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Synthetic polymer nanoparticles (NPs) capable of binding to
specific biomacromolecules are of significant interest as substitutes
for antibodies. Such particles can be utilized as inexpensive and
stable functional materials for medicine, drug targeting, separations,
biosensors, diagnostics, and antidotes for toxins and viruses. The
nonbiological approach of molecular imprinting creates populations
of specific recognition sites in robust network polymers by
polymerization of cross-linking and functional monomers in the
presence of a target molecule.! Recently, this approach has been
extended to biologically interesting targets including peptides and
proteins.? Traditional imprinting is achieved with polymers that are
prepared in bulk; methods to imprint specific binding sites for
biomacromolecules on protein size NPs have not been reported.
Here we describe an approach for preparing imprinted polymer NPs
that have a specific binding affinity for the bee toxin melittin (Mel),
a 26 amino acid peptide. The NPs are comparable in size to protein
clusters with average affinities that approach those of antibodies.

The mild conditions of precipitation polymerization using
acrylamides such as N-isopropylacrylamide (NIPAm) were optimal
for biomacromolecular imprinting. These formulations have been
shown to yield a 10—100 nm monomodal distribution of polymer
NPs in aqueous solution using very low concentrations of surfac-
tant.> The monomers used for polymer synthesis included NIPAm
as the backbone monomer in combination with acrylamide (AAm),
acrylic acid (AAc), N-(3-aminopropyl) methacrylamide hydrochlo-
ride (APS), and N-tert-butylacrylamide (TBAm), as hydrogen-
bonding, negative-charged, positive-charged, and hydrophobic
functional monomers and N,N'-methylenebisacrylamide (BIS, 2 mol
%) as a cross-linker (Figure 1a). Employing combinations of the
above monomers, we synthesized a small combinatorial library of
NPs (Table 1, Supporting Information (SI)). Significantly, the
polymer synthesis does not require organic solvent or a heating
step that would be expected to cause denaturation of many bio-
macromolecules.

Melittin was chosen as the target and imprint molecule for this
work (Figure 1b). Melittin (Mel), the major component of bee
venom from Apis mellifera, is a well-studied biotoxin. It is a 26
amino acid peptide with known strong cytolytic and antimicrobial
activity.* Mel has also been used as a model target for development
of general toxin inhibiters.> Mel (600 nM) was added to the
monomer solution prior to polymerization to synthesize Mel
imprinted polymer (MIP) NPs. Control (nonimprinted) polymers
(NIPs) were prepared in an identical manner but in the absence of
mellitin. Initiation was achieved by addition of ammonium per-
sulfate and N,N,N',N'-tetramethylethylenediamine. Following po-
lymerization, Mel and any unreacted monomers were removed by
extensive dialysis. Removal of target peptide (>99%) from the NPs
was confirmed by HPLC and the fluorescent signal from tryptophan
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Figure 1. (a) Monomers used for NP synthesis. (b) Amino acid sequence
of Mel. (c) Schematic representation of the Mel imprinting process.
Hydrophobic, positive/negative charged, and hydrophilic residues are printed
in brown, blue/red, and green. The PDB ID is 2MLT.

(Supporting Figures 1 and 2). Any remaining traces of melittin is
not expected to influence subsequent studies since it would comprise
<0.03% of the NP and would be trapped in the interior of the NP.
The hydrodynamic diameter of the NPs was measured by DLS,
and the yields of polymer NPs ranged from 50 to 90% (Table 1,
SD).

A 27 MHz quartz crystal microbalance (QCM) was used to
quantify interactions between the small library of MIP and NIP
NPs and Mel (Figure 2a).° Figure 2b shows representative time
courses of the frequency change (AF) of a QCM surface function-
alized with Mel. NIP and MIP nanoparticle solutions were injected
at the indicated intervals. The greatest increase of mass on the QCM
electrode was found upon injection of MIP NPs that were comprised
of 5% AAc and 40% TBAm (9, 12, Table 1 SI). Little mass change
was observed upon injection of the same concentration of NPs but
polymerized without Mel (NIP, 14) (Figure 2b). The optimum
formulation of MIP NPs was achieved with 5% AAc 40% TBAm
(9) and 5% AAm 5% AAc 40% TBAm (12). Other formulations
in the library had little affinity to Mel (Figure 2c). We also examined
the interaction between plasma proteins and MIP NPs; the imprinted
NPs had little or no interaction with albumin and fibrinogen (Figure
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Figure 2. Interaction between polymer NPs and Mel and plasma proteins
observed by a QCM in water with 6.9 uM SDS, 25 °C. (a) Schematic of
QCM experiments to monitor interactions between NIP/MIP (left/right) NPs
and Mel immobilized on QCM electrode. (b) Representative time course
of the frequency change (AF) of Mel immobilized on a 27 MHz QCM
following injection of NIP 14 and MIP 9 solutions. Solutions of NIP (black
line) and MIP (gray line) were injected at the time points indicated by the
black and gray arrows into the QCM cell. Final concentrations after each
arrow are 0.11 (1), 0.18 (2), 0.24 (3), 0.35 (4), 0.42 (5), 0.12 (6), 0.23 (7),
0.35 (8), 0.46 (9), and 0.58 (10) ug mL~". (c) QCM screening of the library
of polymer NPs for their interaction with Mel (the mean frequency change
+ standard deviation (n = 3)) after injection of 0.6 ug mL~' NPs into a
Mel-immobilized QCM. (d) Binding isotherms of MIP NPs to Mel (gray
circles), BSA (white circles), fibrinogen (gray crosses), and y-globulin (white
squares) immobilized on the QCM surface and NIP NPs to Mel (black
triangles) immobilized QCM.

2d). y-Globulin had a slightly higher affinity to the MIP nanoparticle
but still much less than that of Mel. These results establish that the
optimal polymer formulations were found for imprinting by Mel
during polymerization to produce NPs with complimentary binding
sites. A calculated apparent dissociation constant (Ky(gpp)) of 7.3—25
pM was obtained by nonlinear fitting of the binding plot to the
Langmuir isotherm under an assumption that all particles in solution
are 54 nm spheres and the polymer density is 0.08 < p < 0.27.°
This dissociation constant is comparable to that of a natural antibody
(Kq = 17 pM).”

The binding results demonstrate the importance of optimizing
monomer composition to achieve successful imprinting of target
binding sites on polymer NPs. The target molecule, Mel, has 26
residues of which 6 are positively charged (Figure 1b). The sequence
is amphiphilic, since six amino acids at the C-terminus of the
peptide are hydrophilic, while the remainder is comprised of a high
proportion of apolar residues. The successful monomer combination
for Mel imprinting contains both 40% of hydrophobic monomers
(TBAm) and 5% of negatively charged functional monomers (AAc).
Other MIP NPs, even those MIP NPs containing 5% and AAc 10%
TBAm, do not interact with Mel at the same concentration.
Successful MIP NPs are capable of interacting with Mel by both
electrostatic and hydrophobic interactions and enable Mel to be
incorporated as a template into the polymerizing NPs with high
efficiency (Figure 1c). Several observations are consistent with this
proposal. For example, the fluorescence of tryptophan in Mel is
quenched in proportion to added TBAm. The diminution of
fluorescence intensity occurs in the #M region (Supporting Figure 3),
indicating that part of the target molecule interacts with TBAm

Figure 3. AFM images of MIP NPs synthesized with 5% AAc (a) and
40% TBAm (b). A height profile of cross section (blue line) is shown in
1nsert.

monomers in the prepolymerization solution. In addition, a prepo-
lymerized monomer solution containing 40% TBAm became cloudy
upon addition of Mel.

AFM images of MIP NPs 9 show the NPs are well dispersed
over a wide area of the mica surface (Figure 3a, b). The diameter
of particles obtained from the height profile was in the range 30—40
nm (Figure 3b insert). The size is comparable to that of IgM and
suggests that MIP NPs may be capable of being transported by
diffusion in viscous mucus as well as blood capillaries.

In summary, high affinity and selective polymer NPs for the
biotoxin melittin were synthesized by an imprinting precipitation
polymerization. The optimum NP formulation was selected by QCM
evaluation of a small combinatorial library of functional monomers.
The binding affinity and size of the MIP NPs are similar to those
of natural antibodies. These results are a starting point for the
preparation and evaluation of synthetic polymer antibodies for key
boimacromolecules.
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