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Biomacromolecule surface recognition is an important
factor in regulating cellular processes. Nanometer-scale
mixed monolayer-protected clusters (MMPCs) provide
scaffolds for creating receptors targeting biomacromole-
cular surfaces. Unique features of nanoparticles that
make them particularly attractive resources for bio-
macromolecular recognition and their use in modifi-
cation of structure and function of biomacromolecules
are illustrated in this review.
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INTRODUCTION

Cellular processes featuring inter-biomacromolecule
interactions such as protein–protein interactions,
protein–nucleic acid interactions, enzyme activity
and cell surface recognition are central to the
function of biological systems. These interactions
also provide attractive targets for synthetic receptors,
if we can replicate the specificity of the biological
prototypes. Synthetic receptors designed to target
biomacromolecules such as proteins and nucleic
acids would pave the way for alternative approaches
to diagnostic biosensors for rapid monitoring of
imbalances and illnesses, as well as therapeutic
agents.

While recognition of biomolecular surfaces relies
on the same noncovalent interactions involved in
small molecule host–guest systems, binding of
biomacromolecules presents a substantial challenge.
This challenge arises from two basic requirements
for effective biomacromolecule surface recognition.
A large receptor contact area is essential. For

instance, large surface areas are required for effective
binding of biomacromolecules that feature solvent-
exposed surfaces; examination of protein–protein
interactions revealed a buried surface area of 6 nm2

per protein [1]. The topological, electrostatic [2] and
hydrophobic [3] complexity of biomacromolecular
surfaces present further complications for the design
of receptors [4].

Researchers have undertaken the challenge of
protein surface recognition using a number of “small
molecule” systems [5] and macromolecular scaf-
folds. These systems comprise receptors on calix-
arene and porphyrin scaffolds [6–10], cyclodextrin
dimers [11] and transition metal complexes aimed
against surface-exposed histidines [12]. Partially
constrained backbones [13–15] possessing multi-
valent libraries of receptors have also been deve-
loped using polymer scaffolds. The systems
mentioned above establish a certain level of success
in the modulation of biomolecular function, but the
question of protein surface recognition still remains
open.

Monolayer-protected cluster (MPC) and mixed
monolayer-protected cluster (MMPC) nanoparticles
provide highly useful biomolecular platforms for
surface recognition, with four distinctive and
significant features. First, we have demonstrated
that MMPCs are self-templating: the affinity and
specificity of the recognition process is amplified via
incubation of these particles with target molecules
[16]. Second, various sizes of nanoparticles can be
synthesized ranging from 2 to .10 nm, analogous to
that of proteins and other biomacromolecules,
providing sufficient surface area for effective protein
and DNA binding [17] (Fig. 1). Third, these particles
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can be synthesized with a wide variety of metal and
semiconductor core materials that incorporate useful
fluorescence and magnetic properties. This diversity
of materials makes them useful as probes and
diagnostic reagents. Finally, nanoparticles can be
synthesized with a wide range of surface function-
ality, providing adaptability in the formation of
surface-specific receptors [16–18]. This provides a
unique tool for achieving efficient and specific
recognition of protein surfaces.

Nanoparticles have been used extensively for the
immobilization of biomacromolecules. Such studies
include interactions between streptavidin and biotin-
labeled particles [19,20] or hybridization of comple-
mentary DNA strands conjugated to nanoparticles
[17]. However, this review primarily discusses our
research, which focuses on the properties and
utilization of organic groups functionalized on
monolayer- and mixed monolayer-protected nano-
particles. In these investigations, the nanoparticles
are used as multivalent recognition elements to
target the surfaces of biomacromolecules.

FABRICATION AND PROPERTIES
OF MPCS AND MMPCS: SYNTHESIS
AND CHARACTERISTICS

The high surface area and stability of MPC and
MMPC nanoparticles are ideal for studying

the interactions between biomacromolecules and
surfaces. The MPC nanoparticles are easily syn-
thesized via the Brust-Schiffrin reduction (Fig. 2a)
[21]. The selection of thiols used during synthesis
controls the functionality of the monolayer surface,
while the stoichiometry controls the particle size. The
polyhedral-shaped gold core is instantly enclosed by
a self-assembled monolayer (SAM) [22], thus
preventing aggregation of the nanoparticles and
allowing the surface functionality to be customized.
Using the Murray place displacement reaction [23],
MMPCs can be readily synthesized using a mixture
of functional thiols and MPCs (Fig. 2b). This method
offers the ability synthesize a diverse variety of
MMPCs with unique recognition groups on the
surface [24].

The ability to control the functionality of the end-
groups on MMPCs is the key tool for biomacro-
molecular recognition. These side-chains determine
the solubility of the nanoparticles in water and
the affinity and specificity of interactions with
biomacromolecule targets. The efficiency of inter-
actions of MMPCs with biomacromolecules can be
enhanced through functionalization with multiple
ligands. In this way, low-affinity interactions can be
used to generate polyvalent interactions between
the ligands and receptors that are collectively
stronger than corresponding monovalent inter-
actions [25]. The gold core also strongly quenches
fluorophores, providing a potential method for
sensor design [26–28].

TEMPLATION OF MMPCS

The ability to controllably functionalize MMPCs
makes them promising receptors for both mono-
tropic and multivalent interactions. Presentation of
functionality, however, is crucial to the creation of
effective multivalent receptors. The thiols on the
nanoparticle are mobile, thus creating an environ-
mentally responsive system on the SAM that can be
used to address this issue. Through maximization
of binding enthalpy, the mobility of the thiols on
the MMPCs provides a potential method for

FIGURE 1 Relative sizes of a nanoparticle with a 2 nm core and
C8 monolayer and (a) aspirin, (b) heparin sulfate 12mer, (c) DNA
24-mer, and (d) DNA binding domain of p53 complexed to DNA
20mer.

FIGURE 2 Formation of (a) MPCs using the Brust-Schiffrin reduction and (b) MMPCs using the Murray place-exchange.
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imprinting/templation (Fig. 3a). We have demon-
strated this templation with the aid of time-
dependent recognition of flavin by MMPC 1
(Fig. 3b). In this MMPC, the pyrene and diamido-
pyridine functionalized side-chains that were dis-
persed in an octanethiol monolayer provided
aromatic stacking and hydrogen-bonding moieties,
respectively. Flavin was incubated with MMPC 1,
enabling hydrogen bonding and aromatic p-stacking
interactions. Substantial rearrangement was
observed over a 73-h incubation on addition of
flavin to MMPC 1. The results from time-course
NMR experiments showed that the binding constant

increased by 71% during the templation process.
These properties allow for further optimization, such
as selectivity and binding affinity, with more
complex biomacromolecules (Fig. 3a).

The interaction of nanoparticles with a comple-
mentary peptide demonstrated the ability of MMPCs
to template biomacromolecules with larger surface
areas. A tetraaspartate peptide (Peptide 2) featuring
the aspartate residues in alternating i, i þ 3 and i,
i þ 4 positions (Fig. 4a) was used as a target for
MMPC 3 (Fig. 4b) [24]. A cofacial presentation of the
carboxylates on peptide 2 in the a-helical confor-
mation allowed recognition of the nanoparticle
surface by this arrangement of the aspartates.
Circular dichroism (CD) studies showed a substan-
tial increase in peptide helicity from ,4% to ,60%
upon addition of MMPC 3 to the peptide. Time-
course experiments were used once again to
demonstrate MMPC templation, with a substantial
increase in helicity (,20%) over 30 h (Fig. 4b).

SURFACE RECOGNITION OF DNA

A relatively simple surface for biomolecular surface
recognition is presented by DNA. In previous
studies, small molecules have been used to bind
specific DNA sequences [29,30], and to inhibit [31,32]
or promote [33,34] DNA transcription based on
intercalation and major/minor groove binding. High
selectivity of nanoparticles with complementary
sequences functionalized with single-stranded
DNA has been demonstrated [35]. Taking an
alternative tack, we have focused on the use of a
network of noncovalent interactions to promote high
affinity of nanoparticle–DNA binding.

In initial studies, we used cationic MMPC 3 to bind
to DNA through noncovalent interactions [35].
Complementary electrostatic charges allow MMPC

FIGURE 4 (a) Sequence of Peptide 2. (b) Schematic representation of the peptide binding to the MMPC 3 surface. (c) Incubation of the
peptide over time increase its helicity. Fraying of the helices at either ends is referred to as a distorted helix.

FIGURE 3 (a) Optimization of MMPCs to a biomacromolecule
surface. (b) Templation of flavin onto MMPC 1.
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3 to bind to the negatively charged phosphate

backbone of a 37mer duplex DNA (Fig. 5a). This

interaction was monitored through a UV centri-

fugation assay, with a 4:1 stoichiometry of associ-

ation observed. Further characterization by dynamic

light scattering (DLS) indicated the formation of

discrete DNA–MMPC clusters of 20 nm in diameter.

The ability of the nanoparticles to inhibit DNA

transcription in vitro was used as a functional test for

the efficiency of MMPC–DNA interaction (Fig. 5b).

Upon incubation with DNA, MMPC effectively

inhibited DNA transcription by T7 RNA polymerase.

It is possible that MMPC 3 binds with higher affinity

than the T7 RNA polymerase from an estimated Kd

of approximately 5 nM [36] for the DNA:polymerase

complex. However the Kd could also suggest that the

recognition process is interrupted as the nanoparti-

cle-bound DNA conformation is altered, an issue we

are currently exploring.

Given the efficiency of MMPC–DNA interaction,

subsequent studies using nanoparticles for gene

delivery into cells were conducted (Fig. 6) [37]. Before

being introduced into human embryonic kidney cells,

DNA plasmid encoding b-galactosidase was incu-

bated briefly with the MMPCs. Further studies

showed a cationic charge of ,70% coverage to be the

most effective for transfection into a plasmid (Fig. 6b),

with MMPC 5 (Fig 6a) providing enhanced efficiency

relative to MMPC 3 (Fig 5a) and MMPC 4 (Fig 6a).

It was also found that MMPC 5 is ,8-fold more

effective than 60 kDa polyethyleneimine (PEI).

NANOPARTICLES AS RECEPTORS FOR
SURFACE RECOGNITION OF PROTEINS

Control of enzyme inhibition can be regulated by
synthetic receptors targeted at the protein’s active
site [38,39]. Proteins without a well-defined active
site can be modulated [40] and dimerized [41,42] by
nanoparticles. As in interactions that are central to
cellular processes, such receptors could provide a
potent tool to control protein–protein and protein–
nucleic acid interactions. Because of their diversity in
functionalization and the ability to maximize
interaction over time through templation, MMPCs
provide a suitable platform for examining nano-
particle–protein interactions. As an example, we
used a-chymotrypsin (ChT) to investigate the
interaction with carboxylate-functionalized gold
MMPC 6 (Fig. 7a) (6 nm overall diameter) as an
initial step towards recognition of protein surfaces
using MMPCs [43]. A suitable target for negatively
charged receptors was provided by a ring of cationic
residues around the active site of ChT (Fig. 7b).
Strong interactions between ChT and MMPC 6 were
demonstrated by the complete inhibition of ChT
activity [44], presumably from steric blocking of the
ChT active site by the bound MMPC. A 1:5 binding
ratio of the nanoparticle with the enzyme was found.
Given their relative surface areas, this indicated a
complete saturation of the MMPC surface with the
protein. The inhibition of ChT on the surface of the
nanoparticle exhibited a two-step process: a fast
reversible step due to complementary electrostatic
binding followed by a slower irreversible process
that was determined through CD to arise from
denaturation of the protein on the MMPC surface.

FIGURE 6 (a) Structures of MMPCs used to study the effect of
hydrophobicity on the transfection efficiency. (b) A higher
transfection is achieved via a greater hydrophobic character of
MMPCs.

FIGURE 5 (a) Structure of the MMPC 3 scaffold. (b) The increase
in the amount of MMPC 3 decreases the level of transcription.
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A certain level of selectivity was discovered as no
significant interaction with MMPC 6 was displayed
with elastase, b-galactosidase and cellular retinoic
acid-binding protein. Furthermore, inhibition of ChT
activity was not affected by positively charged
MMPC 3. In subsequent studies the initial binding
of MMPC 6 to ChT was found to be strongly
dependent on the ionic strength of the solution [45].

The unique nature of the MMPC scaffold
suggested a possible means of restoring the activity
of ChT via electrostatically mediated release and
refolding of the protein. Derivatives of trimethyl-
ammonium-functionalized surfactants (Fig. 8) were
added to the preincubated MMPC–ChT complex
to investigate this possibility [46]. With the addition
of surfactant 7 (Fig. 8), the activity of ChT was almost
immediately restored to up to 50% of native ChT.
The release of ChT from the nanoparticle surface was
confirmed by DLS experiments, fluorescence and
fluorescence anisotropy studies. This study signified
that, once released, the native structure of ChT
is attained. To explain the enzymatic reactivation
of ChT upon addition of surfactants, two principal
mechanisms were developed based on DLS data
for MMPC–protein assemblies (Fig. 8). Surfactants 8
and 9 directly modify the monolayer by intercalation
and/or chain displacement in the first mechanism.
The resulting attenuation of the monolayer charge
mediates the release of the protein and ensuing
activity. A larger radius was observed for

the MMPC–protein assembly with alkane surfactant
7, presumably due to bilayer formation upon
releasing the protein.

It is essential to retain the native enzyme structure
upon binding for applications such as in vivo protein
delivery and in vitro enzyme stabilization. The utility
of nanoparticle receptors will be greatly enhanced by
the ability to control protein structure during the
binding process. Moreover, the retention of native
protein conformation is required for templation of
nanoparticles to a protein surface. Thioalkyl and
thioalkylated oligo(ethylene glycol) (OEG) ligands
with chain-end functionality were used to fabricate
water-soluble CdSe nanoparticle scaffolds [47] to
allow for protein inhibition without a change in
protein conformation. The researchers used: (i) OEG

FIGURE 8 (a) Addition of surfactant modifies the monolayer
allowing ChT to dissociate from the MMPC. (b) Enzymatic activity
of ChT is restored by addition of surfactants.

FIGURE 7 (a) Structure of MMPC 6. (b) The active site of ChT is
surrounded by cationic residues. (c) Relative sizes of MMPC 6
(2 nm core diameter) and ChT.
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terminated with hydroxyl groups (Fig. 9), (ii) a
carboxylate-terminated thiolalkyl ligand (Fig. 9) and
(iii) carboxylate-terminated OEG (Fig. 9c), as ethylene
glycol units have been shown to resist nonspecific
interactions with biomacromolecules [48]. It was
anticipated that the OEG spacer between the
functional end-group and the alkane monolayer
would diminish nonspecific interactions of the
MMPC-bound protein by shielding the hydrophobic
monolayer from the protein surface. This system
provides better understanding of the interaction
between CdSe nanoparticles and proteins, an issue
that arises when CdSe nanoparticles are used as
fluorescent tags for bioimaging [49,50]. Three levels
of control of enzyme activity and structure were
observed upon incubation with ChT. The hydroxyl
end-group-terminated MPC 12 did not interact.
However, the carboxylate-terminated thiolalkyl

ligand (MPC 11) bound and denatured ChT. This
was observed in earlier studies with gold MMPC 6.
The carboxylate-terminated OEG MMPC showed a
substantial loss of enzymatic activity. In this case, no
significant loss in the native structure of the bound
enzyme was seen as investigated by CD and
fluorescence experiments. Ionic strength studies
confirmed that the binding in the latter case arose
primarily from complementary electrostatic inter-
actions of the enzyme and the nanoparticle.

SUMMARY

The distinct properties of nanoparticles offer a
scaffold that can be varied and templated for
recognition of biomolecular surfaces. Furthermore,
the capability to optimally tune the nanoparticle size
and divergent functionalization of the surface
provides an environmentally responsive receptor
for guest biomacromolecules. A number of groups
have used these properties of nanoparticles to
effectively bind proteins and DNA, controlling
structure and function. A stepping-stone to a host
of biomedical applications has been provided with
these current studies, highlighting the interactions of
nanoparticles with biomacromolecules.
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