
Langmuir—Freundlich —-27.2 0
Generalized Freundlich —-23.7 34
Marczewski —26.8 0.4

“BIC: Bayesian information criterion. ABIC: difference between the
most negative BIC value (best model) and the other BIC values.

30 H

25 A

20 A

15 A

rabbit y-globulins, bound to free

0.5 1.0 15

rabbit y-globulins, nmol g

Figure S. Scatchard plots for rabbit y-globulins-binding nanoMIP 2%
(red), nanoMIP 10% (green), and nanoMIP 20% (blue). Bound y-
globulins must be intended as nmol X g of glass beads. Original data
taken from ref 43.

experimentally demonstrated for the first time that there is a
substantial difference in binding behavior between antibodies
of natural origin and the so-called “plastibodies” based on the
molecular template, a difference whose implications for
potential analytical applications such as nanoMIP-based
sensors and immunoanalytical-like assays will have to be
carefully considered.
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