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Applications of Nanoparticles

in Biology**

By Mrinmoy De, Partha S. Ghosh, and Vincent M. Rotello*

The wide variety of core materials available, coupled with tunable surface
properties, make nanoparticles an excellent platform for a broad range of
biological and biomedical applications. This Review provides an introduc-
tion to nanoparticle—-biomolecular interactions as well as recent applications
of nanoparticles in biological sensing, delivery, and imaging of live cells and

tissues.

1. Introduction

The use of nanomaterials in biotechnology merges the fields
of material science and biology. Nanoparticles provide a
particularly useful platform, demonstrating unique properties
with potentially wide-ranging therapeutic applications.['! The
field of nanoparticles in biology is certainly a burgeoning one,
with the estimated number of papers in the area (based on Web
of Science) rising from 11 in 1991 to nearly 10000 in 2007.
Clearly, we cannot exhaustively cover the field, so this Review
provides a brief overview of recent studies using spherical
nanoparticles with metallic, metal oxide, semiconductor, and
silica cores.

The unique properties and utility of nanoparticles arise from
a variety of attributes, including the similar size of nanopar-
ticles and biomolecules such as proteins and polynucleic acids.
Additionally, nanoparticles can be fashioned with a wide range
of metal and semiconductor core materials that impart useful
properties such as fluorescence and magnetic behavior.?! The
applicable properties of some well-known core materials and
corresponding possible ligands used for surface functionaliza-
tion with their possible applications are summarized in Table 1.
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In this Review we will discuss general approaches to the
integration of nanoparticles with biomolecules. We will then
discuss three major areas of nanoparticle application: (i) drug
and gene delivery, (ii) biosensing, and (iii) bioimaging.

2. Nanoparticle-Biomolecule Interactions

Biomacromolecule surface recognition by nanoparticles as
artificial receptors provides a potential tool for controlling
cellular and extracellular processes for numerous biological appli-
cations such as transcription regulation, enzymatic inhibition,
delivery and sensing. The size of nanoparticle cores can be
tuned from 1.5 nm to more than 10 nm depending on the core
material, providing a suitable platform for the interaction of
nanoparticles with proteins and other biomolecules (Fig. 1).7)

The conjugation of nanoparticles with biomolecules such as
proteins and DNA can be done by using two different
approaches, direct covalent linkage and non-covalent interac-
tions between the particle and biomolecules.*"*! The most
direct approach to the creation of integrated biomolecule—
nanoparticle conjugates is through covalent attachment.!'”)
This conjugation can be achieved either through chemisorption
of the biomolecule to the particle surface or through the use of
heterobifunctional linkers. Chemisorption of proteins onto the
surface of nanoparticles (usually containing a core of Au, ZnS,
CdS, and CdSe/ZnS) can be done through cysteine residues
that are present in the protein surface (e.g., oligopeptide,
serum albumin),"™" or chemically using 2-iminothiolane
(Traut’s reagent).I'?! Bifunctional linkers provide a versatile
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< Table 1. Characteristics, ligands and representative applications for various metal and semiconductor materials.
; Core material Characteristics Ligand(s) Applications
|
- Au Optical absorption, fluorescence and Thiol, disulfide, phosphine, amine Biomolecular recognition, delivery, sensing
= fluorescence quenching, stability
o Ag Surface-enhanced fluorescence Thiol Sensing
Pt Catalytic property Thiol, phosphine, amine, isocyanide Bio-catalyst, sensing

CdSe Luminescence, photo-stability Thiol, phosphine, pyridine Imaging, sensing
Fe,03 Magnetic property Diol, dopamine derivative, amine MR imaging and biomolecule purification
SiOo, Biocompatibility Alkoxysilane Biocompatible by surface coating

means of bioconjugation. Biomolecules are often covalently
linked to ligands on the nanoparticle surface via traditional
coupling strategies such as carbodiimide-mediated amidation
and esterification.!"* For biological applications oligoethylene
glycol (OEG) or polyethylene glycol (PEG) is used in the
linker to enhance the stability of the attached biomolecules and
minimize non-specific adsorption of other materials.
Non-covalent assembly provides a highly modular approach
to the biofunctionalization of nanoparticles. DNA-NP binding
can be effected through electrostatic interactions, groove
binding, intercalation, and complementary single-strand DNA

binding.“‘” Nanoparticles provide an attractive receptor for
nucleic acids, providing a direct analogy to protein-DNA
interactions.'>®! One approach to particle-DNA assembly
uses complementary electrostatic interactions to promote high
affinity of nanoparticle-DNA binding. The use of cationic
ligands on the nanoparticle surface provides a complementary
surface for binding the negatively charged backbone of DNA,
for example the use of NP1 to recognize a 37-mer DNA duplex
(Fig. 2a and b) by Rotello.'”! The binding of the DNA
inhibited transcription by T7 RNA polymerase, indicating the
high affinity of the NP-DNA complex, and pointing out a
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Papain

Figure 1. Schematic representation of a 2nm gold nanoparticle with
11-mercaptoundecanoic acid monolayer and relative sizes of papain and
a 24-mer DNA duplex.

potential use of these systems in gene regulation. Intercalation
provides another mechanism for DNA binding, as demonstrated
by Murray et al."® A third approach to DNA conjugation
exploits the high affinity and specificity of DNA-DNA
interactions (Fig. 2c).I"”! This approach is discussed further
in the biosensor portion of this Review.

Nanoparticle-protein interactions can regulate multiple
biological processes such as protein—protein interactions,
protein—nucleic acid interactions, and enzyme activity. As
with DNA, electrostatic assembly provides a direct means of
conjugation. One system that has been explored is the binding
of a-chymotrypsin (ChT), exploiting the ring of cationic
residues around active site of ChT (Fig. 3).[20] Time-dependent
inhibition of ChT activity was observed upon incubation with
negatively charged NP 2.*'! A two-step binding process with a
fast reversible association followed by a slower irreversible
denaturation was established.”?! This interaction could be
reversed using cationic surfactants (Fig. 3b), restoring ChT
activity.[? Based on the dynamic light scattering (DLS) data
two distinct mechanisms were postulated: alkyl surfactants 3
and 4 form a bilayer structure, whereas cationic thiol 5 and
alcohol 6 directly modify the monolayer to liberate the bound
proteins.

The use of simple alkyl-based monolayers generally results
in protein denaturation; an unfavorable outcome for a number
of applications in delivery and biotechnology. Relying on the
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Figure 2. The DNA-nanoparticle interactions. a) Structure of NP1 scaffold
and the DNA backbone. b) Transcription level as a function of DNA-NP1
stoichiometry. c) Binding of DNA through complementary oligonucleotide
hybridization.
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resistance of OEG to nonspecific interactions with biomole-
cules,! tetra(ethylene glycol) spacers were introduced at the
nanoparticle-protein interface.l”” Structural data obtained
from fluorescence and circular dichroism (CD) studies revealed
that the nanoparticle-bound ChT remained with native structure.
Further studies demonstrated that nanoparticle-protein com-
plexation can considerably stabilize the bound proteins against
denaturation at the air/water interface.*®!

Specific biomacromolecular interactions such as streptavi-
din/biotin complementarity (K, ~ 10'*M~")!*" have been used
to provide specific protein-NP binding. Zheng and Huang
introduced biotin and glutathione-functionalized gold nano-
particles functionalized with tri(ethylene glycol)-terminated
thiols.”?®! These particles bind specifically to streptavidin and
glutathione-S-transferase, respectively, to give stable com-
plexes with minimal nonspecific binding with other proteins
(Fig. 3d). Biotin functionalized quantum dots (QDs) were also
used for specific protein binding in a time-resolved fluor-
oimmunoassay.[zg] Another way to specifically bind proteins is
through the use of transition metal complexes that can bind
with surface-exposed histidines of proteins.*” Xu et al.
fabricated FePt magnetic nanoparticles NP 7, with nickel-
terminated nitrilotriacetic acid (NTA).*!) These NPs show
high affinity and specificity towards histidine-tagged proteins
(proteins with six consecutive histidine residues) (Fig. 3e). In
comparison to commercial magnetic microbeads, these NPs
have a great protein binding capacity owing to their high
surface-to-volume ratio. This concept can be employed to
manipulate the histidine-tagged recombinant proteins and
bind other biological substrates at low concentrations.*>33!

In analogy to proteins, nanoparticles can be used as a
multivalent receptor to enhance low-affinity interactions such
as carbohydrate—protein interactions.** As an example, Lin
et al. prepared mannose-functionalized gold nanoparticles and
investigated their interaction with the lectin, concanavalin A
(Con A).>! These nanoparticles showed a high affinity to Con
A with a K, of 10’-108dm® mol™'; an affinity 10-100-fold
higher than that of monovalent mannose ligands, an approach
that has been used for the sensing of agglutinin proteins.[36‘38]

3. Nanoparticles in Biosensing

The sensing of biological agents, diseases, and toxic mate-
rials is an important goal for biomedical diagnosis, forensic
analysis, and environmental monitoring.[”] A sensor generally
consists of two components: a recognition element for target
binding and a transduction element for signaling the binding
event. The unique physicochemical properties of NPs!”!
coupled with the inherent increase in signal-to-noise ratio
provided by miniaturization'*"! makes these systems promising
candidates for sensing applications.[41] As an example, gold
nanoparticles exhibits unique optical and electronic properties
based on size and shape. Gold nanoparticles show an intense
absorption peak from 500 to 550 nm!*?! arising from surface
plasmon resonance (SPR).[**™3 SPR occurs from the collective
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Figure 3. Protein—nanoparticle conjugation and its applications. a) Electrostatic targeting of ChT by anionic NP 3 b) Complexation of ChT with anionic
nanoparticles and its release mechanisms by addition of various surfactants. Addition of cationic alkyl surfactant (3 and 4) forms a bilayer structure,
whereas addition of cationic thiol and alcohol (5 and 6) amends the monolayer. c) Different degree of restoration of enzymatic activity of nanoparticle-
bound ChT by addition of various positively charged surfactants. d) Specific interaction of biotin-functionalized nanoparticles with streptavidin. e) Structure
of NTA-modified magnetic nanoparticles. f) The NTA-Ni*" functionalized magnetic nanoparticles selectively bind to histidine-tagged proteins.

oscillation of the conductive electrons owing to the resonant
excitation by the incident photons, although the fundamental
physical principles of SPR are very complex. The SPR band is
sensitive to the surrounding environment, signaling changes in
solvent and binding. A particularly useful output is the red-shift
(to ca. 650nm) and broadening of the plasmon band due to the
interparticle plasmon coupling.[46] This phenomenon leads to the
popular and widely applicable colorimetric sensing. Metallic
nanoparticles also possess superb quenching ability*”*! and
photoluminescence!**! under certain conditions.

3.1. Colorimetric Sensing

The oligonucleotide-mediated nanoparticle aggregation
process has been extensively used for the development of

www.advmat.de
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simple and highly sensitive colorimetric biosensors for oligo-
nucleotides by Mirkin®®>**! and others.**>°! The detection of
specific oligonucleotide sequences is now very important in
diagnosis of genetic and pathogenic diseases and quantifying
the amount of product generated by polymerase chain reaction
(PCR). The general procedure for detection of oligonucleo-
tides is through the fabrication of nanoparticles, functionalized
with single-stranded DNA. Upon addition of the target
sequence the particles aggregate, changing the color of the
solution (Fig. 4a). Using this method oligonuceotides were
detected at sub-picomolar level without the assistance of
PCR.33 This methodology was also applied for the colori-
metric screening of DNA binders®”! and triplex DNA binders
(Fig. 4b).58l

Based on the similar approach a highly selective and
sensitive lead (Pb>") biosensor was reported by Lu et al.l>>¢"]
In their sensor design, they used a Pb*"-specific “DNAzyme”

Adv. Mater. 2008, 20, 1-17
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Figure 4. Schematic illustration of a) DNA-induced nanoparticle aggrega-
tion, and b) sensing of DNA triplex binder using DNA-directed AuNP
assembly.

composed of a catalytic and a substrate strand.
In the presence of Pb>", the substrate strand
cleaves into two pieces (Fig. 5a), resulting in
head-to-tail (Fig. 5b) or tail-to-tail (Fig. 5c)
aggregation with a concomitant red to blue
color shift with a sensing limit of 100 nm, which is
unaffected by other divalent metal ions.

Another attractive sensor approach uses apta- b)
mers, single-stranded oligonucleic acid-based
binding molecules that can bind a wide range of
targets with high affinity and specificity.[®!! An
example is cocaine sensing, using a cocaine-
specific aptamer (Fig. 6).1°?! The sensor features
a particle functionalized with two different
sequences of single-stranded DNA, one for
conjugation and another with the cocaine aptamer.
In the presence of cocaine the nanoparticles are
deaggregated, with a concomitant blue-to-red
color change. This method has been extended to
mixed-aptamer systems that respond to combi-
nations of analytes,[63’64] as well as the detection
of other biomolecular systems such as plate-
let-derived growth factors (PDGFs)%! and
thrombin.[®®/

Nanoparticles featuring ligands targeted at
specific biomolecules provide another avenue
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for the colorimetric detection of proteins. The bivalent lectin
agglutinin specifically recognizes S-p-galactose, inducing the
aggregation of galactose-functionalized nanoparticles at
1 ppm.[*”! Other glyconanoparticles have been used for sensing
various proteins such as Concanavalin A and cholera toxin.[®%]

Dithiols such as C- and N-terminal cysteinyl peptides can
serve as bridging agents to assemble nanoparticles, and have
been used for the colorimetric detection of proteases. In a
representative study, Stevens et al. reported a two-stage
approach by using Fmoc-protected peptides (substrate of
thermolysin) with a cysteine amino acid attached to gold
nanoparticles.ml In presence of thermolysin the peptides are
fragmented and the assembly changes color from blue to red
with a sensitivity of 90 zg mL~" (i.e., less than 380 molecules of
protease).l”!! This approach has been extended to kinases!’?!
and phosphatases!’>’# at low concentration.

3.2. Fluorescence Sensing

The exceptional quenching ability of metallic nanoparticles
makes them excellent materials for Forster resonance energy
transfer (FRET)-based biosensors,*’! for example, for the
fabrication of molecular beacons for sensing DNA.!! In this
approach, the dye molecule is close to the nanoparticle surface
in the absence of the target DNA strand due to hairpin
structure of the attached DNA, resulting in fluorescence
quenching (Fig. 7a). Hybridization of the target DN A opens up
the hairpin structure, resulting in a significant increase in

_ Tail-to-tail

ys)
Room temp G2

Figure 5. a) Cleavage of the substrate strand of DNAzyme in the presence of Pb>". DNAzyme
mediated assembly of gold nanoparticles in b) a head-to-tail or c) a tail-to-tail manner.
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Figure 6. Schematic depiction of the aptamer-based colorimetric detec-
tion of cocaine by disassembling the nanoparticles.

fluorescence. A range of single-strand DNA and DNA cleavage
processes have been monitored using this molecular beacon
approach.l%771

Semiconductor QDs have also been used for the sensing of
DNA and proteins. Melvin et al. have developed a fluorescence
competition assay for DNA detection using QDs and gold
nanoparticles as a FRET donor-acceptor couple.”! In
presence of complementary oligonucleotides, the gold particle
is released from the QD, regenerating QD fluorescence

a)
h
b hy ho'

FRET 777‘ A‘Vﬂ

O QQ AVAVA VI 7\ \\
Target DNA

Fluorescence-off Fluorescence-on

b) m

| 3E

Figure 7. Schematic representation of a) molecular beacon for the detec-
tion of target DNA, b) quenching and reestablishment of emission from
QDs by using gold nanoparticle and unlabelled complementary oligonu-
cleotides and c) competitive inhibition assay for the detection of avidin by
using QD-gold nanoparticle couple.

[m streptavidin *

MM avidin i AuNP
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(Fig. 7b). Kim and co-workers have used the similar method
for sensing the avidin (Fig. 7c),’*! and glycoproteins.[*"!
Another paradigm for sensing relies on array-based sensing
using selective recognition elements, that is, the “chemical
nose approach”. Rotello and collaborators have fabricated a
sensor array by using cationic nanoparticles with various head
groups and anionic poly(p-phenyleneethynylene) (PPE)
fluorescent polymer.[®%2] In this sensor design, the cationic
nanoparticles quench the fluorescence of the PPE polymer.
Competitive binding of analyte proteins then release the PPE
polymer, resulting in fluorescence restoration (Fig.8a).
Depending on the protein-nanoparticle interactions, different
fluorescence response patterns were generated for individual
proteins (Fig.8b). Linear discrimination analysis (LDA)
provided identification of unknown proteins which are iden-
tified with 94.2% accuracy on the basis of 52 samples. The
application of the AuNP-conjugated polymer systems have
also been expanded to the detection of bacteria.[**! Similar to
the protein detection, in presence of various bacteria, the
initially quenched PPE polymers regain their fluorescence
depending on the relative affinity between the bacteria and
nanoparticles. The sensor array successfully identifies 12
micro-organisms with more than 95% detection accuracy.

3.3. Electrochemical Sensing

The conductivity and catalytic properties of metallic and
semiconductor nanoparticles have been applied to electro-
analytical sensing.®*! The attachment of nanoparticles onto
electrodes drastically enhances the conductivity and electron
transfer from the redox analytes.[ss] Based on this concept,
Willner et al. reported several systems using nanoparticle—
enzyme hybrids as electrochemical sensors. In one example, a
bioelectrocatalytic system was constructed by connecting the
redox enzyme glucose oxidase (apo-GOx) onto a gold
nanoparticle that was functionalized with N°-(2-aminoethyl)
flavin adenine (FAD) (Fig. 9a).%¢! This enzyme-nanoparticle
hybrid system was linked to the electrode through dithiols, or
alternatively the FAD-functionalized nanoparticle was assembled
onto the electrode followed by the addition of apo-GOx. This
system exhibited a highly efficient electrical communication
with the enhanced turnover rates as compared to native Gox,
and provided an effective sensor for glucose in the physiolo-
gical concentration regime. An analogous electron transfer
from protein to nanoparticles was used for monitoring hydrogen
evolution from zinc-substituted cytochrome c¢ immobilized
TiO, nanoparticles, as reported by Yeni Astuti et al.l¥”!

Mirkin et al. have developed a method for the detection of
DNA by selective deposition of oligonucleotide-functionalized
nanoparticles between two electrodes.®® In this approach
short-chain oligonucleotides were deposited onto a SiO,
surface between two electrodes. In the presence of target
DNA, oligonucleotide-functionalized gold nanoparticles
hybridize on the the surface. Deposition of silver by using

Adv. Mater. 2008, 20, 1-17
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Figure 8. Schematic drawing of a “chemical nose” sensor array based on nanoparticle and
fluorescence assay. a) The competitive binding between protein and quenched polymer leads to
the fluorescence light-up. b) The combination of an array of sensors generates fingerprint
response patterns for individual proteins.
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Ag"' salt and hydroquinone on the gold
nanoparticle enhances the conductivity pro-
viding sensitivity down to 500 fM with a point
mutation selectivity factor of about 100000:1
(Fig. 9¢).® A similar antigen—antibody-
based protein sensor was designed by Velev
and Kaler, detecting human IgG at 0.2 pm. (89

3.4. Other Sensing Methods

Surface enhanced Raman scattering
(SERS) has been successfully exploited in
biological sensing using nanoparticles.[go’gl]
Mirkin et al. used gold nanoparticles labeled
with oligonucleotides and Raman-active
dyes to achieve multiplexed detection of
different DNA targets.l””! The SERS method
was also employed for the detection of the
protein—small molecule and protein—protein
interactions by fabricating the nanoparticles
with proteins and Raman dyes.[93]

Another ultrasensitive ‘“bio-barcode” bio-
sensor for proteins and nucleic acids has been
developed by Mirkin’s group, where the
oligonucleotide is amplified and then
detected either by surface hybridization or
by PCR amplification, providing a means for

120
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ydroquinone

Figure 9. a) Fabrication of a GOx electrode by the reconstitution of apo-enzyme on a FAD-functionalized gold nanoparticle. b) Plot of the current developed
by the reconstituted GOx electrode in the presence of different concentrations of glucose. c) Electrical detection of DNA based on the “sandwich”

hybridization with DNA-functionalized AuNPs followed by silver deposition.
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Figure 10. Schematic illustration of “‘bio-barcode’ assays for a) DNA and
b) proteins.

detection of both proteins and DNA (Fig. 10). In case of DNA
detection, a magnetic microparticle carrying partially com-
plementary DNA to target DNA was hybridized with
bio-barcoded gold nanoparticles in presence of target DNA.
After the magnetic separation of the sandwich assemblies and
thermal dehybridization, the barcode was released for analysis.
The detection limit of this method was found at 500 zm,
comparable to many PCR-based approaches.”® For protein
detection the magnetic microparticles carry antibodies that
specifically bind the target protein. The magnetic microparticle-
bound protein subsequently interacts with gold nanoparticles
by antigen—antibody interaction. The detection limit for the
chip-based sandwich hybridization process was observed at
30 am, which was reduced using PCR amplification to 3 am.l!
This approach is also used for multiplexed detection of protein
and DNAs by using mixture of different bio-barcoded gold
nanoparticle probes.*!

4. Nanoparticles as Drug Delivery Systems

Drug delivery systems (DDSs) can improve several crucial
properties of “free” drugs, such as solubility, in vivo stability,
pharmacokinetics, and biodistribution, enhancing their effi-
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cacy.”’ In this aspect nanoparticles can be used as a potential
DDS owing to their advantageous characteristics, as men-
tioned previously. As an example of cellular delivery, mixed
monolayer protected gold clusters were exploited for in vitro
delivery of a hydrophobic fluorophore (BODIPY); an analog
of hydrophobic drugs.”®! The cationic surface of the
nanoparticles facilitated the penetration through cell mem-
brane, and the payload release was triggered by intracellular
glutathione (GSH), relying on the ca. 1000-fold higher
intracellular concentration of GSH relative to the extracellular
environment (Fig.11a). Release of the dye was established
by fluorogenesis upon release of the dye from the
quenching nanoparticle (Fig. 11b and c¢). The controlled release
of the fluorophore was observed in mouse embryonic fibroblast
(MEF) cells; containing ca. 50% lower GSH levels than Hep
G2, through incubation with glutathione monoethyl ester
(GSH-OEt) which is processed to GSH by esterases transiently
increasing intracellular GSH concentrations (Fig. 11d).

Lin et al. have demonstrated that thiols, such as dihydro-
lipoic acid (DHLA) and dithiothreitol (DTT), can likewise act
as stimuli to remove caps of the pores in mesoporous silica
nanoparticles and hence release of trapped molecules inside
the pores.[?'%! The pores were capped with removable CdS or
Fe;O,4 nanoparticles through disulphide linkers that cleave in a
reducing environment. Release of encapsulated fluorescein
isothiocyanate (FITC) from magnetic nanoparticle-capped
MCM-41 was observed in cancer cells owing to the presence of
significant amounts of intracellular DHLA.

pH-responsive nanomateials provide an alternate mechan-
ism for release, relying on the acidic condition inside tumor and
inflamed tissues (pH ~ 6.8) and cellular compartments includ-
ing endosomes (pH ~ 5.5-6) and lysosomes (pH ~ 4.5-5.0).111]
Toward this end, magnetic nanoparticles (Fe;O4) were
covalently functionalized with doxorubicin (DOX), an antic-
ancer drug, through an acid-labile hydrazone linker.!'"”! The
carrier was then encapsulated with thermosensitive polymer
for temperature-controlled release of the drug. The hybrid
system released DOX efficiently in mild acidic buffer solution
of pH 5.3. Schoenfisch et al. have likewise shown that nitric
oxide (NO) can be efficiently released at acidic pH from gold
nanoparticles.1%!

Besides the surface chemistry of nanoparticles, the unique
physical properties of nanoparticles have been utilized in the
design of DDSs. Ford et al. have designed a water-soluble
nanocontainer for NO storage based on electrostatic assembly
of DHLA-coated quantum dots and cationic dinitro complexes
that uses energy transfer from the core to release NO.'%! In
another approach, doping of Ag/Au nanoparticles serves as an
antenna to absorb the energy from a laser beam of
“biologically friendly” near-infrared (NIR) region, causing
local heating and disruption of microcapsules. More recently,
Bhatia et al. designed multifunctional superparamagnetic nano-
particles for remote release of bound drugs (Fig. 12).'%! The
particles transduce external electromagnetic force (EMF) at
350-400kHz to local heating for breaking hydrogen bonds
between DNA chains.
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4.1. Nanoparticles as Delivery Vehicles for Biomolecules

Nanoparticles can provide effective carriers for biomole-
cules such as DNA, RNA, or proteins, protecting these
materials from degradation and transporting them across the
cell-membrane barrier. “Safe” delivery of these biomolecules
provides access to gene therapy as well as protein-based
therapeutic approaches. For successful delivery, carriers must:
(i) form condensed complexes with biomolecules, (ii) facilitate
penetration of the cell membrane after complexation, and (iii)
unload their payloads inside of cells. An example of gene
delivery was provided by Rotello et al. using a series of cationic
nanoparticles with different positive charge coverage and

hydrophobicity.[106] In their experiment NPs were incubated
with DNA plasmid encoding for 8-galactosidase and then used
to transfect embryonic kidney cells. Maximizing hydrophobi-
city without precipitation was found to play a key role in
enhancing efficiency (Fig. 13a—c). Building upon these studies,
Klibanov et al. covalently attached 2kDa polyethylenimine
(PEIL2) onto the surface of gold nanoparticle NP 12 (Fig.13d).117]
The transfection efficiency of these systems varied with the PEI
to gold molar ratio in the conjugates, with the best conjugate
being 12 times more potent than the unmodified polycation. The
efficiency of the delivery could be doubled by the addition of the
N-dodecyl-PEI2 to the conjugate during complex formation
(Fig. 13e), a further demonstration of the role of hydrophobicity

model tumor

f/ EMF
) Il e e

surrounding fascia

Figure 12. Controlled release of payloads using oligonucleotide-modified iron oxide nanoparticles for drug delivery at a remote location. Adapted with

permission from [105].
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Figure 13. a) Structures of nanoparticles used for transfection by Rotello. b) S-Galactosidase transfection using various nanoparticle-DNA complexes at
2200:1. c) Transfection efficiency of nanoparticles 9, 10, 11 (2200:1 nanoparticle/DNA ratio) and PEI (60 kDa). All transfections were performed in the
presence of 100 wm chloroquine and 10% serum. d) NP 12 fabricated by Klibanov with branched 2 kDa polyethylenimine (PEI2) conjugated to a gold core.
e) Incorporation of PEI2 onto nanoparticles increases the transfection efficiency. Further addition of dodecyl-PEI2 to NP 12 increases the transfection
efficiency. The numbers in the parentheses indicate the ratio of PEI nitrogen to DNA phosphate.

in facilitating transfection. Lin et al. have recently reported
mesoporus silica nanoparticles (MSNs)-mediated delivery of
DNA into plants.[mg]

In contrast to polycation-mediated transfection, cellular
internalization of oligonucleotide-functionalized gold nano-
particles carrying high negative surface potential has emerged
as a new approach to gene therapy.l'”! Antisense nanopar-
ticles (ASNP) were effective in low concentration to suppress
EGFP signal in C166 cells. Investigation on mechanism of
cellular uptake of ASNP revealed that the endocytosis is
initiated by adsorption of a large number of serum proteins
onto the particle surface.!'!"’

Rotello et al. have functionalized the monolayer of gold
nanoparticle with a photo-cleavable o-nitrobenzyl ester moiety
that dissociates upon light irradiation to alter the surface
potential from positive to negative, thereby releasing adsorbed
DNA (Fig. 14a),'' as established in-cuvette by a T7 RNA
polymerase assay (Fig.14b). A FITC-labeled DNA was
successfully delivered into mammalian cells with nuclear
localization of the released DNA observed (Fig. 14c and d), an
important requirement for genetic therapy.
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RNA technology has emerged as a potential tool for curing
disease at an early stage. A small interfering RNA (siRNA),
generally consisting of 19-21 base pairs, can efficiently slice the
gene of interest. For in vitro delivery, siRNA has been
conjugated by a thiol linker with variety of nanoparticles, such
as gold,"? quantum dots,!'**! or iron oxide.!''*) Moore et al.
have designed a multifunctional superparamagnetic nanopar-
ticle that can: (i) carry the siRNA, (ii) deliver it in a site-specific
manner, and (iii) probe the delivery by magnetic resonance
imaging as well as optical imaging.!''*! The multifunctional
nanoparticles were effective for in vitro and in vivo gene
silencing via a specific pathway.

Protein delivery is complementary to nucleic acid therapies
in the field of biomedicine. Nanoparticles can efficiently
bind protein, and hence be used as protein delivery systems.
Lin et al. have fabricated MCM-41 type mesoporous silica
nanoparticles (MSNs) as protein carriers (Fig. 15).['* These
MSNS s can incorporate cytochrome ¢, a membrane-impermeable
protein, into their large pores (diameter =5.4nm), and slowly
release the proteins in active form under physiological
conditions.

Adv. Mater. 2008, 20, 1-17
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4.2. In vivo Targeting of Nanoparticles

A key goal of delivery systems is to discharge their payloads
specifically at the diseased tissue. Two approaches to serve this
purpose are “passive” and “active” targeting.''! Passive
targeting relies on the homing of the carriers to infected tissues.
In tumor tissues, the blood vessels are frequently leaky,
facilitating accumulation of nanosized carriers. On the other
hand, active targeting relies on specific recognition of the ligands
that are displayed on delivery vehicles by cell surface receptors.

The ligand used for active targeting can be a small molecule,
or a peptide or protein. Weissleder et al. have reported
cell-specific targeting of fluorescent magnetic nanoparticles
through multivalent attachment of small molecules."'”! For
cancer therapy, folic acid (FA) or methotrexate (MTX) can be
anchored onto nanoparticles for recognition by folate recep-
tors, which are overexpressed on surfaces of many cancer cells.
cytochrome ¢ FA-grafted gold nanoparticles!"'®! or iron oxide!''! nanopar-

Cellmembrane ticles are specifically uptake by folate receptor-positive KB
Figure 15. Schematic illustration of cellular delivery of cytochrome c using  cells. Methotrexate provides an additional advantage as it can
mesoporous silica nanoparticles. serve as a targeting ligand as well as a chemotherapeutic drug.
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Zhang et al. have shown that cells expressing human folate
receptor (MCF-7 and HelLa) internalize MTX-conjugated
superparamagnetic nanoparticles, killing the cells.!'?!

Many cancer cells overexpress receptors for the protein
transferrin on their surface. He et al. have reported transferrin-
mediated uptake of gold nanoparticles by tumor cells.[12!]
Nanoparticles have also been tagged with peptides or
antibodies for targeting tumors in vivo.'??! Ruoslahti et al.
have fabricated quantum dots coupled to different peptides,
targeting nanocrystals to specific organs.'>*! Paciotti et al.
created a potential for cancer therapy based on colloidal gold
(cAu-PEG-TNF) was decorated with PEG and protein tumor
necrosis factor (TNFa).[124] Following intravenous injection
into mice, cAu-PEG-TNF accumulated preferentially in
MC-38 colon carcinoma tumors compared to other healthy
organs, diminishing tumor mass more effectively than free
TNF. The efficacy of this approach was further improved by
grafting an anticancer drug, paclitaxel, onto colloidal gold.!'>"]

5. Nanoparticles for Bioimaging

A number of molecular imaging techniques, such as optical
imaging (OI), magnetic resonance imaging (MRI), ultrasound
imaging (USI), positron emission tomography (PET), and
others have been reported for imaging of in vitro and in vivo
biological specimens.'?*'?”l The current development of
luminescent and magnetic nanoparticles advances bioimaging
technologies.'?*1?%! Two different type of nanoparticles have
been widely used for imaging: luminescent nanoprobes for OI
and magnetic nanoparticles for MRI. There are also dual-mode
nanoparticles for simultaneous imaging by OI and MRI.[130-131]

5.1. Optical Imaging

Most nanoparticle-based optical imaging agents can be
subdivided into two categories: quantum dots (QDs) '*?! and
dye-doped nanoparticle QDs. The use of QDs for cell imaging
was first reported by Nie’s!'**! (Fig. 16¢) and Alivisatos’ groups
in 1998.1*4 Compared to conventional fluorophores, QDs are
photochemically stable, 13 brighter, have a narrow, tun-
able!'*! and symmetric emission spectrum (Fig. 16a and b),
and are metabolically stable.l'37138] There are, however, issues
of toxicity, photo-oxidation, and water solubility associated
with these materials.!'**14°l The problem of acute toxicity and
photo-oxidation can be overcome by capping with a protective
shell of insulating material or semiconductor, for example,
ZnS-coated CdSe core/shell QDs.*!1 As water solubility is key
to their applications in imaging, there are a range of methods
reported to make the QDs water soluble and biocompatible for
biological imaging, such as fabricating the surface with suitable
thiolated ligand,mz] over-coating with silica, 1431441 and
encapsulating with amine-modified polymer.['**! Likewise, there
are a number of strategies for their functionalization.[14¢:147]

Taking the advantage of the size dependent emission of QDs
Choi et al. determined the size- and charge-dependent renal
clearance of QDs, a very important issue for the design of
biologically targeted nanoparticles for medical applica-
tions.'*8! Their study revealed that zwitterionic or neutral
QDs with hydrodynamic diameter >15nm prevent renal
extraction. whereas rapid and efficient elimination was
observed for QDs <5.5nm in diameter.

The requirement of external excitation for QDs sometimes
limits their in vivo applications due to tissue opacity. An
attractive example of a self-illuminating QD conjugate was
reported by So et al. for in vivo imaging.mg] They overcome
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Figure 16. a) Size- and material-dependent emission spectra of several surfactant-coated QDs. b) A true-color image of a series of silica-coated core/shell
CdSe/ZnS or CdS QDs. Adapted with permission from [134]. Copyright 1998 American Association for the Advancement of Science. c) Schematic of a
ZnS-capped CdSe QD that is covalently coupled to a protein by mercaptoacetic acid.
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the issue of opacity in terms of excitation by designing a self-
illuminating QD that luminesces without external excitation by
coupling QDs to a modified luciferase. The energy released by
luciferase catalysis was transferred to QDs via resonance
energy transfer resulting in emission from QDs (Fig. 17).

QD-peptide conjugates have been applied to bioimaging
systems.[lso] A QD-peptide luminescent probe with inherent
signal amplification upon interaction with a proteolytic enzyme
was reported by Chang et al.'>!! In this system, QDs are bound
to gold nanoparticles via a proteolytically degradable peptide
sequence. Upon proteolysis of the peptide linker, the QD
becomes highly luminescent owing to the separation from the
quenching gold NP (Fig. 18). Other examples of bioimaging
using QDs have been summarized in many recent
reviews,[>133] demonstrating their utility in imaging lymph
nodes and blood vessels.

Rapid photo-bleaching of organic dyes is one of the biggest
problems in their use as imaging agents. The optical trans-
parent property of silica nanoparticles!'>* was used to solve
this problem through encapsulation, greatly stabilizing the
dyes. Silica nanoparticles can be synthesized either by a sol-gel
process'>! (Stober’s method) or by a microemulsion techni-
que.' These dye-doped silica particles provide biocompat-
ibility,'>”) signal amplification, and low toxicity!'**! along with
facile synthesis, encapsulation procedures, and easy surface
modification for attaching biomolecules such as proteins and
peptides.['>15% Tan’s group reported several procedures of
covalent conjugation of biomolecules with dye-doped silica
nanoparticles.["*1®!1 In one example, they have functionalized

Figure 17. Conjugation of QDs with luciferase proteins. The luminescence
released from QD during the luciferase catalyzed oxidation of coelenter-
azine is tranfered to the QD. Bioluminescence and fluorescence imaging of
QD and luciferase protein injected at indicated sites (I and 111 QD, Il and IV
luciferase protein). (a) Without filters. (b) With 575- to 650-nm filter.
(c) Fluorescence imaging with filter, 503-555 nm. Adapted with permission
from [149]. Copyright 2006 Nature Publishing Group.
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nanoparticles’ surfaces with the enzymes glutamate dehydro-
genase and lactate dehydrogenase, and used them for cell
membrane staining. In another example they used aptamer-
conjugated magnetic and dye-doped silica nanoparticles for
selective collection and detection of cancer cells.['?!

5.2. Magnetic Resonance Imaging

MRI is another important non-invasive imaging technique.
The MRI technique is based on the nuclear magnetic
resonance of the various interacting nuclei, with most imaging
applications focusing on proton resonance. The factors
influencing MRI signal strengths are 7 (spin-lattice/long-
itudinal relaxation time), 75 (transverse relaxation time), and p
(spin energy). Exogenous contrast agents are generally
introduced to enhance the tissue contrast, including complexes
of Gd™ and magnetic nanoparticles. Complexes of Gd™ in
liposomes or micelles are widely used as a MRI contrast
agents;[163] however, these sytems suffer from drawbacks such
as Gd"™ ion exchange with endogenous metals (e.g., Zn, Cu),
and uptake of complexes in extravascular space. The
monodisperse, cross-linked iron oxide (CLIO) nanoparticles
reported by Weissleder’s group provide non-toxic MRI
contrast agents."*!%! The CLIO nanoparticles are highly
stable, and convenient “clickable”” nanoparticles have been
used for targeted imaging with high cellular uptake.[166-168]

In a recent study, antibody-conjugated magnetic Poly-
(p,L-lactide-co-glycolide) (PLGA) nanoparticles with doxor-
ubicin (DOX) were synthesized for the simultaneous targeted
detection and treatment of breast cancer.'® DOX and
magnetic nanoparticles were incorporated into PLGA nano-
particles, with DOX serving as an anticancer drug and Fe,O3
nanoparticles used as an imaging agent (Fig. 19). They also
used antibody Herceptinl for targeting the breast cancer.

Taking advantage of both OI and MRI, multimodal imaging
agents such as magnetofluorescent nanoparticles have been
developed.mo’m] Targeted magnetofluorescent nanoparticles

www.advmat.de

)
m
S
m
g
>
E
N
F
m

13



-
wd
-
&
g
S
=
>
™
[

14

M. De et al./Applications of Nanoparticles in Biology

HO

PLGA

Herceptin1
Fe203
PLGA

DOX
PVA

uouodé¥u

9]670/670/6/0/670) g

Cancer cell Death cell

\v/

Diagnosis of cancer via MRI

Figure 19. The use of magnetic nanoparticles embedded into PLGA
nanoparticles for diagnosis and treatment of cancer.

have been developed by Weissleder’s group using high-
throughput screening techniques. For example, glycine-
functionalized CLIO-Cy5.5 (CLIO-Gly) had a high affinity
towards activated microphages, whereas the 3,3',4,4’-benzo-
phenontetracarboxylic dianhydride attached CLIO-Cy5.5
(CLIO-bentri) preferentially interacted with resting micro-
phages (Fig. 20). Recently, Bawendi’s group also described an
efficient synthetic method for magnetic and fluorescent silica
microspheres fabricated by incorporating magnetic (y-Fe,O3)
nanoparticles and CdSe/CdZnS core/shell QDs into a silica
shell around preformed silica microspheres.['’4!

6. Conclusions

Nanoparticles present a highly attractive platform for a
diverse array of biological applications. The surface and core
properties of these systems can be engineered for individual
and multimodal applications, including biomolecular recogni-
tion, therapeutic delivery, biosensing, and bioimaging. Nano-
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Figure 20. Nanoparticle uptake measured by quantitative fluorescen-
ce-activated cell sorting, were probed against resting and different activat-
ing macrophages. Adapted with permission from [117]. Copyright 2005,
Nature Publishing Group.

particles have already been used for a wide range of
applications both in vitro and in vivo. Full realization of their
potential, however, requires addressing a number of open
issues, including acute and long-term health effects of
nanomaterials as well as scalable, reproducible manufacturing
methods and reliable metrics for characterization of these
materials.

[1] X. Gao, Y. Cui, R. M. Levenson, L. W. K. Chung, S. Nie, Nat.
Biotechnol. 2004, 22, 969.

[2] M. Ferrari, Nat. Rev. Cancer 2005, 5, 161.

[3] M.J. Hostetler, J. E. Wingate, C.J. Zhong, J. E. Harris, R. W. Vachet,
M. R. Clark, J. D. Londono, S. J. Green, J. J. Stokes, G. D. Wignall,
G. L. Glish, M. D. Porter, N. D. Evans, R. W. Murray, Langmuir
1998, 74, 17.

[4] C. M. Niemeyer, Angew. Chem. Int. Ed. 2001, 40, 4128.

[5] M. Sastry, M. Rao, K. N. Ganesh, Acc. Chem. Res. 2002, 35, 847.

[6] E. Katz, I. Willner, Angew. Chem. Int. Ed. 2004, 43, 6042.

[7] T. Pellegrino, S. Kudera, T. Liedl, A. M. Javier, L. Manna, W. J.
Parak, Small 2005, 1, 48.

Adv. Mater. 2008, 20, 1-17



M. De et al./Applications of Nanoparticles in Biology

[8] A. Verma, V. M. Rotello, Chem. Commun. 2005, 303.
[9] N. L. Rosi, C. A. Mirkin, Chem. Rev. 2005, 105, 1547.

[10] F. Caruso, Adv. Mater. 2001, 13, 11.

[11] K. Naka, H. Itoh, Y. Tampo, Y. Chujo, Langmuir 2003, 19, 5546.

[12] S.S. Ghosh, P. M. Kao, A. W. McCue, H. L. Chappelle, Bioconjugate
Chem. 1990, 1, 71.

[13] J. Wang, Anal. Chim. Acta 2003, 500, 247.

[14] B. A. Armitage, in DNA Binders and Related Subjects, Vol. 253,
Springer, 2005, 55.

[15] R.Mahtab, H. H. Harden, C.J. Murphy, J. Am. Chem. Soc. 2000, 122,
14.

[16] J. R. Lakowicz, I. Gryczynski, Z. Gryczynski, K. Nowaczyk, C. J.
Murphy, Anal. Biochem. 2000, 280, 128.

[17] C. M. Mclntosh, E. A. Esposito, A. K. Boal, J. M. Simard, C. T.
Martin, V. M. Rotello, J. Am. Chem. Soc. 2001, 123, 7626.

[18] G. L. Wang, J. Zhang, R. W. Murray, Anal. Chem. 2002, 74, 4320.

[19] C. A.Mirkin, R. L. Letsinger, R. C. Mucic, J. J. Storhoff, Nature 1996,
382, 607.

[20] D. M. Blow, Acc. Chem. Res. 1976, 9, 145.

[21] N. O. Fischer, C. M. McIntosh, J. M. Simard, V. M. Rotello, Proc.
Natl. Acad. Sci. USA 2002, 99, 5018.

[22] J. J. Ramsden, Q. Rev. Biophys. 1993, 27, 41.

[23] N. O. Fischer, A. Verma, C. M. Goodman, J. M. Simard, V. M.
Rotello, J. Am. Chem. Soc. 2003, 125, 13387.

[24] J. C. Love, L. A. Estroff, J. K. Kriebel, R. G. Nuzzo, G. M. White-
sides, Chem. Rev. 2005, 105, 1103.

[25] R.Hong, N. O. Fischer, A. Verma, C. M. Goodman, T. Emrick, V.M.
Rotello, J. Am. Chem. Soc. 2004, 126, 739.

[26] B.J.Jordan, R. Hong, B. Gider, J. Hill, T. Emrick, V. M. Rotello, Soft
Matter 2006, 2, 558.

[27] A. Holmberg, A. Blomstergren, O. Nord, M. Lukacs, J. Lundeberg,
M. Uhlen, Electrophoresis 2005, 26, 501.

[28] M. Zheng, X. Y. Huang, J. Am. Chem. Soc. 2004, 126, 12047.

[29] N. Hildebrandt, L. J. Charbonniere, M. Beck, R. F. Ziessel, H. G.
Lohmannsroben, Angew. Chem. Int. Ed. 2005, 44, 7612.

[30] M. A. Fazal, B. C. Roy, S. G. Sun, S. Mallik, K. R. Rodgers, J. Am.
Chem. Soc. 2001, 123, 6283.

[31] C.J. Xu,K. M. Xu, H. W. Gu, X. F. Zhong, Z. H. Guo, R. K. Zheng,
X. X. Zhang, B. Xu, J. Am. Chem. Soc. 2004, 126, 3392.

[32] M. Abad, S. F. L. Mertens, M. Pita, V. M. Fernandez, D. J. Schiffrin,
J. Am. Chem. Soc. 2005, 127, 5689.

[33] H. W. Gu, K. M. Xu, C. J. Xu, B. Xu, Chem. Commun. 2006, 941.

[34] Y. C. Lee, FASEB J. 1992, 6, 3193.

[35] C.C.Lin, Y. C. Yeh, C. Y. Yang, G. F. Chen, Y. C. Chen, Y. C. Wu,
C. C. Chen, Chem. Commun. 2003, 2920.

[36] C.S. Tsai, T. B. Yu, C. T. Chen, Chem. Commun. 2005, 4273.

[37] A.Robinson,J. M. Fang, P. T. Chou, K. W. Liao, R. M. Chu, S.J. Lee,
Chem. Bio. Chem 2005, 6, 1899.

[38] H. Otsuka, Y. Akiyama, Y. Nagasaki, K. Kataoka, J. Am. Chem. Soc.
2001, 723, 8226.

[39] D. Diamond, Principles of Chemical and Biological Sensors (Ed.: D.
Diamond), John Wiley & Sons, New York, NY 1998, p. 1-18.

[40] P. E. Sheehan, L. J. Whitman, Nano Lett. 2005, 5, 803.

[41] M.-C. Daniel, D. Astruc, Chem. Rev. 2004, 104, 293.

[42] P.K.Jain, K.S. Lee, I. H. El-Sayed, M. A. El-Sayed, J. Phys. Chem. B
2006, 110, 7238.

[43] G. Mie, Ann. Phys. 1908, 25, 377.

[44] K.L.Kelly, E. Coronado, L. L. Zhao, G. C. Schatz, J. Phys. Chem. B
2003, 107, 668.

[45] S. Eustis, M. A. El-Sayed, Chem. Soc. Rev. 2006, 35, 209.

[46] K.-H. Su, Q.-H. Wei, X. Zhang, J. J. Mock, D. R. Smith, S. Schultz,
Nano Lett. 2003, 3, 1087.

[47] K. E. Sapsford, L. Berti, I. L. Medintz, Angew. Chem. Int. Ed. 2006,
45, 4562.

Adv. Mater. 2008, 20, 1-17

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ADVANCED
MATERIALS

[48] K. G. Thomas, P. V. Kamat, Acc. Chem. Res. 2003, 36, 888.

[49] J. Zheng, C. Zhang, R. M. Dickson, Phys. Rev. Lett. 2004, 93, 077402.

[50] M. A. van Dijk, M. Lippitz, M. Orrit, Acc. Chem. Res. 2005, 38, 594.

[51] J. R. Lakowicz, Anal. Biochem. 2005, 337, 171.

[52] R. Elghanian, J. J. Storhoff, R. C. Mucic, R. L. Letsinger, C. A.
Mirkin, Science 1997, 277, 1078.

[53] R. A. Reynolds, C. A. Mirkin, R. L. Letsinger, J. Am. Chem. Soc.
2000, 722, 3795.

[54] H. X. Li, L. J. Rothberg, J. Am. Chem. Soc. 2004, 126, 10958.

[55] R. Chakrabarti, A. M. Klibanov, J. Am. Chem. Soc. 2003, 125,
12531.

[56] J.J.Storhoff, A. D. Lucas, V. Garimella, Y. P. Bao, U. R. Muller, Nat.
Biotechnol. 2004, 22, 883.

[57] M. S. Han, A. K. R. Lytton-Jean, B. K. Oh, J. Heo, C. A. Mirkin,
Angew. Chem. Int. Ed. 2006, 45, 1807.

[58] M. S. Han, A. K. R. Lytton-Jean, C. A. Mirkin, J. Am. Chem. Soc.
2006, 128, 4954.

[59] J. Liu, Y. Lu, J. Am. Chem. Soc. 2003, 125, 6642.

[60] J. Liu, Y. Lu, J. Am. Chem. Soc. 2005, 127, 12677.

[61] D. H. J. Bunka, P. G. Stockley, Nat. Rev. Microbiol. 2006, 4, 588.

[62] J. Liu, Y. Lu, Angew. Chem. Int. Ed. 2006, 45, 90.

[63] J. Liu, Y. Lu, Adv. Mater. 2006, 18, 1667.

[64] J. Liu, D. Mazumdar, Y. Lu, Angew. Chem. Int. Ed. 2006, 45, 7955.

[65] C.-C. Huang, Y.-F. Huang, Z. Gao, W. Tan, H.-T. Chang, Anal.
Chem. 2005, 77, 5735.

[66] H. Wei, B.-L. Li, J. Li, E.-K. Wang, S.-J. Dong, Chem. Commun.
2007, 3735.

[67] H. Otsuka, Y. Akiyama, Y. Nagasaki, K. Kataoka, J. Am. Chem. Soc.
2001, 123, 8226.

[68] C.S. Tsai, T. B. Yu, C. T. Chen, Chem. Commun. 2005, 4273.

[69] C. L. Schofield, R. A. Field, D. A. Russell, Anal. Chem. 2007, 79,
1356.

[70] C. Guarise, L. Pasquato, V. De Filippis, P. Scrimin, Proc. Natl. Acad.
Sci. USA 2006, 103, 3978.

[71] A. Laromaine, L. Koh, M. Murugesan, R. V. Ulijin, M. M. Stevens,
J. Am. Chem. Soc. 2007, 129, 4156.

[72] Z. Wang, R. Levy, D. G. Fernig, M. Brust, J. Am. Chem. Soc. 2006,
128, 2214.

[73] Y. Choi, N.-H. Ho, C.-H. Tung, Angew. Chem. Int. Ed. 2007, 46, 707.

[74] W. Zhao, W. Chiuman, J. C. F. Lam, M. A. Brook, Y. Li, Chem.
Commun. 2007, 3729.

[75] B. Dubertret, M. Calame, A. J. Libchaber, Nat. Biotechnol. 2001, 19,
365.

[76] D.J. Maxwell, J. R. Taylor, S. M. Nie, J. Am. Chem. Soc. 2002, 124,
9606.

[77] P. C. Ray, A. Fortner, G. K. Darbha, J. Phys. Chem. B 2006, 110,
20745.

[78] L. Dyadyusha, H. Yin, S. Jaiswal, T. Brown, J. J. Baumberg, F. P.
Booy, T. Melvin, Chem. Commun. 2005, 3201.

[79] E. Oh, M.-Y. Hong, D. Lee, S.-H. Nam, H. C. Yoon, H.-S. Kim,
J. Am. Chem. Soc. 2005, 127, 3270.

[80] E. Oh, D. Lee, Y. P. Kim, S. Y. Cha, D. B. Oh, H. A. Kang, J. Kim,
H. S. Kim, Angew. Chem. Int. Ed. 2006, 45, 7959.

[81] C. C. You, O. R. Miranda, B. Gider, P. S. Ghosh, 1. B. Kim,
B. Erdogan, S. A. Krovi, U. H. F. Bunz, V. M. Rotello, Nat.
Nanotechnol. 2007, 2, 318.

[82] O.R.Miranda, C. C. You, R. Phillips, I. B. Kim, P. S. Ghosh, U. H. F.
Bunz, V. M. Rotello, J. Am. Chem. Soc. 2007, 129, 9856.

[83] R. L. Phillips, O. R. Miranda, C. C. You, V. M. Rotello, U. H. F.
Bunz, Angew. Chem, Int. Ed. 2008, 47, 2590.

[84] E. Katz, 1. Willner, J. Wang, Electroanalysis 2004, 16, 19.

[85] A.M. Yu,Z.J. Liang, J. H. Cho, F. Caruso, Nano Lett. 2003, 3, 1203.

[86] Y. Xiao, F. Patolsky, E. Katz, J. F. Hainfeld, I. Willner, Science 2003,
299, 1877.

www.advmat.de

)
m
S
m
g
>
E
N
F
m

15



w
o
—
&
<
3
—
>
i
[

16

M. De et al./Applications of Nanoparticles in Biology

_ ADVANCED
MATERIALS

[87] Y. Astuti, E. Palomares, S. A. Haque, J. R. Durrant, J. Am. Chem.
Soc. 2005, 127, 15120.

[88] S.J. Park, T. A. Taton, C. A. Mirkin, Science 2002, 295, 1503.

[89] O. D. Velev, E. W. Kaler, Langmuir 1999, 15, 3693.

[90] R.F. Aroca, R. A. Alvarez-Puebla, N. Pieczonka, S. Sanchez-Cortez,
J. V. Garcia-Ramos, Adv. Colloid Interface Sci. 2005, 116, 45.

[91] F. Toderas, M. Baia, L. Baia, S. Astilean, Nanotechnology 2007, 18,
255702.

[92] Y. C. Cao, R. Jin, C. A. Mirkin, Science 2002, 297, 1536.

[93] Y. C. Cao, R. C. Jin, J. M. Nam, C. S. Thaxton, C. A. Mirkin, J. Am.
Chem. Soc. 2003, 125, 14676.

[94] J. M. Nam, S. L. Stoeva, C. A. Mirkin, J. Am. Chem. Soc. 2004, 126,
5932.

[95] J. M. Nam, C. S. Thaxton, C. A. Mirkin, Science 2003, 301, 1884.

[96] S.1.Stoeva,J.S. Lee, C.S. Thaxton, C. A. Mirkin, Angew. Chem. Int.
Ed. 2006, 45, 3303.

[97] T. M. Allen, P. R. Cullis, Science 2004, 303, 1818.

[98] R. Hong, G. Han, J. M. Fernandez, B. J. Kim, N. S. Forbes, V. M.
Rotello, J. Am. Chem. Soc. 2006, 128, 1078.

[99] C. Y. Lai, B. G. Trewyn, D. M. Jeftinija, K. Jeftinija, S. Xu, S.
Jeftinija, V. S. Y. Lin, J. Am. Chem. Soc. 2003, 125, 4451.

[100] S. Giri, B. G. Trewyn, M. P. Stellmaker, V. S. Y. Lin, Angew. Chem.
Int. Ed. 2005, 44, 5038.

[101] Q. Yang, S. H. Wang, P. W. Fan, L. F. Wang, Y. Di, K. F. Lin, F. S.
Xiao, Chem. Mater. 2005, 17, 5999.

[102] J. Zhang, R. D. K. Misra, Acta Biomat. 2007, 3, 838.

[103] M. A. Polizzi, N. A. Stasko, M. H. Schoenfisch, Langmuir 2007, 23,
4938.

[104] D. Neuman, A. D. Ostrowski, R. O. Absalonson, G. F. Strouse, P. C.
Ford, J. Am. Chem. Soc. 2007, 129, 4146.

[105] A. M. Derfus, G. Maltzahn, T. J. Harris, T. Duza, K. S. Vecchio, E.
Ruoslahti, S. N. Bhatia, Adv. Mater. 2007, 19, 3932.

[106] K. K. Sandhu, C. M. McIntosh, J. M. Simard, S. W. Smith, V. M.
Rotello, Bioconjugate Chem. 2002, 13, 3.

[107] M. Thomas, A. M. Klibanov, Proc. Natl. Acad. Sci. USA. 2003, 100,
9138.

[108] F. Torney, B. G. Trewyn, V. S. Y. Lin, K. Wang, Nat. Nanotechnol.
2007, 2, 295.

[109] N. L. Rosi, D. A. Giljohann, C. S. Thaxton, A. K. R. Lytton-Jean,
M. S. Han, C. A. Mirkin, Science 2006, 312, 1027.

[110] D. A. Giljohann, D. S. Seferos, P. C. Patel, J. E. Millstone, N. L. Rosi,
C. A. Mirkin, Nano Lett. 2007, 7, 3818.

[111] G. Han, C. C. You, B. J. Kim, R. S. Turingan, N. S. Forbes, C. T.
Martin, V. M. Rotello, Angew. Chem. Int. Ed. 2006, 45, 3165.

[112] M. Oishi, J. Nakaogami, T. Ishii, Y. Nagasaki, Chem. Lett. 2006, 35,
1046.

[113] A. M. Derfus, A. A. Chen, D. H. Min, E. Ruoslahti, S. N. Bhatia,
Bioconjugate Chem. 2007, 18, 1391.

[114] Z. Medarova, W. Pham, C. Farrar, V. Petkova, A. Moore, Nat. Med.
2007, 13, 372.

[115] I.1. Slowing, B. G. Trewyn, V. S. Y. Lin, J. Am. Chem. Soc. 2007, 129,
8845.

[116] L. Brannon-Peppas, J. O. Blanchette, Adv. Drug Del. Rev. 2004, 56,
1649.

[117] R. Weissleder, K. Kelly, E. Y. Sun, T. Shtatland, L. Josephson, Nat.
Biotech. 2005, 23, 1418.

[118] V. Dixit,J. Van den Bossche, D. M. Sherman, D. H. Thompson, R. P.
Andres, Bioconjugate Chem. 2006, 17, 603.

[119] F. Sonvico, S. Mornet, S. Vasseur, C. Dubernet, D. Jaillard, J.
Degrouard, J. Hoebeke, E. Duguet, P. Colombo, P. Couvreur,
Bioconjugate Chem. 2005, 16, 1181.

[120] N. Kohler, C. Sun, J. Wang, M. Q. Zhang, Langmuir 2005, 21, 8358.

[121] P. H. Yang, X. S. Sun, J. F. Chiu, H. Z. Sun, Q. Y. He, Bioconjugate
Chem. 2005, 16, 494.

www.advmat.de

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[122] X. H. Gao, Y. Y. Cui, R. M. Levenson, L. W. K. Chung, S. M. Nie,
Nat. Biotech. 2004, 22, 969.

[123] M. E. Akerman, W. C. W. Chan, P. Laakkonen, S. N. Bhatia, E.
Ruoslahti, Proc. Natl. Acad. Sc. USA 2002, 99, 12617.

[124] G. F. Paciotti, L. Myer, D. Weinreich, D. Goia, N. Pavel, R. E.
McLaughlin, L. Tamarkin, Drug Del. 2004, 11, 169.

[125] G. F. Paciotti, D. G. I. Kingston, L. Tamarkin, Drug Dev. Res. 2006,
67, 47.

[126] D. J. A. Margolis, J. M. Hoffman, R. J. Herfkens, R. B. Jeffrey,
A. Quon, S. S. Gambhir, Radiology 2007, 245, 333.

[127] R. Weissleder, Nat. Rev. Cancer 2002, 2, 11.

[128] P. Sharrna, S. Brown, G. Walter, S. Santra, B. Moudgil, Adv. Colloid
Interface Sci. 2006, 123, 471.

[129] W. H. Tan, K. M. Wang, X. X. He, X. J. Zhao, T. Drake, L. Wang,
R. P. Bagwe, Med. Res. Rev. 2004, 24, 621.

[130] M.F.Kircher, U. Mahmood, R. S. King, R. Weissleder, L. Josephson,
Cancer Res. 2003, 63, 8122.

[131] E. A. Schellenberger, D. Sosnovik, R. Weissleder, L. Josephson,
Bioconjugate Chem. 2004, 15, 1062.

[132] A. P. Alivisatos, Science 1996, 271, 933.

[133] W. C. W. Chan, S. M. Nie, Science 1998, 281, 2016.

[134] M. Bruchez, M. Moronne, P. Gin, S. Weiss, A. P. Alivisatos, Science
1998, 281, 2013.

[135] Y. W. Cao, U. Banin, J. Am. Chem. Soc. 2000, 122, 9692.

[136] H. Mattoussi, J. M. Mauro, E. R. Goldman, G. P. Anderson, V. C.
Sundar, F. V. Mikulec, M. G. Bawendi, J. Am. Chem. Soc. 2000, 122,
12142.

[137] J. K. Jaiswal, H. Mattoussi, J. M. Mauro, S. M. Simon, Nat. Bio-
technol. 2003, 21, 47.

[138] B. Dubertret, P. Skourides, D. J. Norris, V. Noireaux, A. H. Bri-
vanlou, A. Libchaber, Science 2002, 298, 1759.

[139] R. Hardman, Environ. Health Perspect. 2006, 114, 165.

[140] A. M. Derfus, W. C. W. Chan, S. N. Bhatia, Nano Lett. 2004, 4, 11.

[141] M. A. Hines, P. Guyot-Sionnest, J. Phys. Chem. 1996, 100, 468.

[142] W. C. W. Chan, S. M. Nie, Science 1998, 281, 2016.

[143] A. Wolcott, D. Gerion, M. Visconte, J. Sun, A. Schwartzberg, S. W.
Chen, J. Z. Zhang, J. Phys. Chem. B 2006, 110, 5779.

[144] S. T. Selvan, T. T. Tan, J. Y. Ying, Adv. Mater. 2005, 17, 1620.

[145] X. Y. Wu, H. J. Liu, J. Q. Liu, K. N. Haley, J. A. Treadway, J. P.
Larson, N. F. Ge, F. Peale, M. P. Bruchez, Nat. Biotechnol. 2003, 21,
41.

[146] E. R. Goldman, E. D. Balighian, H. Mattoussi, M. K. Kuno, J. M.
Mauro, P. T. Tran, G. P. Anderson, J. Am. Chem. Soc. 2002, 124,
6378.

[147] 1. L. Medintz, A. R. Clapp, H. Mattoussi, E. R. Goldman, B. Fisher,
J. M. Mauro, Nat. Mater. 2003, 2, 630.

[148] H.S. Choi, W. Liu, P. Misra, E. Tanaka, J. P. Zimmer, B. L. Ipe, M. G.
Bawendi, J. V. Frangioni, Nat. Biotechnol. 2007, 25, 1165.

[149] M. K. So, C. J. Xu, A. M. Loening, S. S. Gambhir, J. H. Rao, Nat.
Biotechnol. 2006, 24, 339.

[150] M. Zhou, 1. Ghosh, Biopolymers 2007, 88, 325.

[151] E. Chang,J. S. Miller, J. T. Sun, W. W. Yu, V. L. Colvin, R. Drezek,
J. L. West, Biochem. Biophys. Res. Commun. 2005, 334, 1317.

[152] T. Jamieson, R. Bakhshi, D. Petrova, R. Pocock, M. Imani, A. M.
Seifalian, Biomaterials 2007, 28, 4717.

[153] J. H. Rao, A. Dragulescu-Andrasi, H. Q. Yao, H. Q. Yao, Curr. Opin.
Biotechnol. 2007, 18, 17.

[154] K. P. Velikov, A. van Blaaderen, Langmuir 2001, 17, 4779.

[155] W. Stober, A. Fink, E. Bohn, J. Colloid Interface Sci. 1968, 26, 62.

[156] F. J. Arriagada, K. Osseoasare, J. Colloid Interface Sci. 1995,
170, 8.

[157] N. L. Rosi, C. A. Mirkin, Chem. Rev. 2005, 105, 1547.

[158] Y. H. Jin, S. Kannan, M. Wu, J. X. J. Zhao, Chem. Res. Toxicol. 2007,
20, 1126.

Adv. Mater. 2008, 20, 1-17



M. De et al./Applications of Nanoparticles in Biology

[159] M. Qhobosheane, P. Zhang, W. H. Tan, J. Nanosci. Nanotechnol.
2004, 4, 635.

[160] J.L.Yan, M. C. Estevez, J. E. Smith, K. M. Wang, X. X. He, L. Wang,
W. H. Tan, Nano Today 2007, 2, 44.

[161] R.P. Bagwe, C. Y. Yang, L. R. Hilliard, W. H. Tan, Langmuir 2004,
20, 8336.

[162] J. K. Herr, J. E. Smith, C. D. Medley, D. H. Shangguan, W. H. Tan,
Anal. Chem. 2006, 78, 2918.

[163] Z. P. Xu, N. D. Kurniawan, P. F. Bartlett, G. Q. Lu, Chem. Eur. J.
2007, 13, 2824.

[164] P. Wunderbaldinger, L. Josephson, R. Weissleder, Acad. Radiology
2002, 9, S304.

[165] P. Wunderbaldinger, L. Josephson, R. Weissleder, Bioconjugate
Chem. 2002, 13, 264.

[166] R. Weissleder, K. Kelly, E. Y. Sun, T. Shtatland, L. Josephson, Nat.
Biotechnol. 2005, 23, 1418.

[167] E. Y. Sun, L. Josephson, R. Weissleder, Mol. Imaging 2006, 5, 122.

ADVANCED
MATERIALS

[168] D.E. Sosnovik, M. Nahrendorf, R. Weissleder, Circulation 2007, 115,
2076.

[169] J. Yang, C. H. Lee, J. Park, S. Seo, E. K. Lim, Y. J. Song, J. S. Suh,
H. G. Yoon, Y. M. Huh, S. Haam, J. Mater. Chem. 2007, 17,
2695.

[170] S.Santra, R.P. Bagwe, D. Dutta, J. T. Stanley, G. A. Walter, W. Tan,
B. M. Moudgil, R. A. Mericle, Adv. Mater. 2005, 17, 2165.

[171] W. J. M. Mulder, A. W. Griffioen, G. J. Strijkers, D. P. Cormode,
K. Nicolay, Z. A. Fayad, Nanomedicine 2007, 2, 307.

[172] J. Kim, S. Park, J. E. Lee, S. M. Jin, J. H. Lee, L. S. Lee, I. Yang, J. S.
Kim, S. K. Kim, M. H. Cho, T. Hyeon, Angew. Chem. Int. Ed. 2006,
45, 7754.

[173] D. Gerion, J. Herberg, R. Bok, E. Gjersing, E. Ramon, R. Maxwell,
J. Kurhanewicz, T. F. Budinger, J. W. Gray, M. A. Shuman, F. F.
Chen, J. Phys. Chem. C 2007, 111, 12542.

[174] N. Insin, J. B. Tracy, H. Lee, J. P. Zimmer, R. M. Westervelt, M. G.
Bawendi, ACS Nano 2008, 2, 197.

Adv. Mater. 2008, 20, 1-17

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.advmat.de

)
m
S
m
g
>
E
0
F
m

17



