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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.1 Recently, this approach has been
extended to biologically interesting targets including peptides and
proteins.2 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.3 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.4 Mel has also been used as a model target for development
of general toxin inhibiters.5 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

(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,
SI).

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).6 Figure 2b shows representative time
courses of the frequency change (∆F) 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 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.
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2d). γ-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 (Kd(app)) 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 < F < 0.27.3

This dissociation constant is comparable to that of a natural antibody
(Kd ) 17 pM).7

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 µM region (Supporting Figure 3),
indicating that part of the target molecule interacts with TBAm

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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Chem. 1996, 271, 4093–4099.

(6) (a) Hoshino, Y.; Kawasaki, T.; Okahata, Y. Biomacromol. 2006, 7, 682–
685. (b) Ebara, Y.; Okahata, Y. J. Am. Chem. Soc. 1994, 116, 11209–11212.

(7) Grünigen, R. V.; Schneider, C. H. Immunology 1989, 66, 339–342.

JA8062875

Figure 2. Interaction between polymer NPs and Mel and plasma proteins
observed by a QCM in water with 6.9 µM 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 (∆F) 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) µg mL-1. (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 µg mL-1 NPs into a
Mel-immobilized QCM. (d) Binding isotherms of MIP NPs to Mel (gray
circles), BSA (white circles), fibrinogen (gray crosses), and γ-globulin (white
squares) immobilized on the QCM surface and NIP NPs to Mel (black
triangles) immobilized QCM.

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
insert.
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Supporting Information 

Materials. 

All chemicals were obtained from commercial sources: N-isopropylacrylamide (NIPAm), 

N,N,N’,N’-tetramethylethylenediamine, melittin (from honey bee venom), alubumin, fibrinogen 

and γ-globulines and ammonium persulfate were from SIGMA-ALDRICH, Inc.; acrylamide 

(AAm), acrylic acid (AAc) and sodium dodecyl sulfate (SDS) were from Aldrich Chemical 

Company, Inc.; N,N’-methylenebisacrylamide (BIS) was from Fluka; N-t-butylacrylamide 

(TBAm) was from ACRŌS ORGANICS; N-(3-aminopropyl) methacrylamide hydrochloride 

(APM) was from Polysciences, Inc.; EZ-Link NHS-PEO4-Biotin was from PIECE; Avidin 

(from egg white) was from NACALAI TESQUE, INC. NIPAm was recrystalized from hexane 

before use. Other chemicals were used as received. Water used in polymerization and 

characterization was distilled ant then purified using a Barnstead Nanopure DiamondTM system. 

Methods. 

Preparation of NPs. 

Non imprinted nanoparticles (NIP NPs) were synthesized as follows NIPAm (98-(W+X+Y+Z) 

mol %), AAm (W mol %), AAc (X mol %), APM (Y mol %), TBAm (Z mol %), BIS 2 mol % 

and SDS (10 mg) were dissolved in water (50 mL) and the resulting solutions were filtered 

through a no. 2 Whatman paper filter. TBAm (Z mol %) was dissolved in 1 mL of ethanol 

before addition to the monomer solution, resulting in a total monomer concentration of 6.5 mM. 

Resulting solutions were degassed in a sonication bath under vacuum for 10 min and then 

nitrogen were bubbled through the reaction mixture for 30 min. Following the addition of 

ammonium persulfate aqueous solution (30 mg / 500 µl) and N,N,N’,N’-

tetramethylethylenediamine (15 µl), the polymerization was carried out at 23-25 °C for 15-20 

hours under a nitrogen atmosphere. The polymerized solutions were purified by dialysis against 

excess amount of pure water (more than twice a day changes) for > 4 days. MIP NPs were 

synthesized in an identical manor except that 600 nM of melittin was added to polymerization 

mixture before the filtration step.  

Characterization of NPs 

Removal of target peptide from NPs was confirmed by a HPLC (Waters, 600E Multi solvent 

Delivery System with 600 controller, 486 Tunable Absorbance Detector, Nova-Pak C18 and 20 
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µl sample loop, solvent; 80 % acetonitrile, 20 % water and 0.1 % TFA, flow rate; 1 ml min-1, 

Supporting Figure 1) and a fluorescent signal (SPEX, FLUOROLOG with 1680 0.22m Double 

Spectrometer, 1681 0.22 Spectrometer and 500 µl quartz cuvette) of a tryptophan (excitation 

wavelength; 280 nm, Supporting Figure 2). We start with 600 nM solutions of melittin + 

monomers. Following polymerization the solution was dialyzed (Fisher Scientific, MWCO; 

12,000-14,000). The dialyzed solution was analyzed by fluorescence spectroscopy. Solutions 

were diluted 10 fold (because of scattering at higher concentrations) and the fluorescence 

spectra was recorded. A calibration curve of fluorescence intensity vs melittin concentration 

was made. It was estimated that the maximum concentration of melittin was 0.59 nM. This 

corresponds to >99% removal on melittin or < 0.33% of the original melittin. We believe this is 

an upper limit since there is still scattering from the sample. We suggest any melittin remaining 

is “buried” in an inaccessible domain of the nanoparticle interior. Furthermore, melittin-melittin 

interactions occur at low micromolar concentrations so it is extremely unlikely that the 

subnanomolar melittin residue in the interior of NPs would contribute to NP-melittin binding. 

The hydrodynamic diameter of NPs was determined in aqueous solution by dynamic light 

scattering (DLS) (HORIBA LB-550). The temperature of the NP samples was controlled via 

Peltier device at 25 ± 0.1 °C. Yield of NPs was determined by measuring weight of NP after 

lyophilization. Here a dilution factor due to dialysis was corrected. Apparent molarities of NPs 

were calculated by the following equation, 

[NPs] =
6

πNAd
3
ρ

X  

where NA is Avogadro’s constant, d is hydrodynamic diameter of particles, ρ is polymer density 

of particles and X is polymer weight concentration (mg ml-1). The ρ values for NIPAm based 

swollen particles were estimated by Ogawa et. al. to be ~0.01 g cm-3.1 The polymer density of 

deswollen particles were estimated to be 23~33 times higher than swollen particles (0.08 < ρ < 

0.27).2 

Preparation of biotinylated melittin 

Biotinylation of melittin was followed by standard procedures offered by PIERCE. 5 mg of 

melittin was dissolved in 2.5 ml of 20 mM HEPES buffer (pH 7.4) then purified by PD-10 

desalting column (GE Healthcare). Eluted melittin fractions were collected and 2.5 ml of 0.64 

mM melittin was incubated with 1.9 mg/0.2 ml NHS-PEO4-biotin for two hours then purified 

by PD-10 column again. Modification of melittin by PEO4-biotin was confirmed by MALDI-

TOF-MS. 

QCM analysis 

An Affinix Q4 QCM instrument (Initium Co. Ltd) was used to quantify interaction between 

NPs and melittin and control proteins. Avidin, alubumin, fibrinogen and γ-globulines were 

covalently immobilized on the QCM electrode as follows.3 Gold electrodes were cleaned by 

piranha solution for 5 min, two times. 0.2 ml of 1 mM 3,3'-dithiodipropionic acid was loaded in 

QCM cells and incubated for more than 30 min. Resulting cells were washed by pure water and 

carboxylic acids on electrodes were activated by loading of 1-ethyl-3- (3-
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dimethylaminopropyl)carbodiimide (100 mg/ml) and  N-hydroxysuccinimide (100 mg/ml) 1:1 

aqueous solution (0.1 ml) to form N-hydroxysuccinimidyl esters. 1 mg/ml of protein solutions 

were loaded on cells to obtain protein-immobilized cells. Biotinylated melittin was 

immobilized on avidin immobilized QCM electrodes in 10 mM HEPES buffer, pH 7.4. 

Interactions between NPs and proteins/melittin were observed in 25 ± 0.1 °C in water with 6.9 

µM SDS. The apparent dissociation constant of NPs to melittin was calculated under 

assumption that all particles have same affinity to melittin.4 

AFM imaging 

The sample solution was dropped onto freshly cleaved mica. After evaporation of the solution 

on the surface, the topographic image was acquired by the tapping measurement mode of the 

atomic force microscopy (Explorer, Topometrix Co., Santa Clara, CA). 

 

 

 

 
Table 1. Functional monomer conposition ratios, yield and diameter of MIP (1-13) and NIP (14) NPs. 

a Scattering intensity was too weak or particle size was too polydispersed to assign diameter by DLS. 

 

 

 

 

Functional Monomer Composition Ratio (mol%) 
Entry 

TBAm AAm APM AAc 
Yield (%) Diameter (nm) 

1 0 5 0 0 70 N. A.a 

2 10 5 0 0 64 N. A.a 

3 40 5 0 0 81 63 

4 0 0 5 0 75 N. A.a 

5 10 0 5 0 63 N. A.a 

6 40 0 5 0 75 N. A.a 

7 0 0 0 5 91 N. A.a 

8 10 0 0 5 84 N. A.a 

9 40 0 0 5 79 54 

10 0 5 0 5 81 N. A.a 

11 10 5 0 5 82 N. A.a 

12 40 5 0 5 88 56 

13 40 0 0 0 90 63 

14 (NIP) 40 0 0 5 51 68 
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Supporting Figure 1. HPLC chromatogram of the retained solution of MIP NPs (9) after 

dialysis. a. HPLC chromatogram traces of 9 (570 µg ml-1) at 220 nm (red) and 280 nm (green) 

UV detector wavelength. The peak for melittin (~7-8 min) was not detected. b. Magnified 

HPLC chromatogram of 9 (570 µg ml-1) (blue), 600 nM melittin (green) and 60 nM melittin 

(red) traced by 220 nm UV detector. Although, there is tailing of the NP solution from 4-11 

min, there is no significant peak between 7-8 min. From this data we estimate the concentration 

of melittin in 570 µg ml-1 9 is less than detection limit of 60 nM. 

 

 

 

 

 

 

 

Supporting Figure 2. Estimation of melittin concentration in MIP NPs (9) after dialysis by 

analysis of the fluorescent signal of the tryptophan residue in melittin. We start with 600 nM 

solutions of melittin + monomers. Following polymerization the solution was dialyzed (Fisher 

Scientific, MWCO; 12,000-14,000). Solutions were diluted 10 fold (because of scattering at 

higher concentrations) and the fluorescence spectra was recorded. A calibration curve of 

fluorescence intensity vs melittin concentration was made. It was estimated that the maximum 

concentration of melittin was 0.59 nM. This corresponds to >99% removal on melittin. We 

believe this is an upper limit since there is still scattering from the sample. Any melittin 

remaining is “buried” in the nanoparticle interior. a. Fluorescence spectra of 57 µg ml-1 of 9 

(red), 1.8 nM of melittin (blue) and water (black) at an excitation wavelength of 280 nm. Three 

separate scans are included. Spectrum of 9 (red) includes enhancement due to scattering from 
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NPs.  b. Fluorescent intensity (340 nm) of a melittin calibration curve (black). Concentration of 

melittin in 57 µg ml-1 of 9 is calculated by plotting the fluorescent intensity at 340 nm on the 

calibration line (red). From the calibration curve the concentration of melittin in 57 µg ml-1 9 is 

0.59 nM (17 ng ml-1). This value is an upper limit due to the contribution from scattering from 

NPs.  

 

 

 

 

 

 

Supporting Figure 3. Effect of TBAm concentration on fluorescence intensity of tryptophan 

on melittin. 600 nM melittin in 25 °C water. 
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