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Interaction between synthetic particles and
biomacromolecules: fundamental study of nonspecific
interaction and design of nanoparticles that recognize
target molecules

Yu Hoshino, Haejoo Lee and Yoshiko Miura

This article provides a brief review of the literature on the interaction between synthetic particles and biomacromolecules.

Understanding the nonspecific interactions between biomacromolecules and synthetic particles is of great importance for using

materials in vitro and in vivo. The interaction between functionalized polymer particles and proteins has been studied

extensively to identify the main factor that governs the interaction in vitro. Recently, the composition and properties of the

protein corona that forms on the surface of nanoparticles (NPs) in biofluids have been studied in the context of the function

and distribution of the particles in vivo. In the meantime, NPs that recognize specific biomacromolecules have also been

designed by tuning the combination and distribution of functional groups on gold NPs and dendrimers. It has also been shown

that nano-gel particles that recognize target molecules can be achieved by (A) optimizing the combination and amount of

functional groups in the particles and (B) molecular imprinting polymerization, in combination with (C) affinity purification.

Some of these particles are capable of recognizing target molecules and neutralizing their function, even in the bloodstream of

living animals, as ‘plastic antibodies.’
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INTRODUCTION

For a protein to strongly and specifically bind to a target molecule, a
three-dimensional structure that is complementary to the target
molecule should be formed on the protein surface. In addition,
functional groups that have positive and negative charges and polar,
hydrophobic and aromatic groups are precisely arranged on the
binding surface that extends to 100 Å2. These functional groups
contact the target through electrostatic interactions, hydrogen
bonding and hydrophobic interactions, and they achieve strong
and specific target recognition (Figure 1). This elaborate three-
dimensional structure is achieved by arranging and folding
polypeptides consisting of 20 amino acids.
If various functional groups that contact with target molecules

through various interaction modes are arranged and fixed on a
three-dimensional space on or in synthetic particles, it would possibly
be useful as inexpensive and robust substitute for proteins. To date,
interactions between various synthetic particles and biomacromole-
cules such as proteins, peptides and polysaccharides have been
investigated. The studies can be broadly classified as (a) fundamental
studies of ‘nonspecific’ adsorption of biomacromolecules and (b) the
design of particles that recognize specific molecules (Figure 2). In the

former case, interaction is usually not very strong. Thus, amount of
proteins adsorbed on the surface of the particles is quantified,
compared and discussed in the high protein concentration. In the
latter case, affinity to the target molecules has to be quantified and
strong; usually, dissociation constants are lower than micro molar
level. Some of them show strong affinity comparable to antibodies.
Various particles have been used in those studies, including solid
polystyrene, silica and gold particles that are denser than protein and
swollen, low-density dendrimers and gel particles.
Several fundamental studies have revealed the factors that control

the nonspecific protein adsorption on synthetic particles in vitro.
Recently, the composition and properties of the protein corona that
forms on the surface of nanoparticles (NPs) in biofluids have been
extensively studied in the context of the function and distribution of
the particles in vivo. NPs that strongly interact with specific molecules
are designed by tuning the combination and distribution of func-
tional groups on synthetic particles such as gold NPs and particles
formed from dendritic polymers. Recently, it has been shown that
nano-gel particles that recognize the target molecule can be achieved
by (A) optimizing the combination and amount of functional groups
in the particles and (B) molecular imprinting polymerization, in
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combination with (C) affinity purification. NPs that can recognize,
neutralize and eliminate a target molecule in a bloodstream of living
animals have also been reported.

FUNDAMENTAL STUDY OF PROTEIN ADSORPTION ON THE

SURFACE OF SYNTHETIC PARTICLES

Solid particles
The binding behavior of proteins on the surface of polystyrene latex
beads has been studied since the late 1970s.1–7 The effects of the
surface functional groups of polystyrene microparticles on the
adsorption of proteins were extensively studied in the late 1980s.
Kawaguchi et al.8 quantitatively functionalized the surface of
polystyrene beads with hydroxyl, carboxyl and amino groups,
systematically analyzing their interaction with human serum
albumin, g-globulin, cytochrome C, myoglobin and horseradish
peroxidase. They reported that the amount of protein binding to
the surface generally increases as the hydrophobicity of the particle
surface increases. In addition, they also concluded that particles with a
higher charge density interacted with a larger amount of protein if the
particles are hydrophilic.8

Lyklema and coworkers9,10 analyzed the effect of solution pH on
the interaction of bovine serum albumin and IgG with polystyrene
latex, the surface of which had been modified with charges of various
densities. They reported that the maximum adsorption occurred at
the isoelectric point of the protein-covered polystyrene particles,
rather than at the isoelectric point of the protein in solution.
It has been reported that the combination of hydrophobic and

electrostatic interactions is important. In 1999, it was reported that
protein adsorption mainly occurs by hydrophobic interactions when a
hydrophobic surface was only slightly modified with ionic functional
groups. In contrast, adsorption primarily occurs by hydrogen bonding
or electrostatic interactions when the surface is highly modified with
ionic groups (Figure 3).11–13

Gel particles
From the late 1980s to the early 2000s, procedures to prepare poly-N-
isopropylacrylamide (pNIPAm) hydrogel particles having various
functional groups were established. First, Pelton and Chibante14

succeeded in synthesizing temperature-responsive pNIPAm

microgels with a size of several hundred nanometers to several
microns by polymerizing pNIPAm in water at temperatures above
the lower critical solution temperature of pNIPAm. They subsequently
showed that it is possible to synthesize gel particles having a diameter
of several tens of nanometers by polymerizing the particles in the
presence of a surfactant.15,16 Kokufuta and coworkers17,18 and Debord
and Lyon19 established methods to synthesize multifunctional and
temperature-responsive nanogel particles by the copolymerization of
NIPAm with functional monomers having positively charged,
negatively charged and hydrophobic functional groups.
It has been reported that poly(NIPAm)-based hydrogels undergo a

volume phase transition from a solvent-swollen ‘hydrophilic’ state to a
collapsed ‘hydrophobic’ state at the lower critical solution tempera-
ture, which is typically 31 1C (Figure 4). Kawaguchi et al.20 discovered
that human g-globulin is adsorbed by pNIPAm gel particles above the
transition temperature (possibly through hydrophobic interactions)
but little is adsorbed by the swollen gel below the transition
temperature. A change in the amount of protein that binds to gel
particles in response to temperature changes has also been observed
with the binding of HIV-1 capsid protein21 and IgG22 to cationic
pNIPAm.
Smith and Lyon23 reported that when the amount of carboxylic

acid introduced into a microgel is increased, it is possible to
encapsulate large amounts of cytochrome C into the particles
by electrostatic interactions. This interaction can be attenuated by
increasing the salt concentration from 20 to 200mM (Figure 5).
Hansson and coworkers24 also reported that it is possible to
encapsulate 2.4 g of lysozyme per gram of negatively charged gel
particles through electrostatic interactions.
Shea and coworkers25 analyzed the interaction between an anionic

polysaccharide (heparin) and positively charged acrylamide nano-gel
particles that had various cationic side chains using isothermal
titration calorimetry, and discussed the contribution of entropy and
enthalpy to the interaction. They concluded from the isothermal
titration calorimetry results that hydrogen bonding, ionic interactions
and dehydration all have important roles in the NP�heparin

Figure 1 Illustration of protein–protein interaction.
Figure 2 Overview of this review. (a) Left: Fundamental studies of protein

adsorption on the surface of functionalized polystyrene latexes and pNIPAm

microgels in vitro. Right: Fundamental study of protein adsorption on the

surface of NPs in vivo. (b) Design of gold NPs, dendritic polymers and

nanogel particles that recognize target biomacromolecules.
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interaction. Interestingly, they find that NPs with low crosslinking
may make accessible more of the NP interior to heparin, resulting in a
higher capacity.

The adsorption of proteins on gel particles can be reduced by
modification of the gel surface with polyethyleneglycol26 and the use
of long polyethyleneglycol chains as crosslinking agents.27

FUNDAMENTAL STUDY OF PROTEIN ADSORPTION ON THE

SURFACE OF SYNTHETIC PARTICLES IN BIOLOGICAL FLUIDS

Attempts to use small particles (NPs) having a diameter of B100 nm
in the bloodstream of animals have been reported since the mid
2000s.28 Unless the particles are specifically designed to avoid passive
protein interactions, for example, by polyethyleneglycol coating, NP
in biological fluids are rapidly covered by proteins, forming a corona
that interacts with biological systems.29 The corona around the
particles is expected to have a dominant role in determining the
function of the particles. Therefore, detailed analyses have addressed
the types and amounts of proteins in the corona that forms on the
surfaces of gel particles,29–31 gold NPs,32 polystyrene NPs,33–35 silica
NPs,33,36,37 titania NPs38 and zinc oxide NPs38 in addition to effects
on the exchange rate.30

For example, Dawson and coworkers29 developed a methodology
to measure the exchange rate and affinity of the protein on the corona
in addition to the amount and types of the proteins. They found that
gel particles introduced into the blood are first covered by weakly
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pNIPAm gel particles. A full color version of this figure is available at

Polymer Journal online.
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binding serum albumins (soft corona) and subsequently covered by a
hard (slow exchange) corona of strongly binding apolipoprotein
(Figure 6).30 The relationships between the type of protein corona
and the surface functional group composition and NP diameter were
also analyzed. The type of proteins that bind to hydrophobic NPs was
found to not depend on the diameter (50 or 100 nm) of the particles
(B80% homology), but the particle diameter affected the type of
proteins that bound to the surface of either positively or negatively
charged NPs.34 In addition, among NPs of the same size, 30% of the
proteins bound to the NPs regardless of surface hydrophobicity or
charge. Thus, the binding of 30% of the proteins in the corona was
completely independent of the surface properties.34

DESIGN OF SYNTHETIC PARTICLES THAT RECOGNIZE

BIOMACROMOLECULES BY OPTIMIZING COMBINATION OF

FUNCTIONAL GROUPS

Gold NPs
If combinations of functional groups rather than the 20 amino acids
are randomly presented on NPs, the NPs are, to a certain degree,
capable of recognizing biomacromolecules. For example, when the
surfaces of gold NPs are modified with surfactants having various
functional groups, it is possible for the NPs to discriminate proteins.

Rotello and coworkers39–42 found that when the surface of gold NPs is
modified with both a carboxylic acid and a hydrophobic group,
chymotrypsin can be recognized by electrostatic and hydrophobic
interactions, and its enzymatic activity can further be inhibited by the
interaction. The affinity for chymotrypsin can be controlled from
106–107 M by tuning the type of hydrophobic group (Figure 7).39–42

In addition, by merely introducing a slightly different type of
functional group on the gold surface, it is possible to distinguish
proteins41 or to achieve recognition of a specific domain of a
protein.42

Dendritic polymers
Some dendritic polymers recognize target proteins if their terminals
are functionalized and their size is optimized. Haag and coworkers43

developed a dendritic polyglycerol (dPG) modified with sulfate
groups and analyzed its interaction with selectin (Figure 8). They
discovered that it was possible to control the affinity for L-selectin
having cationic pockets from approximately millimolar to the
nanomolar level by adjusting the dPG size or the sulfate group
density. In contrast, as E-selectin does not have cationic pockets,
almost no interaction was observed for E-selectin. Thus, it was
concluded that the modified dPG interacted with L-selectin through

Figure 7 Illustration of the interaction between functionalized Au NPs and target proteins and chemical structure of functional surfactants.39–42 A full color

version of this figure is available at Polymer Journal online.

=

Figure 8 Schematic illustration of the library of anionic dPG.43–45
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multipoint electrostatic interactions.43 In addition, as the size of the
dPG significantly affected the suppression of selectin activity, it was
suggested that the strong inhibitory activity of dPG is not only on a
strong electrostatic interaction but also on steric shielding by large
flexible dPG particles.44 Surprisingly, dPG was also shown to suppress
selectin-mediated inflammation in vivo.43 Furthermore, when the
anion on the dPG terminal was changed to bisphosphate, sulfonate,
phosphonate, phosphate or carboxylate, the bonds to L-selectin

gradually weakened (Figure 8).45 These results suggest that for dPG
to strongly bind to selectin, simply displaying a large number of
anions is not sufficient. Rather, it is necessary to design appropriate
molecular structure.

Hydrogel NPs
Free radical polymerization of inexpensive functional acrylic mono-
mers is a simple method to produce NPs having a biomolecular
recognition capability.46 For example, a library of pNIPAm nano-gel
particles with a size of several tens of nanometers was synthesized
from functional acrylic monomers (for example, acrylic acid, 3-N-
aminopropylmethacrylamide and N-tert-butylacrylamide) having
negatively charged, positively charged and hydrophobic functional
groups (Figure 9). Melittin, a 26-amino acid hemolytic peptide
consisting of hydrophobic and positively charged amino acids was
used as a model target peptide. pNIPAm particles consisting of only
negatively charged or hydrophobic functional monomers did not
interact with melittin, but NPs with both negatively charged and
hydrophobic functional groups interacted with melittin with a 10�6

M

dissociation constant (Figure 10), indicating that melittin was
recognized by the NPs through multipoint electrostatic and hydro-
phobic interactions.46,47 As these nano-gel particles do not strongly
interact with plasma proteins such as albumin and fibrinogen,
melittin is recognized and its toxicity can be completely neutralized
by the particles even under physiological conditions.46,47 Because of
their strong and specific interaction, the C-terminal 12 amino acids of
the peptide can further be used as a tag for protein purification.48

The specificity of target recognition can be tuned through selection
of functional monomers; NPs with carboxylic acid and sulfonic acid49

or primary amine, tertiary amine and guanidium groups50 showed
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A full color version of this figure is available at Polymer Journal online.

Figure 10 Illustration of the interaction between melittin and nano-gel particles consisting of (a) negatively charged monomers, (b) hydrophobic monomers,

and (c) both negatively charged and hydrophobic monomers.46,52 A full color version of this figure is available at Polymer Journal online.
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completely different binding affinities to target proteins (Figure 11).
The library of particles can be easily diversified because dozens of
functional monomers are commercially available, which makes it
theoretically possible to recognize a wide range of biomacromolecules.
In fact, NPs that strongly bind to histone,49 fibrinogen51 and
lysozyme51 have already been developed. In addition, NPs that bind
to a specific domain of the target protein (for example, IgG Fc
fragment) can be synthesized.52

Poly(NIPAm) NPs undergo a volume phase transition from a
swollen state to a collapsed state in response to temperature and pH
changes (Figure 4). Together with large changes in the density of the
functional groups in the NPs,51,53 the mobility of polymer chains54,55

and the ionization states of the acidic and basic functional groups in
the nanogel56–61 change reversibly. As the functional group density in
the nanogel increases 10–100 times with phase transition, it is possible
to almost completely switch on and off the interaction with the target
protein by applying external stimuli. It should be noted that the
binding constant for multipoint binding recognition increases expo-
nentially with the number of contact points.47,53 Therefore, based on
the stimulus response, these particles can be used to isolate target
proteins from a protein mixture in solution by precipitating target
proteins as complex with nanogels at a high temperature and eluting
the targets by cooling.48

The binding and release kinetics of the multipoint target recogni-
tion process can be tuned by manipulating the mobility of the

polymer chains.54,55 PNIPAm nanogel particles with a ‘flexible’
random-coil conformation were found to have a faster binding rate
than nanogel particles with a ‘rigid’ globule conformation; however,
the dissociation rate constant remained unchanged, resulting in
stronger affinity. The dissociation rate of the ‘flexible’ nanogel
particles was found to be decreased by the ‘induced-fit’
conformation change of polymers around the coil-globule phase-
transition temperature, resulting in the formation of highly stable
particle–protein complexes.54 In addition, both the binding and
dissociation rate constants of the swollen phase nanogel particles
increased as the crosslinking degree decreased, indicating that the
polymer density of the particles governs the binding and dissociation
rates.55 These results also suggest that the mechanical flexibility of gel
particles, defined as the Young’s modulus, does not always have a
crucial role in the multipoint molecular recognition process.55 Tuning
of the binding/dissociation rate will be important for the future use of
the particles in non-equilibrium systems.
The nanogel particles have a cost advantage over other materials

because they can be synthesized on a large scale using inexpensive
monomers. However, in the free radical polymerization process
described above, the arrangement of the functional monomers and
the three-dimensional structure of the polymer chains are not
controlled during synthesis. Thus, the structure of the binding site
is completely random, resulting in limited specificity and binding
strength.

Figure 12 Schematic representation of the peptide imprinting process.70 A full color version of this figure is available at Polymer Journal online.

Incubation Flow Wash Elution

Random copolymer
Nanoparticles (NPs)

Peptide immobilized
beads No Affinity NPs Low Affinity NPs High Affinity NPs

Figure 13 Protocol for affinity purification. Randomly co-polymerized NPs are incubated with target-immobilized beads and then washed to remove the

weakly binding NPs. Strongly binding NPs are eluted by changing the buffer conditions and/or temperature.70 A full color version of this figure is available

at Polymer Journal online.
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PREPARATION OF SYNTHETIC PARTICLES THAT RECOGNIZE

BIOMACROMOLECULES BY MOLECULAR IMPRINTING

POLYMERIZATION

To achieve stronger and more specific target recognition, it is
necessary to prepare materials presenting a three-dimensional struc-
ture that is complementary to the target molecules. Therefore, a
molecular imprinting polymerization method has been proposed. In
the molecular imprinting procedure, the three-dimensional shape of
the target molecule is transferred into the polymer network by
polymerizing the materials in the presence of target molecules, leaving
complementary binding sites in the network after the removal of the
target (Figure 12). This method was proposed by Mosbach, Wulff,
Shea and others in the 1980s.62–68 Recently, molecular imprint
materials that target biomacromolecules have been actively studied
by Shea’s group.69

It is possible to prepare nanogel particles that recognize targets with
a dissociation constant comparable to that of antibodies (onM) by
polymerizing the nanogel particles in the presence of the target
peptide, using a combination of functional monomers that are
capable of contacting the target through electrostatic and hydro-
phobic interactions.70 As this NP does not strongly interact with
plasma proteins such as albumin or fibrinogen, it is stable even in the
plasma.
Nanogel particles are also being tested as antitoxins in animal

experiments. It has been reported that when mice were intravenously
administered with a lethal dose of melittin, a 100% mortality rate was
observed. However, on intravenous infusion of melittin-imprinted
nanogel particles, a significant decrease in mortality was observed. In
contrast, particles synthesized with the same monomers in the
absence of melittin did not significantly neutralize melittin in vivo,
indicating that a strong and specific interaction of the imprinted
NPs enabled the neutralization of target in vivo.71 Furthermore,
biodistribution studies of nanogel particles and melittin using
fluorescent or radioisotope-labeled materials revealed that the
particles bind to target peptides in the bloodstream.71

Although peptide-imprinted particles can strongly and specifically
recognize targets as ‘plastic antibodies,’ the method of molecular
imprinting requires a large amount of expensive template biomacro-
molecules for NP synthesis. Thus, the use of imprinted particles
negates the cost advantage of polymer materials. Therefore, affinity
purification has recently been developed for isolation of particles that
strongly recognize biomacromolecules.

ISOLATION OF SYNTHETIC NPS THAT RECOGNIZE

BIOMACROMOLECULES BY AFFINITY PURIFICATION

Although the binding capacity of randomly polymerized particles
with an optimized combination of functional monomers is high, the
average binding affinity of the particles to melittin is much lower than
that of natural antibodies because the statistically created affinity sites
have a broad distribution of affinities for the target. However, the
distribution of affinities suggests that high-affinity nanogel particles
are present in the mixture. To isolate NPs with a high affinity and a
narrow affinity distribution, the NPs were sorted on the basis of their
peptide affinity similar to that in proteins by performing affinity
chromatography (Figure 13). When melittin, the target molecule, was
fixed onto agarose beads and melittin-binding NPs prepared using
random copolymerization were affinity purified, it was possible to
isolate NPs with a nanomolar level dissociation constant from the NP
solution with an overall submicromolar dissociation constant.72 The
purified particles showed a much narrower affinity distribution than
the average value obtained for the particles before purification.

The yield of high-affinity NPs isolated using this process was only
several percent, but even when taking into account the cost of the
commercial monomers the preparation of the purified particles is
much less expensive than that of the protein antibodies. Affinity
purification is thus a useful process for isolating nano-size materials,
including inorganic particles, with high and/or tailor-made affinity
and a narrow affinity distribution for target biomacromolecules.

PROSPECTIVE

In this article, the literature on the interaction of synthetic particles
and biomacromolecules was reviewed. On the basis of the funda-
mental study of ‘nonspecific’ protein–particle interactions, strategies
for the design of NPs that strongly interact with specific molecules
have been developed. Further fusion of the approaches
of supramolecular chemistry,73 stereocontrolled polymerization,74

topology control75 and living polymerization76 is expected to enable
future development of uniform polymer ligands77,78 as ‘monoclonal
plastic antibodies,79 that more strongly and specifically recognize
target biomacromolecules.
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