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Abstract
Surface recognition of biosystems is a critical component in the development of novel biosensors,
delivery vehicles and for the therapeutic regulation of biological processes. Monolayer-protected
nanoparticles present a highly versatile scaffold for selective interaction with biomacromolecules
and cells. Through engineering of the monolayer surface, nanoparticles can be tailored for surface
recognition of biomolecules and cells. This review highlights recent progress in nanoparticle-
biomacromolecule/cellular interactions, emphasizing the effect of the surface monolayer structure
on the interactions with proteins, DNA and cell surfaces. The extension of these tailored
interactions to hybrid nanomaterials, biosensing platforms and delivery vehicles is also discussed.
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1. Introduction
Effective and selective biomacromolecular interactions rely on large receptor contact areas
and structurally and dynamically well-defined architectures for high affinity binding.[1]

However, the recognition of biomolecular surfaces is highly challenging owing to their large
size and topological/surface complexity.[2] Nanoparticles (NPs) are an attractive alternative
to classical small molecule receptors.[3] NPs feature several structural attributes for the
creation of biomacromolecular receptors, leading to numerous applications in biosensing,
clinical diagnostics and therapeutics.[4] The wide variety of available core materials (metal
or semiconductor) featuring inherent optoelectronic and magnetic properties provide useful
physical attributes.[5] Additionally, the tunable core-size of NPs (1.5 nm to > 10 nm) spans
the size range of biomacromolecules, providing surface area and size comparability for
efficient interaction with target biomacromolecules.[6]

The ability to introduce a wide range of functionalities on the surface of NPs is one of the
key attractions for the use of these materials in biology. Appropriate choice of functionality
facilitates the creation of surface-specific receptors for a variety of targets.[7] These selective
interactions also provide an adaptable scaffold for the self-assembly of nanomaterials using
biomolecules[8] and have been used in biosensing and nanoelectronics.[9] Likewise,
controlled interaction of NPs with cell membranes and lipid bilayers is crucial for the
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development of new strategies for photothermal therapy, imaging, and delivery
applications,[10] as well as providing new tool for provoking differential cellular and sub-
cellular responses for therapeutic applications.[11] The size and functionality available with
NPs likewise make them excellent carriers for cytosolic delivery of drugs, genes, siRNA,
and other macromolecular systems by overcoming the natural inability of these molecules to
penetrate the cell membrane,[12] a process that can be further enhanced by introducing cell-
penetrating peptides on the NP surface monolayer.[13]

In this current review, we will focus on the recent advances in the use of the functional
organic monolayers of NPs as multivalent recognition elements for protein, DNA and cell
interactions, (Figure 1) focusing on non-covalent supramolecular strategies complementary
to widely-used covalent conjugation methodologies.[14]

2. Nanoparticle-protein interactions
2.1. Regulating the structure and function of proteins using nanoparticles

Selective binding of engineered NPs to enzymes provides a tool for modulating both their
structure and activity. In early studies, mixed monolayer NPs bearing anionic ligands were
used for surface recognition and activity inhibition of chymotrypsin (ChT),[15] targeting the
cationic patch around the active site (Figure 2a).[16] Protein inhibition with these simple
alkanethiol functionalized NPs was a two-step process featuring a fast reversible association
followed by a slower irreversible denaturation process. The efficient complementary
electrostatic interaction resulted in an apparent Ki=10 nM and was selective relative to other
proteins. These electrostatic interactions can be tuned by ionic strength of aqueous media[17]

and cationic surfactants.[18] For example, Rotello and coworkers have shown that cationic
surfactants (Figure 2b) allow the release of ChT molecules from the surface of the anionic
NPs with partial restoration in enzyme activity. The release of ChT from the NP-protein
assembly was dependent upon the surfactant, as surfactant 2 liberated the bound proteins
through the formation of bilayer structures, as evidenced by a 4.5 nm increase in the
hydrodynamic radius of the complex (Figure 2c). In contrast, cationic thiol 3 and alcohol 4
incorporate themselves into the NP monolayer, with no increase in the hydrodynamic radius
of the NP observed.

Photochemical stimuli provide an external trigger to modulate the activity of enzymes
assembled on NPs,[19] a potentially useful tool for biomedical applications. Rotello and
coworkers synthesized gold NPs bearing photoactive phenacyl ester linkages and explored
their interactions with ChT (Figure 3).[20] Cationic gold NP 6 does not interact with ChT
while anionic NP 7 can bind and inhibit ChT activity. Upon irradiation with UV light, both
of these NPs are converted into anionic NP 8 that interacts strongly with ChT, inhibiting
activity.

Binding of enzymes to NP surfaces alters access to the active site in a selective fashion by
virtue of substrates and products having to navigate the protein-NP interface. This
modulation was demonstrated through changes in enzymatic activity of NP-bound ChT
toward substrates with different charges.[21] Electrostatic interactions between cationic
substrates and the anionic NPs facilitate the transport of substrate into the enzyme,
accelerating catalysis. Electrostatic repulsion between anionic substrates and negatively
charged NPs prevents accessibility to the active pocket of the surface-bound enzyme, with
hydrolysis of these substrates being strongly inhibited by particle binding.

Binding studies of ChT with NPs bearing amino acid termini showed that both electrostatic
and hydrophobic interactions contribute to the stability of the complex.[22] The binding
constants (106–107 M−1) for these synthetic receptor-protein complexes are comparable with
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naturally occurring protein-ChT inhibitor interactions[23] and increase with the
hydrophobicity of the amino acid chains. Protein stability is likewise altered in the non-
covalent assemblies. Hydrophobic amino acids have little effect on the native structure of
ChT, while hydrophilic amino acids destabilize the protein due to competitive hydrogen-
bonding and breakage of salt bridges in the protein. Further control of protein stability can
be achieved by changing the length of oligo(ethylene glycol) (OEG) tethers,[24] with shorter
OEG segments increasing the rate of denaturation. In a related study using L-amino acid
functionalized gold NPs, the cooperative role of electrostatics and hydrophobicity on the NP
surface for complexation with proteins was explored. Detailed thermodynamic
investigations using isothermal titration calorimetry (ITC) with three model proteins, ChT,
cytochrome C (CC) and histone, revealed that enthalpy and entropy changes for the complex
formation depend upon the NP structure and the surface distributions of charged and
hydrophobic residues in the particular protein.[25] The linear relationship for ΔH-TΔS
indicated significant conformational changes and substantial dehydration of the partners,
providing an effective mimic for native protein-protein interactions.

Subtle structural effects can strongly alter NP-protein interactions. Rotello and coworkers
investigated the effect of chirality of the NP surface towards the model proteins ChT and CC
using a series of functional gold NPs bearing phenylalanine and/or leucine residues.[26] ITC
studies revealed NPs bearing enantiomeric and diastereoisomeric groups can have markedly
different interactions towards target proteins. Similarly, regiospecificity is also achieved
between the gold NP-CC interactions by introducing anionic particles with different side
chains.[27]

Preservation of protein structure upon binding is important for in vivo protein delivery and
in vitro enzyme stabilization. Nanoparticles bearing tetra(ethylene glycol) chains improve
the stability of ChT at the NP surface[28] owing to the fact that OEG minimizes the
nonspecific interaction with biomacromolecules.[29] Recently, Ghosh et al. has shown highly
efficient binding as well as intracellular protein delivery using gold NPs bearing a short
peptide conjugated to a tetra(ethylene glycol) moiety. The engineered NPs were shown to
translocate β-galactosidase, a large exogenous protein, into a variety of cells without
exhibiting any cytotoxicity. These NP-protein complexes were able to escape from
endosomes and retained their biological activity.[30]

2.2. Specificity in NP-protein interactions
The above studies focus on selective protein binding; specific binding has generally been
accomplished via conjugation of the NPs with biomolecular ligands. The biotin/streptavidin
interaction has been extensively employed for the conjugation of NP systems[31] due to its
strong interaction (Ks ~ 1014 dm3/mol) and stability over a broad range of pH values and
temperatures.[32] For example, Zheng and Huang have synthesized biotin and glutathione
moieties capped onto the surface of gold NPs protected by tri(ethylene glycol) thiols (Figure
4).[33] Biotin-containing gold NPs specifically bind to streptavidin while glutathione capped
NPs are targeted to glutathione-S-transferase (GST). The binding of GSH by GST is far
weaker than the biotin/streptavidin interaction; however, nonspecific binding with other
proteins was diminished in this system.

Another potential approach to gain specificity is through carbohydrate-lectin interactions.[34]

Engineering of NP surfaces with carbohydrate ligands provides a means to couple
carbohydrate-lectin interaction with increased specificity through the multivalent
interactions.[35] For example, mannose-coated gold NPs bind with the plant lectin
concanavalin A (Con A), with 10–100 fold higher affinity than monovalent mannose
ligands.[36] This specific interaction between mannose functionalized gold NPs and Con A
was explored to develop a competitive colorimetric assay to detect protein-protein
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interactions.[37] In another study, agglutinin, a bivalent lectin, induced the aggregation of
lactose-functionalized gold NPs, leading to changes in its absorption spectrum. This NP-
protein assembly can be dissociated by the addition of galactose, as agglutinin has β-D-
galactose specificity (Figure 5). Moreover, the extent of aggregation was proportional to the
lectin concentration leading to highly sensitive detection of the target molecule.[38]β-N-
acetylglucosamine-conjugated quantum dots have been used to study specific and
multivalent interactions with lectin and sperm by fluorometry.[39] Recently, Yan et al. have
demonstrated a rapid and versatile way for coupling of unmodified sugars to gold NPs via a
photochemical reaction with efficient lectin recognition observed.[40]

Transition metal complexes have been used to target surface-exposed histidines of proteins
via coordinative interactions,[41] providing specific receptors for proteins.[42] Nickel-
terminated nitrilotriacetic acid (NTA) coated FePt NPs bind to proteins that have six
consecutive histidine residues, allowing separation, transport and anchoring of recombinant
proteins.[43] Using these magnetic NPs, pure proteins were separated from lysed cell
mixtures within 10 min. Mattoussi et al. utilized the affinity of hexa-His peptides to
semiconductor surfaces to directly conjugate fluorescent proteins onto quantum dot (QD)
surfaces to develop caspase-3 sensors.[44] Recently, De et al. have shown that NTA
functionalized gold NPs can exhibit high affinity for binding with His-tagged proteins,[45]

with the protein-particle stoichiometry controlled by varying Ni2+ concentrations.

2.3. Protein sensing
Differential affinities between NPs and proteins can generate distinct patterns of responses
from sensor arrays, generating a fingerprint response for individual proteins. Using this
strategy, Rotello and coworkers fabricated a sensor array composed of six cationic gold NPs
and one anionic poly(p-phenylene ethynylene) (PPE) polymer that could properly identify
seven proteins of different sizes and isoelectric points.[46] Linear discrimination analysis
(LDA) was used to differentiate the response patterns with high accuracy (94.2%). Later
studies focused on sensing proteins in human serum, a complex matrix with more than
20,000 proteins and an overall protein concentration of ~ 1mM. The same group achieved
differentiation of proteins spiked into human serum using a green fluorescent protein (GFP)-
NP sensor array (Figure 6a).[47] Positively charged NPs combined with anionic GFP
generated a sensor that could detect 500 nM changes in the five most abundant human serum
proteins in undiluted serum. Mixtures of proteins in different concentrations led to specific
and reproducible changes in the LDA-based patterns (Figure 6b).

The above fluorescence-based detection systems are restricted by the inherent emissivity of
the fluorophore. To overcome this limitation, The Rotello group used enzymes to provide
array-based sensors with enhanced sensitivity.[48] Cationic gold NPs electrostatically bind
the anionic β-Galactosidase (β-gal), inhibiting the enzyme without denaturation.
Displacement of the particles by analytes restores enzyme activity, providing an
amplification of the recognition event that was used for sensing proteins in buffer and in
urine with a limit of detection of 1 nM.

2.4. Peptide and protein assisted assembly of surface functionalized NPs
Biomolecule-mediated “bottom-up” self-assembly of nanobiocomposites provides a
versatile strategy for the creation of functional materials. Stupp et al. used amphiphilic
tripeptide based nanofibres 11 and 12 for one-dimensional assembly of lipophilic gold NPs
(Figure 7a).[49] Co-assembly 11 and 12 into fibrils generates supramolecular structures in
aprotic solvents. With the addition of gold NP 13, the diaminopyridine groups on the NP
surface interact with thymine moieties, leading to a linear assembly of gold NPs (Figure 7b).
In a related study, double-helical and single-chain arrays of NPs were obtained through
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peptide self-assembly.[50] These structures could be controlled by pH and the size of the
NPs. Chmielewski et al. demonstrated an alternative non-covalent approach for gold NP
assembly using coiled-coil peptides.[51] Polypeptide-functionalized gold NPs were also
employed for controlled aggregation by induced folding of immobilized peptides.[52] Stulz
et al. have shown a programmed assembly of gold NPs functionalized with DNA-binding
peptides onto self-organized oligonucleotide templates,[53] integrating peptide and nucleic
acid-based assembly strategies. Moreover, by controlling the amount of peptide on the NP
surface and using specific oligonucleotide sequences, the assembly can be tuned to form
dimers, trimers, and higher ordered structures.

Proteins likewise provide a scaffold for NP assembly. Mukherjee et al. have illustrated a
shape-selective assembly of gold NPs using antibodies as templates to provide a scaffold to
direct the assembly of gold NPs into rod-shaped structures.[54] Mann and coworkers used
antigen-antibody recognition for self-assembly of NPs into extended 3D networks such as
wires and filaments using bivalent antigen 14 and DNP-biotin bivalent antigen 15 (Figure
8).[55] Whitesides et al. have demonstrated a related approach where monoclonal anti-
fluorescein isothiocyanate (FITC) IgGs can spontaneously assemble into linear, triangular
and square-planar nanostructures in the presence of divalent fluorescein antigens, serving as
a template to grow gold NP clusters.[56]

Streptavidin-biotin binding is a widely employed strategy for the self-assembly of
nanostructures due to the high stability and specificity of the interaction.[57] Fitzmaurice and
coworkers have shown two distinct routes to assemble gold NPs using a streptavidin/biotin
analogue (Figure 9).[58] The first pathway involves the chemisorption of a disulfide biotin
analogue 16 onto gold NPs followed by the subsequent addition of streptavidin. The second
route involves the binding of 16 to the streptavidin before adding to gold NPs. In similar
studies by Perez-Luna and colleagues, interactions of streptavidin with biotinylated gold
NPs form aggregates with a shift in the plasmon resonance peak and broadening of the
absorption spectrum.[59]

Assembly of NPs provides access to spacer-dependent modulation of optical, electronic, and
magnetic properties of NP assemblies for materials applications. NP-protein assembly can
be used to control interparticle spacing[60] and morphology[61] through appropriate choice of
protein size, shape and charge.[62] Srivastava et al. has used two proteins, CC and ChT to
assemble NPs into organized composites (Figure 10a & b).[60] These proteins have different
stability behaviors on the surface of carboxylate-functionalized gold NPs: ChT unfolds onto
the particle surface and acts as a linear polymer, whereas CC retains its native conformation
on the NP (Figure 10c). This behavior was observed in the solid state as well: ChT-mediated
NP assemblies showed increases in interparticle spacing consistent with uncoiled peptide,
while CC generated NP assemblies with larger interparticle spacing consistent with the
retention of the native protein structure. Later studies showed that lysozyme could be used to
generate a wide range of interparticle spacings using an analogous strategy.[63] In recent
studies, FePt and gold NPs were used to assemble ferritin protein, with ferritin providing
added magnetic volume fraction to the magnetic bionanocomposite.[64] Samanta et al. has
also demonstrated NP-protein assembly at oil-water interfaces. Through proper choice of
cationic gold NPs, β-gal has been assembled onto oil-water interfaces with high retention of
β-gal activity (>70%).[65]

3. Nanoparticle-DNA interactions
3.1 Diagnostic and therapeutic applications

Inhibition of DNA transcription provides a direct strategy to modulate disease states and/or
cellular behavior through gene regulation. Interaction with DNA can occur through three
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primary modes of association: surface binding, groove binding and intercalation.[66] DNA
binding and consequent transcription regulation has been achieved with sequence-selective
substituted polyamides,[67] nuclear binding peptides,[68] and small molecule binders.[69]

Monolayer protected NPs provide an attractive alternative scaffold for binding nucleic acids,
mimicking naturally occurring protein-nucleic acid interactions.[70,71] NPs bearing cationic
ligands provide highly efficient DNA binding via electrostatic interactions. McIntosh et al.
have shown that gold NP 17 bearing cationic headgroups (Figure 11a) binds with 37-mer
DNA at a binding stoichiometry of 4:1, preventing transcription.[72] Moreover, NP 17 can
protect DNA from enzymatic digestion,[73] with binding efficiency of analogs tuned by
varying the surface hydrophobicity.[74] Analogous protective behavior was reported by
Wang et al. where cationic silica NPs were shown to protect DNA from enzymatic
cleavage.[75] The monolayer structure of NPs can be tuned to regulate NP stability for
controlled delivery or release applications. For example, Han et al. used the intracellular
glutathione (GSH) concentration as a trigger to restore the transcription of DNA bound to
cationic gold NPs 17 and 18 (Figure 11a).[76] These NP-DNA complexes were stable at
extracellular glutathione concentrations and inhibit DNA transcription, whereas at increased
GSH concentrations, these complexes showed GSH-dependent recovery of DNA
transcription (Figure 11b).

Cationic NPs provide a synthetic platform for DNA delivery applications due to strong
interactions with both the DNA backbone and cell membranes. A series of gold NP 17
analogues with various positive charges and different tethers of the unfunctionalized alkane
thiols were used for gene delivery into cells,[77] demonstrating that DNA-NP complexes
with an overall positive charge are required for effective cellular uptake of NPs.[78] In a later
study, polyethylenimine (PEI) coated gold NPs were used by Klibanov as gene delivery
vectors,[79] with increased transfection observed for higher N/P (PEI nitrogen/DNA
phosphate) ratios. Moreover, NPs bearing dodecyl-PEI showed higher DNA delivery than
PEI-coated NPs, confirming the hydrophobicity on the monolayer can be a key attribute for
superior transfection efficacy. Gold NPs functionalized with lysine and lysine dendrons
were demonstrated to be highly efficient gene delivery vectors without any observed
cytotoxicity, and were shown to be modulated by GSH levels consistent with a GSH-
mediated release process.[80]

In addition to GSH-mediated DNA release, the DNA delivery can be controlled by
photochemical means using photolabile linkages on the surface of NPs. Han et al. fabricated
a cationic gold NP 19 that can be photo-switched to anionic gold NP 20 upon light
irradiation to release DNA intracellularly (Figure 12a & b).[81]

Intercalating ligands provide an alternative to electrostatic binding for DNA recognition.
Murray et al. have synthesized anionic gold NP 21 and cationic gold NP 22 (Figure 13) with
ethidium bromide (EtBr) headgroups.[82] Binding of cationic trimethylammonium gold NP
22 was efficient and rapid due to the cooperative nature of intercalation and electrostatics.
The binding of anionic tiopronin gold NP 21, however, did not occur until NaCl
concentrations were greater than 0.1 M to screen charge repulsion.

3.2. NP-DNA composite materials
The structural and functional diversity of DNA has made it a versatile building block for
nanocomposite assembly.[83] Sequence-specific assembly motifs involving the hybridization
of complementary DNA strands tethered to NPs have been widely employed to produce NP
chains or networks[84] with a high level of sequence specificity.[85] Nanostructured
assemblies can likewise be generated through non-covalent NP-DNA interactions. For
example, cationic gold NPs were used for DNA-NP assembly by Murray et al.,[86]

generating multi-micron one-dimensional chains. Similarly, cetyltrimethylammonium
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bromide (CTAB) functionalized gold NPs[87] and silver NPs[88] have also been used for
programmed assembly with DNA. Srivastava et al. have demonstrated a ‘bricks and mortar’
based self-assembly approach to construct hybrid magnetic bionanocomposites using
cationic FePt NPs and 37-mer duplex DNA.[89]

DNA-mediated NP assembly on solid surfaces provides a ‘bottom up’ approach for
nanoscale electronics. For example, cationic NPs were assembled with DNA on solid
surfaces to generate NP wires and threads,[90] with network structures generated by tuning
the NP-DNA ratios.[91] NPs bearing labile ligands can self-fuse in situ into metal wire-like
structures upon DNA binding via electrostatic interactions.[92] Although cationic NPs
provide complementary electrostatic interaction for DNA assembly, Wessels and coworkers
have reported negatively charged tris(hydroxymethyl)phosphine-capped gold NPs bind with
calf thymus DNA immobilized on silicon, forming 30–40 nm narrow nanowires.[93]

In a route exploiting both supramolecular and covalent approaches, Willner et al. have
shown the wire-like assembly of psoralen-coated NPs with DNA.[94] Psoralen was
intercalated into double stranded polyA/polyT duplex forming a wire-like assembly (Figure
14), then irradiated with UV light, forming 2π + 2π cycloaddition adducts with thymine
residues, consequently forming a dense covalent attachment of the NPs to the DNA. Use of
λ-DNA also formed gold NP wires, however, with a substantially lower density of particles.

Precise positioning and controlled spacing of NP hybrid nanostructures can be used to
generate effective structures for nanoelectronics. Jaeger et al. have examined the assembly
of NPs using a nanocrown RNA scaffold.[95] They have generated two small tecto squares
(TS) in the presence of 0.2 mM of Mg2+ by self-assembly of four different RNA subunits
via loop-loop interactions[96] that can further self assemble to form ladders via
complementary tail-tail connectors (Figure 15).

4. Nanoparticle-cell interactions
4.1. Effect of NP surface charge on cellular internalization

Cellular uptake of nanomaterials can occur through a variety of mechanisms.[97] Xia et al.
recently examined the role of surface charge on the internalization of gold NPs (Figure
16).[98] In their findings, positively charged NPs were adsorbed more efficiently on the
negatively charged cell surface and consequently showed greater internalization than that of
neutral and negatively charged NPs.[98] Surprisingly, negatively charged iron oxide NPs
showed cellular uptake and toxicity in HeLa cells.[99] The internalization of negatively
charged NPs may occur through nonspecific binding and accumulating of the particles on
cationic sites of the plasma membrane followed by endocytosis. Similarly, carboxyl-
functionalized poly(amidoamine) (PAMAM) dendrimer-stabilized iron oxide NPs have
shown to be uptaken into human epithelial carcinoma cells either via pinocytosis or through
a membrane diffusion mechanism.[100]

Recently, Arvizo et al. have demonstrated how surface charge of gold NPs can modulate
membrane potential of malignant and normal cell types and their subsequent downstream
intracellular events.[101] In their findings, positively charged particles depolarized the cell
membrane and increased intracellular Ca2+ concentration. This membrane potential
perturbation induced apoptosis in normal cells but cancerous cells remained unaffected. This
differential behavior of positively charged gold NPs on normal versus malignant cells
presents a potential lead for the creation of therapeutics.

Cationic NPs tend to be toxic, immunogenic,[102] and prone to interactions with serum
proteins present in blood, thereby altering delivery profiles of NPs.[103] Therefore the proper
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choice of surface coating of NPs is crucial to lower toxicity and immunogenicity while
increasing transport and delivery efficiency.[104] Proteins provide promising agents for NP
functionalization due to their biocompatibility and low toxicity. Samanta et al. have reported
the synthesis and hyperthermic effect of BSA-coated Fe3O4 NPs[105] as well as the
differential delivery of these NPs into cancerous and isogenic cell types.[106]

4.2. Effect of surface-ligand arrangement on cell-membrane penetration
Stellacci et al. have explored the role of ligand arrangement on the NP surface for particle
interactions with the cell membrane using amphiphilic gold NPs. The only observed
difference between the particles resides in the arrangement of the ligands that coat the gold
core.[107] They have shown NPs coated in an ordered alternating ribbon-like arrangement
penetrated the cell membrane at 4°C and in the presence of an endocytosis inhibitor.
However, NPs coated with the same molecules but in a random arrangement on the surface
were inefficient at permeating the cell membrane barriers and were instead trapped in
endosomes (Figure 17).

4.3 Effect of cell-penetrating motifs on NP surface
Cell penetrating peptides (CPP) help in the fusion of NPs with cell membranes and their
uptake into the cytoplasm.[108] Different peptides including RGD,[109] allatostatin 1,[110]

PLL,[111] and arginine-rich peptides[112] have been used for effective cellular delivery of
NPs. Medintz et al. have engineered quantum dots functionalized with cell penetrating
peptides for intracellular delivery of fluorescent proteins.[113] They have shown the QD
complexes remain endosomally entrapped. Quantum dots coated with cell penetrating TAT
peptides[114] were also explored for cellular uptake studies via macropinocytosis.[115] Brust
and coworkers have shown that NPs conjugated with CPPs enable cell penetration, whereas
NPs coated with CPP and nuclear localizing sequences (NLS) become localized inside the
nucleus.[116] These NPs have been used for delivery of drugs and DNA to target cells.[117]

Gillies et al. have shown that coating of super paramagnetic iron oxide NPs with dendritic
guanidines results in cell-penetration similar to human immunodeficiency virus-1
transactivator (HIV-TAT) peptide. They found that these NPs exhibited greater cell
penetration than amine-coated particles and therefore are more toxic.[118]

4. Biosensors based on NP-cell interactions
NPs coated with synthetic ligands can bind with cell surfaces using electrostatic and
hydrophobic interactions. These interactions are selective rather than specific, and can be
used for identification and differentiation cells. Huang and coworkers used glycan
functionalized NPs (MGNPs) to detect E. coli with a limit of 104 cells/mL. They have also
achieved the removal of 88% of the E. coli from solutions with 103–104 cells/mL.[119]

Phillips et al. have used NP-polymer arrays to identify bacteria.[120] In this study, cationic
gold NPs and anionic fluorescent polymer were used to generate non-covalent complexes. In
the presence of bacteria, the initially quenched fluorescent polymers recover their
fluorescence. The sensor array was used to identify 12 bacteria including both Gram-
positive (e.g. A. azurea, B. subtilis) and Gram-negative (e.g. E. coli, P. putida) species, as
well as differentiate between three different strains of E. coli at 2×105 cells/mL.

Extending this concept to mammalian cells, gold NP–fluorophore constructs were studied to
differentiate normal human and murine cells from their cancerous and metastatic
counterparts.[121] This detection system is based on conjugates between three structurally
related cationic gold NPs (NP1–NP3) and the poly(para-phenyleneethynylene) (PPE)
polymer PPE-CO2 (Figure 18a). Gold NPs quench the fluorescence upon binding with PPE,
which was regenerated upon incubation with different cell types in a ‘turn on’ fashion
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(Figure 18b). With this sensor array construct, different normal, cancerous and metastatic
cells from different genotypes (Figure 18c) as well as the same genotype (i.e. isogenic) were
identified in a rapid fashion (Figure 18d). An analogous sensor using a gold NP and green
fluorescence protein (GFP) complex[122] was capable of full differentiation of the
mammalian cells with concentrations of ~5000 cells, a six-fold enhancement of sensitivity.
Huang et al. reported a MGNP-based nanosensor array system utilizing carbohydrates as the
ligands to detect and differentiate cancer cells and quantitatively profile their carbohydrate
binding abilities by magnetic resonance imaging (MRI) signatures (Figure 19).[123]

5. Summary & Outlook
NPs possess unique physical and chemical properties that make them versatile scaffolds for
biomolecular recognition. The surface properties of NPs play a critical role in their
interactions with biosystems. High affinity interaction of between NPs and biomolecules,
can be achieved using biological ligand-receptor interaction, e.g. biotin-streptavidin, or
multivalent interactions of simple organic ligands, in particular NPs bearing electrostatic
and/or hydrophobic recognition elements. The examples presented in this review clearly
demonstrate the use of NP monolayers as a platforms for biomoleculear recognition with
applications in therapeutics and diagnostics. From a materials standpoint, DNA and proteins
can be assembled onto NP surfaces to generate hybrid nanostructures with synergistic
properties and functions. The surface properties of the NPs likewise.

As discussed above, a number of important fundamental and pragmatic advances have been
made in the engineering of NP surfaces for controlled interactions with biomolecules or
cells. Harnessing the complete capabilities of NPs for biological applications requires the
integration of synthetic finesse with a true understanding of their interactions within
biosystems. To date, substantial progress has been made in this direction, however much
remains to be learned before we truly understand this complex interplay. We are currently at
the early stages of the scientific method, where collection of empirical data is essential for
formulating hypotheses. Generation of hypotheses through the integration of materials
science, biology, and theory should provide us with the predictive capabilities required to
access the full potential of NPs in biology and medicine.
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Figure 1.
Schematic presentation of NP interactions with proteins, DNA and cells.
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Figure 2.
(a) Space-filling model of ChT and structure of anionic gold NP 1 used in activity inhibition
study (b) Structures of various cationic surfactants (c) Release mechanisms of ChT from the
surface of gold NP 1 by addition of different surfactants (Ref [16] and [18]).
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Figure 3.
Structures of photocleavable gold NPs. Reproduced with permission from Ref [20].
Copyright 2004 Royal Society of Chemistry.
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Figure 4.
Chemical structures of biotin and glutathione capped gold NPs for specific interaction with
streptavidin and glutathione-S-transferase respectively (Ref [33]).
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Figure 5.
Schematic representation of reversible lectin-induced association of lactose-conjugated gold
NPs (Ref [38]).
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Figure 6.
a) Schematic illustration showing the competitive binding between proteins and quenched
gold NP-GFP complexes. b) Discrimination of human serum albumin (HSA) and
immunoglobulin G (IgG) at different concentrations and mixture of proteins. Top: canonical
score plot for the fluorescence patterns as obtained from LDA for HSA and IgG at different
concentrations (500 nM, 1 μM, and 2 μM) with 95% confidence ellipses. Bottom: HSA and
IgG were mixed at 1:1 molar ratio with 250 nM each and 500 nM each, and added to five
gold NP-GFP complexes. Reproduced with permission from Ref [47]. Copyright 2009
Nature Publishing Group.
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Figure 7.
(a) Structures of amphiphilic tripeptide derivatives and diaminopyridine functionalized gold
NPs (b) TEM images of linear arrays of surface modified gold NPs in the presence of
surface modified peptide amphiphile nanofibers [A) & C)] and unmodified gold NPs and
nanofibers [B)]. Reproduced with permission from Ref [49]. Copyright 2005 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim.
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Figure 8.
Schematic representation showing the directed self-assembly of NPs using antibody-antigen
recognition (Ref [55]).
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Figure 9.
Schematic illustration demonstrating two distinct pathways of self-assembly of gold NPs
using streptavidin-disulfide biotin analogue (Ref [58]).
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Figure 10.
(a) Mixed monolayer gold NPs featuring a hydrophobic interior with carboxylate end
groups. (b) Schematic depiction of protein electrostatic surfaces: positive residues on ChT
are concentrated on one face, while they are distributed over the entire CC surface. (c)
Protein-particle assembly of gold NPs with ChT and CC. Reproduced with permission from
Ref [60]. Copyright 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 11.
(a) Structures of cationic gold NPs (b) The amount of 20-mer runoff RNA detected relative
to that produced in the absence of gold NPs 17 and 18 at varying concentrations of GSH.
Reproduced with permission from Ref [76]. Copyright 2005 American Chemical Society.
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Figure 12.
(a) Schematic illustration of delivery and photo-triggered release of DNA from gold NPs 19-
DNA complex inside living cells, (b) Schematic of light-induced charge switching from
cationic gold NP 19 to anionic gold NP 20. Reproduced with permission from Ref [81].
Copyright 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 13.
Structures of ethidium-incorporated gold NPs for intercalation with DNA (Ref 82).
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Figure 14.
(a) Chemical structure of psolaren-coated gold NP, (b) AFM image of wire-like assembly of
psoralen-coated gold NPs in poly A/poly T template. Reproduced with permission from Ref
[94]. Copyright 2002 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 15.
Schematic illustration of hierarchical supramolecular assembly of TS ladder decorated with
cationic gold NPs. Reproduced with permission from Ref [95]. Copyright 2005 American
Chemical Society.
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Figure 16.
Schematic representation of the interaction between gold NPs bearing different surface
charge and SK-BR-3 breast cancer cells. (a) Citrate-coated (negative) and PVA-coated
(neutral) NPs, (b) poly(allyamine hydrochloride) –coated (positive) NPs. Reproduced with
permission from Ref. [98]. Copyright 2009 American Chemical Society.
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Figure 17.
The role of NP surface ligand arrangement in cell-membrane penetration. Top: Scanning
tunneling microscopy (STM) images of NPs with homoligand, and unstructured and
structured ligand shells (with scale bar 5 nm). Bottom: Confocal images of mouse dendritic
cells incubated with the nanoparticles at a–c) 37 °C and d–f) 4 °C in serum-free condition.
Reproduced with permission from Ref [107]. Copyright 2008 Nature Publishing Group.
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Figure 18.
(a) Molecular structures of gold NPs and fluorescent polymer; (b) Schematic illustration of
competitive binding between the quenched NP-polymer complexes and cell surface;
canonical score plot of simplified fluorescence response patterns showing differentiation
between normal, cancerous and metastatic cells from (c) different genotypes and (d) same
genotype. Reproduced with permission from Ref [121]. Copyright 2009 National Academy
of Sciences.

Saha et al. Page 34

Small. Author manuscript; available in PMC 2012 December 07.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 19.
Schematics of MGNP-based sensor array to differentiate cancer cells and LDA plots for the
first three LDs of ΔT2 patterns showing 100% classification The ΔT2 was calculated by
dividing the T2 differences between MGNP and MGNP/cancer cell by the corresponding
highest ΔT2 from each MGNP category. Reproduced with permission from Ref [123].
Copyright 2010 American Chemical Society.
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