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A simple method for preparation of molecularly imprinted nanofiber
materials with signal transduction ability{
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A simple electrospinning method is developed to introduce signal
transduction ability into molecularly imprinted nanofibers.

Molecularly imprinted polymers (MIPs) are synthetic polymer
materials having tailor-made molecular recognition abilities."
Compared to biological receptors (e.g. antibodies, enzymes,
etc.) that are commonly used in bioanalysis, MIPs have far
higher chemical and physical stabilities> and can be easily
synthesized on a large scale. Due to these desirable properties,
MIPs are attracting increasing attention to be used as recogni-
tion elements for development of new analytical assays and
chemical sensors,® and also new logic gates selective for
predetermined chemical inputs.* In addition to improving
binding affinity and specificity of MIPs, an important research
topic is to introduce signal transduction ability into MIPs.>¢
Direct read-out of a binding event without a separation step
enables to construct rapid and automated high through-put
assays, which is a powerful tool not only for clinical/environ-
mental analysis but also for modern drug discovery.” One
strategy to introduce signal transduction ability into MIPs is
the use of specially designed fluorescent reporter monomers,
which change fluorescence emission upon interacting with
target molecules.® The drawback of this approach is that for
each new target molecule, a time-consuming process is often
needed to develop a suitable fluorescent monomer. Rather
than relying on complicated design and synthesis of different
functional monomers, we have previously reported a strategy
based on the principle of scintillation proximity assay,” where
a general-purpose scintillator monomer was incorporated into
MIP microspheres. Although the scintillator monomers can be
used in different imprinting systems, they require additional
aromatic monomers to convert radioisotope decay into short-
wavelength emission, which can excite the adjacent scintillator
to emit fluorescence. In some cases, co-polymerization of
aromatic monomer may not be favorable or even incompatible
with obtaining an optimal imprinting effect. Thus, more
generally applicable method to introduce signaling ability into
MIPs is highly desirable. In this communication, we report a
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new method for preparation of MIP-based sensing nanofiber
materials having signal transduction ability using a simple
electrospinning technique.® The MIP nanofibers obtained can
be readily applied in non-separation assays for detection of a
hypertension drug, (S)-propranolol.

With this new method, propranolol-imprinted MIP nano-
particles’ were encapsulated into reporter-doped electrospun
polystyrene (PS) nanofibers. The reporter was chosen to offer
maximal energy transfer efficiency and not prone to leak from
the PS nanofibers. In this way we can easily introduce signal
transduction ability into virtually all types of small MIP
materials. It allows to synthesize MIPs always under an
optimal condition to achieve the best binding sites, and thus
makes the method generally applicable to a broad range of
target molecules. For comparison, non-imprinted control
nanoparticles were also encapsulated into reporter-doped
nanofibers and tested.

The principle of proximity scintillation is based on the fact
that B-particles emitted from a radioisotope can only travel a
short distance in aqueous solution (about 1 um in the case
of *H).'% It is only when *H-labeled analytes are located in
proximity of aromatic compounds and scintillator, that the
following steps of energy conversion can take place: (1)
excitation of aromatic compounds by B-particles, (2) energy
transfer from aromatic compounds to the scintillator, and (3)
emission of a long-wavelength photon from the scintillator. A
schematic illustration of signal transduction in the present
proximity scintillation material is shown in Scheme 1.

Polystyrene (PS) was chosen as a supporting polymer matrix
since it can provide the function of the aromatic compounds.
Using electrospinning, PS nanofibers containing an organic
scintillator, 9,10-diphenylanthracene (DPA) were easily ob-
tained. The nanofibers are uniform and randomly oriented,
with an average diameter of about 350 nm (see ESIY).
Furthermore, DPA-doped nanofibers containing proprano-
lol-MIP nanoparticles (Fig. 1(a)—(c)) and fibers containing
control nanoparticles (Fig. 1(d)—(f)) were also prepared using
electrospinning. The nanofibers containing nanoparticles have
a diameter in the range of 250-500 nm with satisfactorily
uniform morphology. The diameter of these nanofibers is
slightly increased due to the encapsulation of the nanoparti-
cles, which is in agreement with our previous results when MIP
nanoparticles were encapsulated in poly(ethylene terephtha-
late) fibers.!! In this work, DPA was incorporated into PS
nanofibers without chemical bonding, since its hydrophobic
character suggested low possibility of leakage when used in
polar or aqueous solvent. Indeed, less than 3% of DPA could
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Scheme 1 Schematic representation of proximity scintillation process
with composite MIP nanofiber material. Bottom left: when *H-labeled
tracer (triangle with star) binds to the MIP nanoparticle, energy from
radioactive decay is transferred into optical signal through the adja-
cent PS-DPA relay system. Top right: in the presence of an excess of
non-labeled analyte (open triangle), *H-labeled analyte is displaced
from the binding site and becomes too distant from the nanofier to
achieve effective energy transfer to the PS-DPA system.

be detected in solution after the doped PS nanofibers were
incubated in a mixture of 25 mM citrate buffer—acetonitrile
(50 : 50, v/v) for 24 h.

The MIP-mediated proximity scintillation was evaluated by
incubating the nanofiber materials with 0.246 nM *H-labeled
(S)-propranolol in a mixture of 25 mM citrate buffer—acetoni-
trile (50 : 50, v/v). With the amount of materials increased, the
MIP nanofibers produced increasingly higher scintillation
signal, and the non-specific signal measured from the control
nanofibers remained very weak (Fig. 2). With 5 mg of nano-
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Fig. 1 SEM images of electrospun nanofibers under different magni-
fication: (a—c) DPA-doped PS containing MIP nanoparticles, (d—f)
DPA-doped PS containing control nanoparticles.

1000
800+

600 E

CPM

400 n

oo, 08

0 T T T T
0 1 2 3 4 5

Weight of Nanofiber (mg)

200+

Fig. 2 Proximity scintillation signal (counts per minute, cpm) vs. the
amount of nanofiber containing MIP nanoparticles (filled squares) and
control nanoparticles (open circles). The initial concentration of the
H-labelled (S)-propranolol was 0.246 nM.

fiber materials, the scintillation signal obtained with the MIP
nanofibers (924 cpm) was 3.7-fold of that obtained with the
control nanofibers (252 cpm), and 7.2-fold of that obtained
with the DPA-doped nanofibers not containing any particles
(128 cpm). The scintillation signals from the control nanofi-
bers and the particle-free DPA-doped nanofibers are caused by
non-specific adsorption. To confirm that the proximity scin-
tillation signal was generated by MIP-mediated binding, we
also measured the amount of free *H-labeled (S)-propranolol
remaining in solution using standard liquid scintillation count-
ing. The results were used to calculate the percentage of bound
H-labeled (S)-propranolol (see ESIT), which confirmed that
the increase in proximity scintillation signal was caused by
specific binding. To further confirm that the present structural
assembly of “MIP-nanoparticle/DPA/PS” is essential for effi-
cient signal transduction, we also incubated MIP nanoparti-
cles with *H-labeled (S)-propranolol, and found that no
significant scintillation signal could be detected (<50 cpm)
because of the lack of the PS/DPA. When the particle-free
DPA-doped PS nanofibers and the MIP nanoparticles were
simultaneously incubated with *H-labeled (S)-propranolol,
only a very weak signal (144 cpm) could be observed, indicat-
ing the critical importance of confining the binding sites within
the DPA-doped PS matrix.

Using *H-labeled (S)-propranolol as a tracer, the concen-
tration of (S)-propranolol in analytical samples can be deter-
mined using competitive binding assays, where the non-labeled
(S)-propranolol competes with the tracer for the limited
number of specific sites in the MIP nanofibers. As shown in
Fig. 3, the scintillation signal continued to decrease when an
increasing amount of (S)-propranolol was added to displace
the bound *H-labeled tracer. From the displacement curve the
1Cso value of (S)-propranolol was estimated to be 16.5 +
7.5 uM. The cross-reactivity of several structurally related
B-blockers was also calculated from their displacement curves
obtained from similar competitive assays (Fig. 3). The ob-
tained cross-reactivity was around 5-10% for (R)-propranolol
and pindolol, and <1% for other tested compounds. Thus,
the selectivity of the present proximity scintillation assay is
comparable to previous liquid scintillation assay using free
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Fig. 3 Displacement curves of *H-(S)-propranolol from nanofibers
containing MIP nanoparticles. The mass of the nanofibers used was
2 mg. Competing ligands: (S)-propranolol hydrochloride (filled
squares), (R)-propranolol hydrochloride (open circles), acebutolol
hydrochloride (open triangles), pindolol (open squares), metopronolol
(+)-tartrate salt (filled circles), atenolol (filled triangles).

MIP nanoparticles and tedious separation steps.” To demon-
strate that the assay can be applied to complex biological
samples, we repeated the competitive assays for (S)- and (R)-
propranolol in 10x diluted human urine samples. The ICs,
value for (S)-propranolol hydrochloride (15.5 + 2.0 uM) and
the cross-reactivity towards (R)-propranolol hydrochloride
(9%) were similar to that obtained in citrate buffer:
acetonitrile.

It is interesting to see if encapsulation in PS nanofiber can
affect the rate of analyte binding to the MIP nanoparticles,
which due to their small physical size have intrinsically fast
binding kinetics.>'? To follow the time response of the MIP
nanofibers, we simply mixed the nanofiber with *H-labelled
(S)-propranolol, and made successive counting for the sample
at different time intervals. As shown in Fig. 4, the binding
reached equilibrium within 30 min, and of the most note-
worthy is that the scintillation signal reached 67% of the
equilibrium value in less than 5 min. To follow the dissociation
of analyte, an excess of non-labelled (S)-propranolol hydro-
chloride was added into the same solution before the sample
was further counted. Fig. 4 shows that the signal decreased
rapidly by 70% within 5 min, and continued to decrease slowly
by another 10% in the following 45 min. A prolonged
incubation did not result in further displacement and therefore
no complete disappearance of the scintillation signal, which
can be explained by the non-specific binding of (S)-proprano-
lol to the nanofibers.

In summary, we have developed a simple method for
preparation of molecularly imprinted nanofibers having signal
transduction ability. This method uses electrospinning to
integrate into functional nanofibers all the necessary compo-
nents needed for proximity scintillation: the MIP nanoparti-
cles, the organic scintillator and the aromatic compound. This
method is generally applicable to all types of MIP nanopar-
ticles, possible to provide proximity scintillation nanofibers for
analyzing various target compounds as far as they can be
successfully imprinted. The electrospun composite nanofibers
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Fig. 4 Real time measurement of binding and dissociation of *H-
labeled (S)-propranolol (0.246 nM) with 5 mg of DPA-doped nano-
fibers containing MIP nanoparticles. The value at 0 min is before the
addition of the *H-labelled (S)-propranolol. The dissociation phase
started when 34 mM of non-labeled (S)-propranolol hydrochloride
was added at 45 min.

retain all the favourable properties of MIP nanoparticles, such
as high selectivity and very fast binding kinetics. We believe
that the new scintillation nanofiber materials reported here can
be used to develop high throughput screening assays in several
areas including clinical/environmental analysis and in the
processes of modern drug development.
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