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Abstract

Control of interactions between nanoparticles and biosystems is essential for the effective
utilization of these materials in biomedicine. A wide variety of nanoparticle surface structures
have been developed for imaging, sensing, and delivery applications. In this research Highlight,
we will emphasize advances in tailoring nanoparticle interfaces for implementation in
nanomedicine.

Introduction

Nanoparticles exhibit unique physical properties that are couple with size range
commensurate with biomolecular and cellular systems.1:2 These features make them
attractive materials for therapeutic and diagnostic applications. However, utilization of these
materials in biomedicine requires controlled interactions with biomacromolecules.3 For
example, specifically designed nanoparticle monolayer structures can impart enhanced
cellular internalization ability, non-cytotoxicity, and improved payload binding capacity
necessary for effective intracellular delivery.# Similarly, surface functionality can be tuned
to provide the selective or specific recognition required for biosensing.>6 Finally, even non-
interaction can be an important attribute, with non-interacting “stealth” properties preventing
particle capture by the immune system.”

While tailoring particle interfaces is a challenging task, chemists have a well-equipped
toolbox to provide functionality through synthesis.® Using different strategies, nanoparticles
have been functionalized with a variety of ligands such as small molecules, surfactants,
dendrimers, polymers, and biomolecules. Different multivalent surface structures fabricated
with small molecules and polymeric ligands offer the capability to incorporate multiple
therapeutic drugs or bio-macromolecules by covalent or non-covalent conjugation.®
Similarly, biomolecule-conjugated nanoparticles can impart desired properties such as
specific recognition or biocompatibility.19 The ease of such functionalization allows
chemists to create the desired functionalities for their application in clinics.

Considerable effort and innovation have been applied to the creation and study of
nanoparticle interfaces. In this Highlight, we will explore just a few of the recent studies in
nanoparticle surface engineering. These studies serve to underscore the importance of
chemistry in the creation of nanoparticle interfaces, and the biomedical applications of these
particulate systems.
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Functionalization of nanoparticles using small molecule ligands

A wide variety of ligands have been incorporated onto nanoparticle surfaces, allowing them
to be used in sensing of biomolecules?:12 and cells,13:14 diagnosis of diseases,!® and
intracellular delivery.18 For example, nanoparticles functionalized with ligands exhibiting
differential affinity towards proteins and cell surface molecules have been employed for
their identification.# In one approach, nanoparticles were electrostatically complexed with
green fluorescent protein (GFP) and the resulting assemblies were used to discriminate
between healthy, cancerous and metastatic cells derived from both human and murine cell
lines.2 In the process of sensing, GFP was quenched while adsorbed to the particle surface.
Displacement of the GFP from the gold nanoparticle (AuNP) surface upon addition of cells
restored the fluorescence, providing readout [Fig. 1]. This process is driven by nanoparticle-
cell affinity and can be controlled by subtle changes on the ligand headgroups.1” Using a
similar strategy, seven proteins of different sizes and isoelectric points were identified
employing a sensor array composed of six cationic AuNPs and one anionic poly(p-
phenylene ethylene) (PPE) polymer.1! The surface charge in conjunction with
hydrophobicity and aromatic stacking of nanoparticles plays a crucial role in such sensing
applications.

The surface charge of small molecule coated nanoparticles likewise dictates their interaction
with cell surface molecules and hence their cellular uptake.18 In general, nanoparticles
functionalized with positively charged ligands exhibit higher internalization into cells
compared to the neutral and negatively charged particles [Fig. 2].19 In one study, positively
charged magnetic iron oxide (Fe304) nanoparticles functionalized with dendritic guanidine
headgroups were employed to investigate their cell penetration capability.2? These particles
were found to be as efficient as human immunodeficiency virus-1 transactivator (HIV-TAT)
peptide. In some cases, however, negatively charged nanoparticles such as carboxylate-
functionalized iron oxide nanoparticles were efficiently uptaken into cells, presumably
through pinocytosis or direct diffusion through the cell membrane.2! The study on the role
of charge functionality of nanoparticles in delivering covalently attached drug molecules
into tumor tissues showed intriguing results: positive particles were more effective in
delivering drugs into proliferating peripheral cells because of their enhanced uptake,
however negative particles that diffuse more quickly performed better while delivering deep
into tissues. 22 Neutral functional groups are likewise important, preventing non-specific
nanoparticle-biological interactions.23

Entry into cells is just first hurdle in terms of therapeutic delivery. Intracellular delivery, in
particular release into the cytosol poses another challenge that needs to be addressed.
Nanomaterials internalized by cells are often entrapped in the endosome, preventing access
to the cytosol and limiting their utility. To overcome this issue, signaling peptides have been
coated onto the surface of nanoparticles. For example, AuNPs coated with nuclear localizing
signal (NLS) were able to escape the endosome and penetrate the nucleus of cancer cells to
induce DNA damage.?4 In another study, the endosomal escape of two AuNPs was
compared: one coated with sub-nanometer striations of alternating anionic (sulfonate head
group) and hydrophobic groups, and the other with a random distribution of ligands.2
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While the former particles were found in the cytosol, the latter ones were mostly entrapped
in endosomes.

While most nanoparticle based drug delivery systems attach the payload on their surfaces,
mesoporous silica nanoparticles (MSNs) provide an alternative mechanism. Through
appropriate functionalization various guest molecules such as drugs can be accommodated
into their pores and biomacromolecules such as genes on their surface.26:27 For instance,
amine-functionalized MSNs have been used as a gene delivery platform both in vitro and in
vivo.28:29 Amine terminated tetra(ethylene glycol) functionalized honeycomb MSNs
transported DNA and chemicals into plant cells and intact leaves.39 In addition, the pores on
MSNSs can efficiently be capped by appropriate ligands to prevent uncontrolled leakage and
deliver in both a time and location dependent way.

Polymer functionalized nanoparticles

Polymer coatings provide an alternative to small molecule ligands, imparting the properties
macromolecular systems to the particle surface. Coating nanoparticles with polymers such
as polyethylene glycol (PEG) facilitates passive targeting of tumor tissue through EPR
effect.31:32 This stealth coating with PEG and other polymers prevents adsorption of blood
serum proteins, increases circulation time, and enhances the probability of particle
permeation into tumor tissues.33:34:35 Attaching targeting moieties on PEGylated
nanoparticles further enhances their targeting of tumors.3¢ Recently, PEGylated AuNPs
were decorated with various amounts of human transferrin (Tf), generating a series of Tf-
coated particles with near-constant size and electrokinetic potentials, and then delivered into
mice bearing Neuro2A tumors.37:38 PEGylation demonstrated enhanced stabilization in salt
solution compared to unmodified particles. A Tf content dependent particle accumulation in
solid tumor was clearly visualized in vivo.

Polymer coating is a versatile process, allowing the core properties of different
nanomaterials to be applied. In one example, a cooperative nanosystem consisting of two
discrete nanomaterials was shown to be a potential therapeutic system.3° The first
component was a PEG coated gold nanorod (AuNR) that accumulated in murine tumor
tissues by the passive targeting mechanism. These nanorods were used as photothermal
antennas to heat the tumor tissues via remote infrared irradiation.*% Local tumor heating
accelerated the recruitment of the second component: a targeted nanoparticle consisting of
either magnetic nanoworms (NWs) or doxorubicin loaded liposomes. The targeting species
was a cyclic peptide that binds to stress related protein p32 that is upregulated in tumor cells
upon thermal treatment. Treatment of mice containing xenografted tumors with the
combined nanoparticle cooperative systems resulted in significant reduction of tumor
volume than with individual nanoparticles. An extended study was carried out using a
similar PEG-AuNRs but with different targeting nanoparticles which exhibited improved in
vivo tumor targeting efficiency.*> AuNRs were pre-delivered to tumor site through passive
targeting and subsequently irradiated with a near infrared laser to damage blood vessels that
activated coagulating proteins [Fig. 3]. By functionalizing the surfaces of the NWs and
liposomes with coagulating cascade targeting peptides, an increase in particle accumulation
in tumors was observed.
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Polymer functionalized nanoparticles can facilitate controlled release of drugs as well. For
example, gold nanocages were functionalized with poly(N-isopropylacrylamide)
(pNIPAAmM) and derivatives that change conformation in response to small variations in
temperature.*2 When exposed to near infrared, the temperature increase caused the polymer
chains to collapse, exposing the pores of nanocages and thereby releasing anti-cancer drugs.
When the heating was turned off, the drop in temperature brought the polymer back to its
original conformation, closing the pores and hence stopping the release [Fig. 4]. These
nanocages were used to control the dosage release by regulating the power density and
irradiation time.

Biomolecule functionalized nanoparticles

Biomolecule coated nanoparticles provide specific attributes that are difficult or impossible
to achieve using synthetic materials,*3 such as providing efficient delivery of
biomacromolecules with minimal cytotoxicity.** In one of the early examples of
bionanotechnology, Mirkin and Alivisatos independently reported the creation of
oligonucleotide-AuNP conjugates through gold-thiol bond formation.#>46 Later studies
demostrated that DNA-AuUNP complexes were capable of inducing gene silencing via an
antisense mechanism.#’ A notable feature of DNA-AUNPs compared to free DNA molecules
is their efficient internalization into cells. This rather surprising uptake of anionic
nanomaterials is apparantly mediated by scavenger receptors.*8 Several research groups
have also reported functionalized AuNPs as siRNA delivery agents. Gene regulation with
polyvalent siRNA-AUNP conjugates was reported, where siRNA was covalently coupled
with AuNP through an ethylene glycol spacer and an alkylthiol.4° This functionalization
resulted in a serum stable conjugate making it useful material for in vivo gene regulation.
Another advantage of attaching siRNA to AuNPs is that the resulting particles provoke less
innate immune response compared to commercial transfection agents such as
Lipofectamine.>0

The functionalization of nanoparticles with oligonucleotides opened up a variety of new
opportunities in molecular diagnostics, including detection of nucleic acids®1:52 and
intracellular biomolecules like ATP.53 In another example, novel oligonucleotide-AuNP
probes were developed by hybridizing fluorophore-labeled complementary sequence and
used as cellular ‘nanoflare’ for visualizing and quantifying mRNA in living cells.>2 In this
design, AuNPs were functionalized with thiolated oligonucleotides complementary to a
specific MRNA transcript and hybridized with short cyanine (Cy5) dye-terminated reporter
sequence. When the reporter flare sequence was bound to the nanoparticle, the Cy5
fluorescence was quenched due to the proximity to the AuNP surface. Once the nanoflare is
delivered into cells, the target RNA displaces the reporter flare strand, generating a ‘turn on
fluorescence signal [Fig. 5]. These probes do not require any microinjection or additional
transfecting reagents to enter the cells and are highly resistant to enzymatic degradation as
well as nontoxic under physiological conditions. In another approach, AuNP functionalized
with fluorophore labeled aptamers were used to determine the level of intracellular ATP by
a similar mechanism.>3
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Nanoparticles coated with proteins and antibodies can bind to cell surface receptors,
providing targeted delivery. For example, multivalent gold and silver nanoparticles were
engineered by loading Herceptin, an antibody to the Her-2 receptor overexpressed in ovarian
and breast tumor cells.>* The avidity between the nanoparticles coated with Herceptin and
its receptor Her-2 targeted these particles into tumors. Antibody conjugated AuNPs also
provide a useful tool for targeting particles for imaging and photothermal therapy. Light
scattering by the gold core conjugated with anti-epidermal growth factor receptor (anti-
EGFR) was used for imaging cancer cells.>® The nanoconjugates bound specifically to the
cancerous cells with six-fold greater affinity than to non-cancerous control cells. When the
anti-EGFR conjugated NPs (~40 nm size) were incubated with carcinoma cells and
irradiated with laser, induced local heating was observed with subsequent cell death.58
Protein coated magnetic nanoparticles (MNPSs) have also been used as contrast agents for
imaging.>’ The targeting protein moiety helps localize these particles near specific tumor
tissues. Different targeting biomolecules including EGF>8 (epidermal growth factor),
Herceptin,®® and CEA (carcinoembryonic antigen)89 enable specific detection of a wide
variety of cancer types. Successful development of such ultra-sensitive molecular imaging
MNP nanoprobes could enhance the ability to visualize biological events critical to
diagnostic and therapeutic purposes.

Summary and Outlook

The tunable surfaces of nanoparticles provide versatile scaffolds for numerous applications
in biomedicine. In this Highlight, we have focused on how different chemical modalities
(synthetic and natural) can be displayed on on nanoparticle surfaces, and how these
functionalities can be utilized to address a variety of biomedical applications.

Several important aspects of particle surface functionalization, however, need to be
addressed during translation from experimental success to clinical practice. On the synthetic
front, the surface functionalities should be fabricated to endow biomimetic properties such
as stability in complex biological media, non-cytotoxicity, and specificity for particular
cells/tissues. The knowledge of structure-activity relationship of nanoparticle surfaces to
predict their impacts in biological contexts would help in designing effective therapeutic
materials. Likewise, detailed knowledge of cellular uptake mechanism of a functionalized
nanoparticle is central to improving its theragnostic abilities. Taken together, continued
effort to understand the complex interaction of nanoparticles with biosystems on the basis of
surface functionalities would establish nanoparticles as efficient tool for diagnosis and
treatment of diseases.
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Fig. 1.

Schematic representation of competitive binding between the quenched nanoparticle-GFP
complexes and the cell surface (a), using array of nanoparticles functionalized with different

ligands (b).
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Schematic illustration of surface charge dependent nanoparticle internalization by cells.
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Positively charged particles have high internalization efficiency as compared to negative and

neutral particles.
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Schematic illustration of tumor targeting by cooperative nanomaterials. Pre-delivered gold
nanorods can guide the therapeutic (drug loaded liposomes) and diagnostic (iron oxide

nanoworms) payloads to the tumor site.
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Fig. 4.
Schematics showing gold nanocages (a) functionalized with poly(N-isopropylacrylamide)

(pNIPAAM) polymer (b) that carries drug molecules. On exposure to near-infrared laser, the
polymer collapse and thus release the pre-loaded drug. When the laser is turned off, the
polymer chains relax back to the extended conformation and terminate the release (c).
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Schematic showing the fabrication of ‘nanoflares’ for intracellular mRNA quantification.
Fluorescent dye labeled reporter flare, which is hybridized to DNA-AuUNPSs, gets replaced by
target mMRNA inside cell and thus reports the quantity of intracellular mMRNA.
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